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Preface

The field of cancer therapy is beginning to reap the benefits of our increasing
understanding of the molecular basis of cancer. In contrast to conventional surgical
interventions or cytotoxic chemotherapy and radiation therapy, a new generation of
targeted cancer therapeutics is being specifically directed toward molecular pathways
that underlie the malignant phenotype. In this regard, the management of patients with
Philadelphia chromosome-positive chronic myeloid leukemia has been profoundly
changed by Gleevec® (Novartis), a small molecule that specifically inhibits the Bcr-abl
tyrosine kinase that is central to the pathogenesis of this disease. Particularly
noteworthy is the rapid translation of this molecular targeted agent from the laboratory
to clinical trials and thence to regulatory approval. Other novel targeted therapeutics
that are currently approved by the FDA for treatment of patients with cancer include
Rituxan® (Genentech), a humanized monoclonal antibody that binds to the CD20
antigen present on B-cell lymphomas and is currently approved for the treatment of
patients with relapsed or refractory low-grade or follicular CD20-positive B-cell
non-Hodgkin’s lymphoma. The humanized anti-HER-2/neu monoclonal antibody
Herceptin® (Genentech) is approved for use in patients with metastatic breast cancer
that demonstrates overexpression of HER-2/neu. These therapies target specific tumor
cell receptors or signaling events that are critical to tumor progression while reducing
toxicity to normal cells.

Within this context of targeted molecular interventions with the potential to achieve
a much higher level of specificity of action than afforded by conventional drug
therapeutics, we can view cancer gene therapy as the transfer of genetic material to the
cells of an individual with the goal of eradicating cancer cells. This can be accomplished
directly by transferring genetic material into the cancer cells themselves to bring about
their destruction, or indirectly, either by stimulating the immune system to recognize
and eliminate the cancer cells or by targeting the nonmalignant stromal cells that
support the growth and metastasis of cancer cells. Each of these approaches exploits
our expanding knowledge of the genetic basis of cancer, thereby allowing rationally
targeted interventions at the molecular level. These cancer gene therapy strategies are
discussed in the first contributions to Cancer Gene Therapy.

Any gene therapy strategy is dependent on the safe and efficient transfer of the
therapeutic gene selectively to the target cell. Indeed, one of the main lessons learned
from the success of clinical gene therapy trials for monogenic inherited disorders, such
as severe combined immunodeficiency and hemophilia, is that therapeutic advances
are predicated on improvements in the design of gene delivery vehicles, or vectors.
Hence, two chapters focus on the development of vectors for cancer gene therapy, both
viral and nonviral, emphasizing how the properties of a given vector favor its
application in a particular therapeutic approach.

The recognition of the limitations of replication-defective vectors, which are
incapable of delivering therapeutic genes to more than a small proportion of cancer
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cells in a 3D tumor mass, has led to the development of a new class of anticancer
therapeutic agents, oncolytic replication-competent viruses, which are also described.
The safety of oncolytic viruses derives from the restriction of their replication to tumor
cells, while sparing normal cells. A number of naturally occurring viruses possess
intrinsic selectivity for replication in tumor cells, while advances in the molecular
characterization of viruses and cancer cells have enabled other lytic viruses to be
genetically engineered to selectively replicate in, and thus destroy, tumor cells.

It is apparent that therapeutic gene delivery designed to eradicate cancer cells in the
clinical setting would benefit from noninvasive techniques to monitor the extent of
gene transfer and disease regression during the course of treatment. Hence, a chapter
describes imaging of cancer gene therapy. After a chapter discussing the lessons learned
to date from clinical trials for cancer gene therapy, the final chapter reviews the
regulatory guidelines with which future trials should comply.

Thus, the contributions to this book demonstrate that cancer gene therapy strategies
are founded on an understanding of the molecular basis of disease that, together with
improvements to the safety and efficacy of vectors, will provide a rational basis for
their application in the clinic setting. It is anticipated that gene therapy will ultimately
take its place in the clinic alongside other targeted molecular inventions for cancer.

David T. Curiel, MD, PhD

Joanne T. Douglas, PhD

vi Preface
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Cancer Gene Therapy

Historical Perspective

Malcolm K. Brenner

1. INTRODUCTION

Although it is always tempting to skip the history of a field, this is particularly unwise for a

discipline as young as cancer gene therapy. Indeed, it is the history of the last few years that is largely

dictating the research directions that will likely be both profitable and permitted in the future. This

brief introductory chapter outlines the early days of cancer gene therapy—the successes and the

setbacks—and suggests how the remaining challenges may be faced.

2. BACKGROUND

When the possibility of human gene therapy was first mooted (and illicitly attempted) in the 1970s,

it was assumed that inherited single-gene disorders would be the target of the approach (1). The

obvious elegance of repairing or replacing the root cause of a disease had and retains an enormous

appeal to researchers, patients, and public alike. Unfortunately, it soon became obvious that the tools

available were simply not up to the job.

Effective gene therapy of genetic disorders requires a vector that can efficiently transduce the

desired cell type, in a targeted manner, preferably in vivo. Moreover, the gene product usually would

need to be produced in substantial quantities for a long time, often in a regulated manner. Above all,

the process and consequences of gene transfer should be safe.

Sadly, the gene transfer vectors available for clinical use, then as now, possess none of these desir-

able properties. They are diffusely targeted, inefficient at making transgene products, and difficult to

regulate. As the gene therapy community has painfully learned, they are not even all that safe for they

have the potential to produce immediate (adenovectors) or delayed (retroviral vectors) severe or

lethal adverse events.

Many of these limitations were obvious to early workers in the field and led them to concentrate

on disorders in which low-frequency transduction of stem cells would lead to a selective growth

advantage and repopulation of the host and in which unregulated expression of even small quantities

of the transgenic material would be of therapeutic benefit. The group of disorders that most clearly

met these criteria was the inherited severe combined immunodeficiency syndromes. But, although

these remain of great interest as a possible “proof of principle” for establishing the value of this new

technology, they are exceedingly rare, and there was a strong feeling that the technology should be

applied to more common conditions. Although these included more widespread inherited genetic

disorders such as cystic fibrosis, the prospect of treating cancer with gene therapy grew increasingly

justifiable in the 1980s.
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Several factors led to this change in perception:

1. The realization that cancer too was a genetic disorder, albeit one that was acquired and multigenic.

2. The existence of a profoundly unmet therapeutic need because conventional treatments were toxic, ineffec-

tive, or, most commonly, both.

3. The high incidence of the disorder, making it an appealing area for research and development support from

industry.

4. The availability of an established community of researchers used to clinical trial development and monitoring.

5. A general agreement that the risk-to-benefit ratio was likely to be acceptable to patients, regulatory agencies,

and the general public given the immediate life-threatening nature of most of these disorders and the paucity

of safe alternatives.

As a consequence, the very first gene transfer protocol approved was in cancer patients (2), and the

dominance of this area in gene therapy has persisted to this day, with more than 80% of gene transfer

subjects falling into this disease category (3). However, it must also be pointed out that cancer gene

therapy has a number of drawbacks, and as evident from the chapters in this book, these have led to an

underappreciation of its achievements to date and an underestimation of its likely future importance.

Cancer, even of a single cell type in a single organ, is a molecularly heterogeneous disease. Although

there is extensive categorization of the molecular basis of hematologic malignancies, this process is

just beginning in solid tumors. Hence, no single therapeutic approach is likely to be effective in more

than a minority of patients with a given broad histologic category of disease, so that a low success

rate even for effective gene therapies is currently to be expected.

Even when effective, single therapies are rarely curative. Cancers evolve and escape from all ther-

apeutic agents. Instead, combined modalities must be used in which resistance to one does not predi-

cate resistance to the others. Although gene therapies have the great advantage of non-cross-resistance

to most conventional treatments, combination clinical studies that convincingly show the benefits of

adding gene therapy are slow and expensive to perform. End points are often either vague (e.g.,

increased tumor “response” rates) or delayed for months or years (e.g., prolongation of survival).

Most cancer patients have received multiple other toxic therapies. Their responsiveness to gene

therapies designed, for example, to boost immunity may be deficient. Similarly, when toxic events

occur, it may be difficult to discern whether they are attributable to the disease, to prior or concomi-

tant therapy, or to the investigational gene drug.

It is these difficulties that lead to the failure or abandonment of many of the historically early

studies in gene therapy. However, as is apparent from succeeding chapters, the ability to compensate

for some of these problems now underlies many of the successes seen, together with improvements

in the transgenes used and the ways in which they are delivered.

The earliest studies using gene transfer to treat cancer were all designed to compensate for the

remarkable inefficiency of the available adenoviral, retroviral, and plasmid vectors. Gene-marking

studies were the first out of the gate (2,4–6). These were implemented not with any direct therapeutic

intent, but rather to use the transferred marker gene as a means of tracking normal or malignant cells

and help validate and improve interventions already in use. The principle of gene marking is the

transfer and integration of a unique deoxyribonucleic acid (DNA) sequence (e.g., a nonhuman gene)

into the DNA of a host cell (e.g., T cell, hematopoietic stem cell), allowing the gene or the gene product

to be detected easily, thereby serving as a marker for these labeled cells (5).

In 1988, Rosenberg proposed a protocol to genetically mark lymphocytes derived from tumor

patients (tumor-infiltrating lymphocytes, TILs). These lymphocytes appeared to have antitumor activ-

ity and could be expanded ex vivo and returned to patients with tumors. However, it was unclear whether

the infused cells were able to traffic to tumor sites and produce antitumor activity. Rosenberg’s group

planned to expand TIL cells ex vivo, transduce them with a Moloney retroviral vector encoding the

neomycin phosphotransferase gene (NEO or, as it was then written, Neo
R
) and return them to the

patient. Any transduced cells infused and all their progeny could then be detected by subsequent
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analysis of blood, tissues, and tumor sites. This would in turn reveal whether these cells persisted in

vivo, expanded, and trafficked to the tumor sites. If they did relocalize, it would also be possible to

see whether their presence was associated with tumor regression.

Although simple in concept, this protocol, like all early gene therapy protocols, was exposed to

intense, repetitious, and prolonged public and private scrutiny. At that time, all gene transfer proto-

cols were examined locally by institutional review boards and biosafety committees before passing

on to the Human Gene Therapy Subcommittee of the Recombinant DNA Advisory Committee (RAC)

of the National Institutes of Health for public review.

Usually, after several reviews, each resulting in requested changes and additional data, protocols

were forwarded to the RAC for public re-review. The RAC itself usually had requests and requirements

before passing the protocol on to the director of the National Institutes of Health for approval. Next

would come the submission to the Food and Drug Administration, which would generally also require

public review by their own advisory panel before applying their standard internal review for investi-

gational new drug applications, using staffers specializing in pharmacology/toxicology, product manu-

facturing, and clinical affairs. Although the review process has since simplified, it remains more complex

than for other anticancer agents, even though many of these (such as alkylating agents) may have the

potential to cause equivalent oncogenic, germline (transgenerational), and environmental harm.

Finally, patient accrual began on the first protocol, and the results were published in 1990 (2). The

study successfully showed the feasibility of human gene transfer in a clinical setting, and that marker

studies could be safe. However, the low level of marking achieved and the limited expansion observed

in vivo made it difficult to demonstrate clearly selective tumor homing or to correlate the presence of

TILs with tumor response.

Later marking studies were more informative (4,5,7–9). Autologous hematopoietic stem cell (HSC)

transplantation had shown promise as an effective treatment for leukemias and lymphomas and some

solid tumors (10–13), but disease recurrence was the major cause of treatment failure. When the tumor

originated from or involved the marrow, relapse could originate from malignant cells persisting in

the patient, in the rescuing HSCs, or in both. Concern that the HSCs may contain residual malignant

cells led to extensive evaluation of techniques for purging these cells (14,15). However, it had been

hard to show that this reduced the risk of relapse, and the purging techniques usually slowed engraft-

ment because of damage to normal progenitor cells.

In three early 1990 studies, of acute myeloblastic leukemia, neuroblastoma, and chronic myeloid

leukemia, autologous stem cells were marked, after they were harvested and prior to reinfusion, using

murine retroviral vectors encoding the neomycin resistance gene. At relapse, the investigators looked

to see whether the marker gene was present in the malignant cells (7,16–18). In all three diseases, it

proved possible to detect both the transferred marker and a tumor-specific marker in the same cells at

the time of relapse, which provided unequivocal evidence that the residual malignant cells in the mar-

row were a source of malignant recurrence (5). These studies also provided information on the transfer

of marker genes to normal hematopoietic cells and showed that marrow autografts contribute to long-

term hematopoietic reconstitution after transplant (19). With more than 10 years follow-up, they have

also so far proved safe.

Unfortunately, the poor transducibility of many other tumors by the available retroviral vectors pre-

vented this technique from wide use in other tumor settings (8,20). However, the approach was sub-

sequently used in a series of protocols that demonstrated the safety, persistence, and effectiveness of viral

and tumor-specific T lymphocytes (9,21,22), which had been the intention of the first TIL protocol.

3. EARLY THERAPEUTIC STUDIES: THE NEED FOR AMPLIFICATION

Although informative, marker studies could never by themselves be considered gene therapy. But,

the poor efficiency and lack of targeting of available vectors seemed to rule out using the transfer of

directly therapeutic genes because too small a proportion of tumor cells would be affected for benefit
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to be seen. Instead, investigators tried to combine gene therapy with two modalities that could amplify

the effects of gene transfer.

3.1. Prodrug Metabolizing Enzymes

In the first of these modalities, a gene was transferred that acted as an enzyme capable of splitting

an inactive small molecule into a lethal cytotoxin. By intercellular (gap junction) and local extracellular

spread, these newly formed toxic small molecules would be expected to diffuse locally and damage

even tumor cells that had not been transduced, in a so-called bystander effect. Even before development

of gene therapy, more than a dozen prodrug-metabolizing enzyme (PDME) systems had been described.

Of these, the herpes simplex virus thymidine kinase system was considered most appropriate for

translation into a gene therapeutic. This gene phosphorylates small-molecule drugs such as acyclovir

or ganciclovir to nucleoside analogs toxic to dividing cells. For the PDME approach to be tumor

selective, either the vector or the prodrug product must be targeted to the malignant cell. The first

clinical studies to test this novel strategy aimed for both types of selectivity by introducing a thymi-

dine kinase gene into a tumor cell using a retroviral vector (23,24). On exposure to ganciclovir, the

transduced cells phosphorylate the drug. If the cell then divides, the product is incorporated into

DNA with lethal consequences; nondividing cells are unaffected.

To maximize the therapeutic index of the approach, initial study of Tk gene transfer was made in

patients with brain tumors; in this context, there is a particularly clear distinction between tumor cells

(which divide and are destined to be killed by the ganciclovir) and normal neurons (which do not

divide and should escape unharmed). Retroviral vectors offered additional tumor specificity in this

system because they function only in dividing cells and therefore do not transduce normal neurons.

In initial phase I and II studies introducing vector or vector producer cells, there appeared to be tumor

regression and patient benefit. Unfortunately, this benefit was not seen in a larger scale, definitive,

and extremely expensive phase III study, leading to abandonment of the approach by large pharma.

Other investigators have continued to use this system, delivering PDME genes with adenoviral

vectors to sites such as the prostate, peritoneum, and lung. This loses the specificity for dividing cells

at the level of infection (although retaining it at the level of drug activity), but the higher transducing

efficiency of adenovectors is felt to be essential for efficacy. This approach remains in investigation

for many tumors and is looking particularly promising when combined with the second amplification

method, which uses the immune system.

3.2. Generation of Tumor Vaccines

Although current vectors lack the capacity to be targeted precisely and are poorly distributed, spe-

cificity and excellent biodistribution are almost the defining characteristics of the immune system.

Tumor immunotherapy has had a long and somewhat tarnished history, but by the 1980s it was evi-

dent that many human tumor cells really did express tumor-associated or tumor-specific antigens, and

that even when internal, these antigens could be processed to peptides and appear on the tumor cell

surface. Most important perhaps, data from allogeneic stem cell transplantation and from newly devel-

oped monoclonal antibodies unequivocally demonstrated that an effectively manipulated immune sys-

tem was indeed capable of eradicating even extensive malignancies.

Hence, there was great interest in using gene transfer to augment an otherwise ineffective antitumor

immune response, which in turn would be sufficiently targeted and well distributed to destroy tumor

sites regardless of their location in the patient. Murine studies showed that transduction of tumor cells

with cytokine genes (25), allogeneic major histocompatibility complex molecules (26), or costim-

ulatory molecules such as B7.1 or CD40 ligand (27,28) augmented immunogenicity. Injection of neo-

plastic cells in doses that would normally establish a tumor instead recruited immune system effector

cells. In some models, established, nontransduced, parental malignant cells were also eradicated.

The first studies of this approach began in 1992 using autologous melanoma cells or allogeneic

melanoma cell lines (26,29) expressing transgenic granulocyte-macrophage colony-stimulating fac-
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tor or HLA-B7 (in HLA-B7-negative individuals). There were certainly clinical responses to these

vaccines, but it has proved difficult to scale-up the projects and make them commercially viable.

Nonetheless, the results were sufficiently encouraging that there have been well over 200 different

tumor vaccine studies using a range of immunostimulatory molecules.

Results in diseases such as melanoma, renal cell carcinoma, and neuroblastoma showed that tumor

cells transduced with the interleukin-2, granulocyte-macrophage colony-stimulating factor, or HLA-

B7 gene can be given safely and produce immunomodulatory effects, including peripheral blood

eosinophilia, a rise in natural killer and activated killer (AK) cell number and activity, and an increase

in tumor-specific cytotoxic T-lymphocyte precursor frequency (29–34). There have been reports of

clinical responses in distal tumor sites, although other metastases have continued to grow (perhaps

because their phenotypic heterogeneity allowed them to evade the immune system). It is likely that

the best application of this approach will be in the adjuvant setting to prevent relapse in patients with

presumed minimal residual disease and/or in combination with cytoreductive, but not immunosuppres-

sive, levels of chemotherapy. Unfortunately, the design, interpretation, and expense of such complex

and lengthy studies represent major obstacles to drug development.

4. SELECTION OF TRANSDUCED CELLS

The application of gene therapy outside malignancy was predicated on the transduced cells having a

survival advantage; hence, the earliest application to patients with inherited immunodeficiency states

such as adenosine deaminase (ADA) deficiency (35). However, it was evident early on that one way of

broadening these applications would be to build in a selectable marker along with the therapeutic gene

of interest and then subsequently administer the selecting agent. Many cytotoxic drug resistance genes

were discovered in the 1980s, making this approach a theoretical possibility.

Cancer patients were chosen to investigate the feasibility and toxicity of the selectable approach

because one of the tenets of cancer therapy is that “more is better.” There is certainly good evidence

for some tumors that patients given more intense therapy for longer do better than those receiving

less-intense or shorter treatments. Drug dosing is limited by toxicity to normal tissues, particularly

marrow progenitor cells. Hence, if it were possible to transfer genes that rendered normal cells resis-

tant to one or more cytotoxic drugs, it might enable them to resist the toxic consequences of the rele-

vant agent. The multidrug resistance gene 1 (MDR-1) was the most widely considered gene for human

therapy. Its product, P-glycoprotein, functions as an ATP binding cassette (ABC) transporter and is a

potent drug efflux pump that confers resistance to many chemotherapeutic agents (36).

After extensive preclinical testing, a clinical protocol to test the approach began in 1994 (37).

Patients with breast cancer were given marrow stem cells transduced with the MDR-1 gene via retro-

viral-mediated gene transfer and their response to chemotherapy with taxol as the selecting agent was

measured. The investigators hoped to see a progressive rise in the numbers of MDR-1 transgenic cells

after taxol therapy and ultimately the ability to sustain normal hemopoiesis even after extensive treat-

ment. Unfortunately, the low efficiency of stem cell transduction and poor gene expression observed

in the earliest clinical protocols resulted in no selection of gene-modified cells and hence no in vivo

protection (37,38).

The approach has been pursued with different drug resistance genes in several different malignan-

cies. Although transfer of such genes may find a place in treatment of malignant disease, it seems

increasingly unlikely that it will ever be feasible to apply the technique in nonmalignant diseases as

originally intended. The combination of retroviral gene transfer and cytotoxic drugs in patients with-

out malignancy is one that now holds little appeal given the oncogenic events observed in the severe

combined immunodeficiency (SCID) trials in France (39).

5. TUMOR CORRECTION

Although there is an attractive elegance to the strategy of introducing genetic material into a malig-

nancy to correct the specific genetic defects contributing to the neoplastic phenotype, the lack of
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targeting and poor efficiency of gene transfer vectors was considered to render this approach clini-

cally worthless: Transduction in vivo of 1–2% of tumor cells (an optimistic estimate) with a correc-

tive gene would be of no patient benefit. There was therefore great resistance to an early protocol in

which investigators proposed to replace a defective p53 gene in localized unresectable or recurrent

carcinoma of the bronchus by injecting a retroviral vector encoding p53 (40).

The protocol only went ahead after much debate, but to almost everyone’s surprise, there were

apparent tumor responses. Substitution of an adenoviral p53 vector apparently gave superior responses,

and the approach appeared also to produce responses in localized head and neck cancer (41). The

effects occur regardless of whether the tumors are p53 mutant or wild type and certainly cannot be

attributed to the low level of tumor transduction obtained with the vectors.

Although the mechanism of action remains uncertain, the results have been sufficiently encourag-

ing to allow the implementation of a phase III clinical study. Regardless of the eventual outcome of

these trials, the data make the important point that little is still understood of the biologic interactions

between ourselves and our tumors, and that in the face of such ignorance, we should be careful about

the predictions we make.

6. WHAT DID THE EARLY STUDIES TEACH US?

Above all else, of course, these early studies confirmed the obvious: Available vectors were sim-

ply inadequate for our needs. The past decade has seen an explosion of work identifying new vector

systems, viral and nonviral. Of particular interest for cancer therapy has been the development of

conditionally replication competent vectors capable of reproducing in malignant cells while sparing

normal tissues. To date, these have been used clinically for their directly lytic properties, but the

potential to incorporate therapeutic genes is obvious and may substantially boost the efficiency of

almost all the approaches described in this chapter. Many other groups are working on vector target-

ing and on transgene regulation. They have made substantial advances that are described elsewhere

in this volume and that will soon be showing up in clinical trials.

The issue of vector and transgene immunogenicity is also a concern. Although an adjuvantlike

effect may enhance some cancer gene therapies, readministration is severely curtailed in the presence

of a neutralizing immune response. The ability to deal with this problem may ultimately be the most

important factor in determining the value of cancer gene therapy.

Perhaps the most important conceptual message from these early studies is that, although a single

gene therapy approach alone can undoubtedly induce a tumor response, it is unlikely to eradicate

disease successfully. Instead, inter- and intrapatient tumor heterogeneity means that several different

therapeutic methods will need to be combined. As discussed in this book, efforts to combine gene

therapies with conventional modalities are proceeding, as are efforts to combine different types of

gene therapies themselves. For example, if Tk gene transfer (followed by ganciclovir) is combined

with cytokine gene transfer, the patient may benefit from both a direct cytotoxic and an immune-

mediated antitumor effect.

Undoubtedly, gene therapy has had a difficult first 12 years. Understandable excitement about the

approach lead to unrealistic expectations about the time it would take to apply the technology suc-

cessfully, and intense scrutiny of adverse events (predominantly those in nonmalignant conditions)

has been discouraging to many in academia and in industry. A brief study of the history of every other

novel cancer therapy, including cytotoxic drugs, radiation, or monoclonal antibodies, reveals a 20-

year gap between discovery and truly successful implementation. The complexity of gene therapies

and of the current regulatory environment means that much the same can be expected of this technol-

ogy. Although many industrial partners have dropped from the race, it seems likely that eventual suc-

cess will encourage a resurrection of interest.

One final lesson of this early history, however, is that ultimately the successful model for cancer

gene therapy may not always be the pharmaceutical one. Instead, investigators may need to assemble
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components from a number of suppliers and provide an institution-based manufacturing process—

the model of organ transplantation and indeed of surgery and radiotherapy in general.

7. CONCLUSION

Although the history of cancer gene therapy has emphasized individual investigators and indus-

trial sponsors, the future is more likely to accentuate the importance of interdisciplinary teams and

the institutions in which they work.
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1. INTRODUCTION

Cancer is a genetic disease in which malignant cells have undergone mutations and epigenetic

changes but maintain the transformed phenotype even when cultured or when injected into immuno-

logically tolerant experimental animals (1,2). However, most of the genetic events in tumors are

somatic (i.e., not hereditary), brought about environmentally or randomly, and the identified inher-

ited (often referred to as “genetic”) causes account for a small proportion of all cancers.

Specifically, the genes with mutations that are relevant to the carcinogenic process, fall into two

classes: tumor suppressor genes and oncogenes. The distinction between heritable and environmen-

tal causes may be easily made if a hereditary cancer syndrome or an environmental exposure, such as

tobacco smoking or human papilloma virus, poses a high risk. For most common cancers, this is not

the case, and they are therefore considered complex diseases caused by many underlying and inter-

acting genetic and environmental factors. Heritable effects would lead to a clustering of cancer in

families (3,4). However, familial clustering can also be caused by shared environment or lifestyle,

and an increased familial risk does not tell whether the reason is heritable or environmental (5).

In this chapter, we discuss causes of cancer and the underlying molecular mechanisms from the

point of view of potential gene therapy approaches. Improved understanding of the causes of cancer

will be helpful for scientific, clinical, and cancer preventive measures. A certain notion of cancer

causation, often implicit, is embedded in many science and health policy decisions.

2. THE GENETIC BACKGROUND OF CARCINOGENESIS

In a nutshell, cancer can be considered a disease caused by mutations and epigenetic changes (e.g.,

methylation defects) in tumor suppressor genes and oncogenes (6). Mutations may be the more com-

mon of the two types of changes and can be missense (altered amino acid), frameshift (altered reading

frame), or nonsense (truncation of protein product). Sometimes, mutations do not affect the amino acid

sequence, but rather influence the promoter or splice sites. Deoxyribonucleic acid (DNA) sequence

variations that do not have a direct unequivocal link to the phenotype of interest but may play a role

are called polymorphisms.

There are various mechanisms that can cause mutations. These include deletions of small or large

DNA segments, inversions, translocations, looping leading to truncated sequence, and so on. The ini-

tial causes for these mechanisms range from ultraviolet radiation to chemical and viral carcinogens, but

for most cases of cancer, causation remains poorly defined. Probably, diet and other environmental

causes play a major role, but cause–effect relationships are difficult to demonstrate conclusively because

of the long time between initiation of a tumor and clinical presentation. Hereditary mutations have

also been identified as a cause of cancer and are discussed here.
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By definition, genetic changes important for carcinogenesis (i.e., can be detected as clonal changes

in malignant tumors) inactivate tumor suppressor genes or activate oncogenes. Both groups include

dozens of well-defined members, and hundreds probably remain poorly characterized. A classic exam-

ple of an oncogene is RAS, which was initially identified as a gene activated in the process of virally

induced tumorigenesis. Later, mutations of RAS have been commonly found in a wide variety of

cancers. Most protein products of oncogenes are involved in signal transduction and growth regula-

tion. An activating mutation of one allele is usually sufficient.

The normal functions of proteins coded by tumor suppressor genes are often related to important

regulatory or housekeeping functions crucial to the integrity of cellular functions, including cell

division and programmed cell death. Therefore, the loss of these functions is beneficial to malignant

progression. In most cases, both alleles of a tumor suppressor gene must be lost for loss of function of

the protein product. Often, one allele is lost because of a “local” mutation; the other allele is lost

because of a large deletion (loss of heterozygosity). Classic tumor suppressor genes include p53 and

APC (adenomatous polyposis coli). The former has a wide variety of functions associated with cell

cycle control and programmed cell death (apoptosis). Mutations of p53 have been identified in more

than half of all cancers.

APC was initially identified as the gene harboring germline mutations in patients with familial

adenomatous polyposis, a hereditary disorder that leads to formation of hundreds of intestinal polyps

that, when untreated, eventually undergo malignant transformation and cause death at a young age.

APC has multiple functions involved with cellular signaling and adhesion. The APC example is inter-

esting for two reasons. First, it is a useful example of a rare genetic disorder revealing the molecular

background of common disease. Although familial adenomatous polyposis is rare, mutations of APC

(or members of its signaling pathway) were consecutively identified in virtually all colorectal cancers.

In fact, the same is true for most of the cancer syndromes discussed in this chapter. Although the syn-

dromes are rare, the causative genes are commonly involved in sporadic carcinogenesis as well.

Second, studies (many of which were performed by Bert Vogelstein and colleagues at Johns Hopkins

in Baltimore, MD) of APC and the genetic basis of colorectal cancer have revealed another aspect

that may be common for many types of malignant tumors. Inactivation of APC may be the initial or

an early step in many colorectal cancers, but it is not the only change found in advanced tumors.

Instead, carcinogenesis may often be a multistep process in which additional mutations confer fea-

tures useful for increased growth and decreased susceptibility to growth regulation (Fig. 1).

It is unlikely that all occurring mutations are beneficial to the malignant clone. Instead, the majority

may give rise to subclones that have reduced viability or perhaps increased detection by the immune

system. Nevertheless, the rare beneficial changes gain a growth advantage and can thus be detected

in the end product of the multistep process of carcinogenesis, which in most cases is an aggressively

growing tumor capable of invasion and metastasis.

The gene that sustains the initial mutation that allows the carcinogenic process to proceed has been

called the gatekeeper gene (Gene 1 in Fig. 1). The theory is that each cell type may have a crucial

growth regulatory circuit; its inactivation may be necessary for carcinogenesis. For example, APC

has been suggested as the gatekeeper for the colorectal epithelium. Another suggested class of tumor

suppressor genes is the caretaker genes; their inactivation may facilitate the multistep process of

carcinogenesis by allowing rapid accumulation of further mutations (2). These genes are often involved

with DNA repair and maintaining the integrity of the genome.

For gene therapists, an important question is how many steps of the multistep process need to be

blocked for effective intervention? Presently, the complete answer is not known. Nevertheless, most

available evidence suggests that correction of a single defect, such as replacement of a defective

tumor suppressor gene or inactivation of an overactive oncogene, can be sufficient for controlling the

malignant process. For example, when p53 is expressed in p53 mutant cancer cells (with many other

mutations as well), the cells undergo apoptosis and may in fact trigger neighboring cancer cells to do

the same.
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Thus, perhaps the malignant phenotype can be compared to a house of cards, for which removal of

any card causes the whole structure to collapse. This is not completely surprising considering the vari-

ous defenses the human body has against malignant cells. Fittingly, malignant cells can be detected

circulating in healthy individuals who never develop cancer. Further, cancer typically arises in advanced

age, when the body’s defense mechanisms have slowed, but the cancer has had decades to develop a

delicately balanced combination of features that allow sustained growth while remaining undetected

by the immune system.

An increasing number of genes are identified as tumor suppressor and oncogenes, and the respec-

tive protein products seem to have a wide variety of functions (1,6). Nevertheless, many cancer-asso-

ciated genetic changes seem to fall into six categories (Fig. 2), which include (1) aberrant adhesion

Fig. 1. The multistep nature of cancer. Mutations accumulating in tumor suppressor genes and oncogenes

result in increasingly aggressive behavior, that is, the capacity for invasion and metastasis. Together with

increasing size, these features usually eventually result in clinical symptoms and findings. Most organs and body

compartments have significant reserve capacity; therefore, symptoms often arise late in the evolution of the tumor.

Fig. 2. Common features of advanced cancers.
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properties (e.g., loss of contact inhibition), (2) exaggerated or unphysiological response to growth-

promoting signals and reduced responsiveness to growth-regulating signals, (3) failure to undergo

programmed cell death on genetic damage (dysfunction of cell cycle checkpoints), (4) immortaliza-

tion (gain of telomerase activity), (5) avoidance of immune defenses, and (6) factors promoting neo-

vasculogenesis (rapidly growing tumors need an ample supply of oxygen and nutrients). Importantly,

all of these features are distinct from characteristics found in most nonmalignant cells and thus may

allow intervention.

3. APPORTIONING CANCER CAUSATION

Although most cases of cancer are somatic, that is, they do not have an identifiable familial com-

ponent, studies of hereditary syndromes have produced or initiated much of today’s understanding of

cancer as a genetic disease. It is not unreasonable to assume that this will be true in the future as well;

therefore, we briefly discuss hereditary cancer here.

Two studies have provided unique insight into the familial component of various common can-

cers. The first study used the classic twin design, that is, comparison of correlation of cancer in

monozygotic and dizygotic twins from three Nordic countries (7). In this model, it is assumed that

both types of twins equally share the environmental effects; monozygotic twins are genetically identi-

cal, whereas dizygotic twins are like any siblings, sharing by average 50% of their genes. The second

study was based on the nationwide Swedish Family-Cancer Database of 3 million families (8). It

compared correlation of cancers between all family members using the same statistical model used in

the twin study. It had a much higher statistical power than the twin study because the whole Swedish

population and its 1 million tumors were scrutinized. On the other hand, most sex-specific cancers

could not be assessed in the model.

The results from both models are presented in Table 1. For stomach cancer, heritability was esti-

mated to account for 28% from the twin study and 1% from the family study. The remainder, 72%

and 99%, respectively, could be the total environmental effect, of which the majority were because of

nonshared or random environment. The twin study gave statistically significant heritability estimates

(for which the 95 % confidence interval did not include zero) only for cancers of the colorectum

(35%), breast (27%), and prostate (42%). The family study gave an identical estimate for the breast,

but a lower estimate for the colorectum. The heritability of cervical cancer was 22%, but that of lung

and bladder cancer and leukemia was less than 10%.

Table 1

Heritable Effects of Cancer and Some Involved Genes

                              Proportion of variance attributed to heritable effects

Cancer site From twins From families Known genes

Stomach 0.28 0.01
a

E-cadherin

Colorectum 0.35
a

0.13
a

Mismatch repair, APC, LKB1

Pancreas 0.36 — CDKN2A

Lung 0.26 0.08
a

Metabolic low-penetrance genes

Breast 0.27
a

0.25
a

BRCA1/2, ATM (ataxia telangiectasia mutated)

Cervix uteri 0 0.22
a

Immune response genes?

Corpus uteri 0 — Mismatch repair, PTEN

Ovary 0.22 — BRCA1/2, mismatch repair

Prostate 0.42
a

— Candidate loci

Bladder 0.31 0.07
a

Metabolic low-penetrance genes

Leukemia 0.21 0.09
a

ATM, helicase

Source: Based on a Nordic twin (7) and a Swedish family study (8).

a
95% confidence interval does not include 0.0; that is, the estimate is statistically significant.
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Caution should be used in overinterpreting these estimates from statistical modeling. However,

certain common cancers showed a much higher range of heritability than that observed by comparing

familial risks between first-degree relatives (9). If the estimates for colorectal, breast, and prostate

cancers, showing 27–42% heritability, are confirmed, there are major gaps in the understanding of

the genetic basis of these neoplasms.

Some of the genes that transmit familial risks are indicated in Table 1 (2). The frequencies of

mutations in the well-known high-risk susceptibility genes BRCA1 and BRCA2 in breast cancer and

DNA mismatch repair genes in hereditary nonpolyposis colorectal cancer (HNPCC) are so low that

they explain at most 10% of the heritability noted, and 90% remain unaccounted (10,11). For prostate

cancer, candidate genes have been mapped, but not identified (12–16). These findings suggest that

other genes are yet to be identified, but because their polymorphisms are likely to be relatively common

and confer only a modest risk increase, their identification will be difficult.

4. CANCER MODELS

Well-characterized cancer syndromes, such as familial retinoblastoma, BRCA-linked breast can-

cer, and HNPCC, follow a dominant Mendelian pattern of inheritance, with high penetrance (propor-

tion of genotype carriers with phenotype); therefore, close to 50% of the offspring of an affected

parent present with the disease. Nevertheless, these syndromes are rare, and the frequency of the

mutant gene is on the order of 1/1000 (carrier frequency = 1/500) or less. The most common cancer

syndromes BRCA1 and BRCA2 and HNPCC are thought to account for 1–3% all breast and colorectal

cancers, respectively (10,17,18). Bloom syndrome, ataxia telangiectasia, and xeroderma pigmento-

sum are examples of Mendelian recessive cancer syndromes. About 25% of the offspring of two

heterozygote parents display symptoms, including neoplasms. It is relatively easy to estimate the

proportion of all cancer because of such well-characterized monogenic syndromes conferring a high

risk, and 1% appears to be a good estimate (19).

Most common cancers are caused by alterations in many genes. According to the multistage theory

of cancer, the clonal tumor emerges as a result of a number of mutations in a single cell (20–27). The

first mutations occur in normal cells, creating a slow-growing preneoplastic colony. Additional

changes in a cell of the preneoplastic colony are believed to be necessary to create a neoplastic cell

capable of growing as a malignant tumor. The number of required mutations may vary and probably

depends on the genes and cell types affected. This is probably true for cases arising as a result of

hereditary mutations as well. The initial gatekeeper mutation may confer a growth advantage and

thus increase the target size (number of cells with the initiating defect) for subsequent promotional

mutations. Mathematical adoption of known mutation rates, number of stem cells, and normal human

life-span can accommodate a carcinogenic process with three or more mutations, such as two in the

initiation stage and one or more in the promotional stage (24,25).

When two or more genes are involved, it is difficult to observe Mendelian inheritance in pedigrees

(27) because the likelihood decreases that an offspring will inherit the parental set of disease genes.

Therefore, it is difficult to distinguish multifactorial inheritance from low-penetrance single-gene or

environmental effects, which is a major challenge to current segregation analyses (28–30). In the

twin model, polygenic inheritance would be expressed as a much higher risk among monozygotic

than dizygotic twins (3,31). Another model in which polygenic inheritance could be distinguished is

in multiple primary cancers in the same individual (32,33).

5. CANCER GENES

Only a small proportion of cancer is because of single-gene, dominant traits (6,34). However, the

affected families have been helpful in the efforts of gene identification, and the majority of the tumor-

related high-penetrance genes have been described from such families (2). Results can be obtained

even for rare cancer syndromes, such as Peutz-Jeghers or skin and uterine leiomyomas if the families
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are homogeneous and the risk is high (35,36). An interesting aspect of the leiomyoma study was that

the gene turned out to be fumarate hydratase coding for an enzyme in the tricarboxylic acid cycle.

Another enzyme in this metabolic pathway, succinate dehydrogenase, was implicated in hereditary

paragangiomas and pheochromocytomas (37). These data have widened the scope of tumor-related

genes to metabolic, housekeeping genes from the earlier cell cycle regulator, DNA repair, and signal

transduction paradigms.

5.1. High-Risk, Rare Genes

Many forms of cancer in which a single gene poses a high risk have been identified. Of the 4700

dominant and 2800 recessive human genetic traits known in the early 1990s (31), some 440 were

single-gene traits in which cancer was a complication; many of them were extremely rare, with a few

identified families worldwide (38). Most known cancer syndromes are dominant at the population

level (although recessive at the molecular level; 19), the gene carriers are type Aa, where a = mutant

gene. In tumors, the normal allele is lost (loss of heterozygosity), and the tumor is therefore hemizy-

gous a or homozygous aa if another mutation occurs instead of allele loss. In dominant cancer syn-

dromes, the penetrance is typically high, often approaching 100%, which facilitates identification of

the dominant pattern because cases are found in all generations.

Some rare cancer syndromes, such as xeroderma pigmentosum, ataxia telangiectasia, and Bloom

syndrome, are recessive (aa) at both population and molecular levels. The detection of recessive con-

ditions is difficult because the cases appear apparently randomly in pedigrees, but often reveal con-

sanguinity at a closer inspection. Population geneticists have raised questions about the relatively

small number of known human recessive syndromes. In species of experimental animals, recessive

traits predominate, as opposed to humans, for whom dominant traits are more common (31). It is not

excluded that this is an observation bias because of difficulties in identifying a recessive pattern. A

further complication is that, in many cancer syndromes, the mutations are de novo germline mutations

lacking familial pattern. This is the case for most disorders for which cancer occurs early; thus, the

propagation of the defect to further generations is reduced. Examples include Wilms tumor, retino-

blastoma, and neurofibromatoses 1 and 2 (39).

The relative risks (RRs) of cancer may be very high (<1000) in the rare cancer syndromes. In fact,

if the penetrance is close to 100%, RR depends on the population frequency of the disease only. Most

known syndromes affect young individuals, for which the population incidence is low, resulting in

excessive RRs. The unusual risk of rare cancers in young individuals has facilitated identification of

syndromes, including Li-Fraumeni, multiple endocrine neoplasia 2 (MEN2), and HNPCC (40,41). The

RR of childhood cancers in Li-Fraumeni syndrome (hereditary p53 mutation) has been estimated at

>100 (42) and that of colorectal cancer in HNPCC at 70 (17). The estimates from the Swedish Family-

Cancer Database give RRs of 30 for endometrial cancer in HNPCC and 5000 for medullary thyroid

cancer in MEN2 (43,44).

The proportion of gene carriers depends on the population, and the most accurate estimates are

available for Europeans and European Americans. Among the known dominant cancer syndromes,

the frequency of gene carriers is highest for HNPCC, about 1/500, and BRCA1 and BRCA2, each about

1/1000. For most others, such as Li-Fraumeni, MEN1 and 2, neurofibromatosis 1 and hereditary renal

cell cancer (caused by mutation in VHL), retinoblastoma, Wilms, and Gorlin cancers, the frequency of

carriers ranges from 1/3000 to 1/50,000 (39). In recessive conditions, such as xeroderma pigmentosum

and ataxia telangiectasia, the frequency of diseased (a
2
) is low (1/1 million and 1/40,000, respectively),

but the carrier frequency (2Aa) of ataxia telangiectasia has been estimated at 1–5% in the US popula-

tion (45). If heterozygotes are at risk for cancer, the impact may be significant. Ataxia telangiectasia

heterozygotes may have an elevated risk of various cancers, such as breast cancer, and because of the

large number of carriers, calculations argue that the attributable proportion of ataxia telangiectasia in

breast cancer is higher than that of BRCA1 and BRCA2 (46,47).
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A further aspect of familial cancer syndromes is that they often affect cancers at multiple sites, even

though detected through cancers at a particular “index” site. Li-Fraumeni syndrome is an example,

with more than a 100-fold RR at the index sites (childhood sarcomas), but a modest RR for more

common diseases such as breast cancer. Further examples are HNPCC, BRCA1, and BRCA2. In the

recessive cancer syndromes, including ataxia telangiectasia and Bloom, the affected individuals can

present with almost any kind of malignancy (45,48).

Another aspect relating to the identification of a clinical entity is the presentation of other diseases

in many of the known syndromes. Patients with recessive cancer syndromes are severely handicapped,

as indicated by some of their descriptive names. Severe noncancer diseases beset even dominant con-

ditions such as NF1 and NF2, MEN 1 and 2, and hereditary renal cell cancer.

5.2. Low-Risk, Common Genes

Familial effects in cancer are not only because of high-risk gene defects as discussed previously,

but most likely there is contribution by more common low-risk defects, which may be frequent enough

to be called polymorphisms (sometimes defined as the variant present in more than 1% of the popu-

lation). Many polymorphisms have been described in the areas of drug and carcinogen metabolism,

with some recent data also on hormone receptors and DNA repair genes (49–51). Although it is likely

that a large number of low-risk genes modulate the carcinogenic process in humans, there has been

much controversy in the current literature on the role of metabolism genes in cancer (52).

Immune surveillance plays an important role in cancer, as has been observed in immunosuppressed

patients who are at a marked risk of lymphomas and many types of squamous cell carcinomas (53,54).

Milder forms of immunodeficiencies probably explain some familial patterns of non-Hodgkin’s lym-

phoma, Hodgkin’s disease, cervical cancer, and squamous cell skin cancer (53,55,56). Suppressed

immune function is also likely to modulate host response to virus, such as human papilloma virus and

Epstein-Barr virus (57–60).

6. CONCLUSION

There are no data available on the etiology of cancer that would refute the predominant role of

environment as a causative factor. However, since the epochal review by Doll and Peto in 1981 (61),

disappointingly little progress has been seen in the search for new causes of environmental carcino-

genesis. One likely reason is that environmental carcinogenesis is because of the interaction of exter-

nal and host factors, which cannot be unraveled by epidemiological or molecular biological means

alone. There is hope that merging of these approaches into molecular epidemiology or, even better,

into molecular genetic epidemiology will tool the exogenous/endogenous interphase of human car-

cinogenesis. Nevertheless, there is little doubt that, regardless of the causative agents, on the molecu-

lar level the malignant process manifests as mutations and epigenetic changes in tumor suppressor

and oncogenes. Further, the accumulation of mutations in these genes gradually increases the aggres-

siveness of the clone and therefore constitutes the multistep process of carcinogenesis.

All the main types of cancer appear to have a familial component with a frequency that varies, but

often ranges from 1 to 5%. Familial risks observed among twins and among patients with multiple

primary cancers provide support for the multistage carcinogenesis in human cancers at a population

level (27,30). There are at least three practical implications from such findings. One is that, in the

search for new susceptibility factors in cancer, low-penetrance genes may be better identified in asso-

ciation studies with a case–control design than in linkage studies (62–64). The second implication is

that, in clinical counseling, polygenic and recessive conditions imply uncertainty (30). The disease

strikes apparently randomly even though there is an inherited background.

The third problem that may have implications for gene therapy approaches involves a question: If

many genes contribute to each case of cancer, is blocking or repair of one defect sufficient for revert-

ing the malignant phenotype? Current evidence suggests that removing one “card” (mutation) from
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the “house of cards” (advanced malignant tumor) can be enough. Nevertheless, considering the awe-

some capacity of cancers to acquire resistance, a cytostatic effect may not be desirable, and rapid

killing of cells may be required instead. In addition to resistance on the cellular level, tumors can

acquire resistance on the tissue level. This implies the existence of subclones that are not sensitive to the

treatment. Therefore, removing multiple cards simultaneously or consecutively could have advantages.

Identification of cancer as a disease caused by mutations and epigenetic changes in genes imme-

diately suggested gene therapy as a logical means for intervention. Thus, if the causative defects can

be corrected or blocked, the disease phenotype can be reversed. Alternatively, the genetic changes

present in cancer cells offer a variety of characteristics that separate them from noncancer cells.

These features include dysregulated promoters and enhancers, aberrant expression of receptors and

epitopes, and loss of antiviral defense mechanisms. As discussed in this book, these features can be

utilized in the planning of gene therapy strategies aimed at direct killing of cancer cells.
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Tumor Suppressor Gene Replacement for Cancer

Jack A. Roth and Susan F. Grammer

1. INTRODUCTION

Long before the genetic basis of cancer was accepted and over half a century before the term

tumor suppressor gene (TSG) was coined, German biologist Theodor Boveri (1) suggested “the pres-

ence of definite chromosomes which inhibit division.” Writing in 1914 (translation published in 1929),

Boveri ventured that “cells of tumors with unlimited growth would arise if those ‘inhibiting chromo-

somes’ were eliminated.” Over half a century later, molecular analysis of human tumors revealed that,

in every case of cancer, at least one of the multiple genetic alterations found is in an “inhibiting chro-

mosome,” now known as a TSG. During the 1980s, molecular biology and cancer genetics (see Chap-

ters 1 and 2) transformed Boveri’s theoretical inhibiting chromosomes into powerful tools for the

study of the molecular pathogenesis of cancer and then, during the 1990s, propelled them from the

laboratory bench to the bedside. Between 1994 and the end of 2002, more than 25 clinical trials for

TSG replacement therapy were initiated, and results indicated a promising future for TSG in the

management of cancer.

Because the base of knowledge of human TSG is expanding so rapidly, this chapter includes only

a superficial summary of TSG biology and provides direction to several excellent reviews for addi-

tional details. Likewise, data from preclinical studies and clinical trials accumulate daily, so discus-

sion of the development of gene therapy strategies for TSG replacement for the most part is limited to

a synopsis of the application of gene therapy to one of the most commonly altered TSGs, p53.

2. TUMOR SUPPRESSOR GENES:

FROM THE LABORATORY BENCH TO THE BEDSIDE

Once the rapidly advancing fields of molecular biology and genetics provided tools to tease apart

the inner workings of normal and malignant cells, an intricate web of biochemical pathways began to

emerge. The laborious process of untangling that web involved piecing together bits of information

gleaned from various lines of inquiry, a process that at times seemed unlikely to yield definitive

answers to questions about the biochemistry of cancer. Watson summarized a 1977 textbook chapter

on control of cell proliferation with a mix of optimism and skepticism (2):

The fact that some reproducible differences are at last beginning to be seen between normal and

cancer cells tells us that the study of cancer at the molecular level is no longer a premature Don

Quixotic science. ...On the other hand, we must not deceive ourselves that, because we can measure

the amount of cAMP and, if we are more clever, that of cGMP, we are in any sense close to being on

top of the cancer problem ... much cancer research will continue to resemble a search for a coin lost

along a path only occasionally illuminated by street lights. Of necessity we look under the lighted

regions for, no matter how long you look into the dark, the search will never be successful. Thus, as

long as most components of the normal cell membrane remain essentially black boxes, the biochem-

istry of cancer may remain a mystery for some still future generation to understand.
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Just a few years later, refined techniques for manipulating biological molecules shed additional light

on those black boxes, gradually revealing detailed biochemical information about the web of pathways

governing cellular processes and revealing that many genes involved in regulation of normal cellular

processes of growth (cell division, differentiation, and cell death) were altered in tumor cells.

The ability to compare normal and malignant cells at the gene level quickly led to the implication

of dominant oncogenes in the etiology of cancer, but information on members of the TSG family was

more elusive (3). Although biological evidence for the existence of genes that suppressed tumorigene-

sis had emerged from several lines of inquiry in the 1970s and 1980s (4–7), the study of TSG biology

and biochemistry at the molecular level required more advanced strategies than did the study of

oncogene biology, and elucidation of the role of TSGs in normal cell processes and in cancer lagged

behind. During the 1990s, though, loss of function of several TSGs was found to be common in many

different cancers, answering questions about the molecular pathogenesis of cancer and leading to the

current genetic paradigm: Cancer results from multiple genetic lesions accumulating over the life-

time of an individual. Loss of function of TSGs predisposes to cancer, either “familial cancer,” in

which one altered allele is inherited as a germline mutation and the other is acquired later, or “sporadic

cancer,” which occurs as a result of somatic mutation of both alleles of a critical gene during the life-

time of the individual.

Despite confirmation of the genetic basis of tumorigenesis, gene replacement therapy was not

initially considered a likely strategy for cancer treatment. Because multiple genetic lesions result in

unique genetic profiles in nearly every tumor, the possibility of finding one gene that would have an

impact on a large subset of tumors seemed unlikely. Even after lesions in some TSGs, such as p53,

were shown to be common to many different types of tumors, the possibility that correcting only one

of the multiple lesions in a tumor would cause tumor regression also seemed improbable. Studies of

TSG replacement in cell lines and in laboratory animals in the late 1980s and early 1990s, however,

proved these suspicions false, and three clinical trials of p53 gene replacement in colon and lung

cancer were initiated in 1994. By late 2002, 25 protocols for TSG replacement had been approved,

including seven phase II trials and two multisite phase II–III trials.

Results of early clinical trials quickly delivered “proof of principle” by demonstrating delivery of

TSG to tumor cells, gene expression in targeted cells, minimal toxic effects, and finally evidence of

regression or stabilization of treated tumors. Subsequent trials demonstrated that TSG replacement

also rendered some tumor cells more sensitive to the effects of conventional deoxyribonucleic acid

(DNA)-damaging therapies, extending the potential application of TSG replacement to protocols com-

bining TSG replacement therapy with chemotherapy and radiation.

As these promising results were emerging in the clinic, work at the laboratory bench did not slow,

and results of laboratory studies aimed at uncovering new TSGs suggested that damage to TSGs

occurs relatively early in the sequence of genetic lesions that lead to cancer (8–11). Damage to can-

didate TSGs was detected in normal lung epithelium and in preneoplastic lesions, suggesting that TSGs,

in addition to offering therapeutic benefit to cancer patients, may also hold possibilities for prevention

and early detection of cancer.

3. BIOLOGY AND BIOCHEMISTRY OF TSGs

In normal cells, the function of genes of the TSG family is to maintain appropriate cell numbers

through inhibition of proliferation, induction of apoptosis, or detection and repair of damaged DNA.

TSGs regulate signaling pathways involved in nearly every normal cell process, including cell cycle,

cell death, angiogenesis, cell adhesion, and cytoskeletal and cell membrane processes. The list of

genes in the TSG family is growing rapidly, so this chapter does not include an exhaustive review.

Instead, the several excellent reviews (12,13) and a two-volume comprehensive overview of the

biology of known tumor suppressor pathways (14,15) provide additional information.
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3.1. Gatekeepers and Caretakers

As the list of TSGs grew, it became apparent that some TSGs function mainly as gatekeepers for

the cell; others exhibit more caretaker-like properties (16) (see Table 1). Some TSGs, like p53 (17),

exhibit both gatekeeper and caretaker functions. In general, gatekeeper TSGs directly regulate cellu-

lar functions involved in cell growth, differentiation, and cell death; caretaker genes control cellular

processes involved in repair of damaged genes and maintain genomic integrity.

Mutations in gatekeepers directly predispose to cancer by allowing uncontrolled proliferation and

disrupting apoptosis induction; inactivation of caretaker genes leads to genetic instability, resulting

in mutation of other genes, including gatekeeper TSGs. Examples of gatekeepers are p53, p73, PTEN,

Fhit (fragile histidine triad), Rb (retinoblastoma), vonHippel Lindau, APC (adenomatous polyposis),

and NF1 (neurofibromatosis type 1). Caretaker genes include ATM (ataxia telangiectasia mutated),

BRCA1, BRCA2, ATR (ATM and Rad3 related), and mismatch repair genes. A brief summary of the

functions of some of the TSGs most commonly altered in cancer and the diseases associated with them

is included in Table 1.

TSGs that can induce apoptosis or suppress tumor cell growth, most often gatekeeper genes, have

been the most attractive targets for developing gene replacement strategies thus far. Several have

already been shown to induce apoptosis or cause cell cycle arrest when introduced into tumor cells,

including APC (18), Rb (19,20), p16 (21), p21 (22), E2F1 (23), PTEN (24), Fhit (25–27), p73 (28),

and, most notably so far, p53 (29).

3.2. TSGs, Growth Arrest Pathways, and Programmed Cell Death

The myriad roles TSGs play in normal cell function cannot be detailed in this chapter; however, a

brief summary focused on the role of p53 in cellular pathways will lead to better understanding of the

rationale behind p53 gene replacement therapy and provide insight into the rationale behind replace-

ment of other TSGs.

Expression of some gene products, including growth factors, oncogenes, cyclins, and cyclin-depen-

dent kinases (CDKs) drive a cell toward proliferation. Expression of TSGs and other inhibitors of

CDKs induces cell cycle arrest when appropriate, maintaining the cell number at an appropriate level

for the particular tissue. Mammalian cell proliferation, for the most part, is regulated by two inter-

connected pathways, the Rb pathway and the p53 pathway, which are both in turn regulated at the

protein level by oncogenes and other TSGs. In general, the Rb protein (the product of the retinoblas-

toma TSG) regulates maintenance of, and release from, the G1 phase, and the p53 protein monitors

cellular stress and DNA damage, either effecting growth arrest and repair or inducing apoptosis (30).

Damage to one or more genes in either of these pathways can drive the cell to utilize an alternative

pathway for regulating proliferation or, if no alternative pathway remains genetically uncompro-

mised, begin to proliferate out of control.

When a cell is stressed by oncogene activation, hypoxia, or DNA damage, it is the task of the

“guardian of the genome,” p53, to determine whether the cell will receive a signal to halt at the G1 stage

of the cell cycle, whether it will be signaled to attempt repair, or whether it will self-destruct via apop-

tosis. Apoptosis plays a key role in numerous normal cellular mechanisms, from embryogenesis to self-

policing of DNA damage caused by random mutations, ionizing radiation, and DNA-damaging chemi-

cals and has been implicated as a major mechanism of cell death because of DNA-damaging cancer

therapies, such as chemotherapy and radiation. A precisely maintained balance between two types of

signals received by a cell at any given time—proapoptotic vs prosurvival (antiapoptotic)—determines

whether apoptosis will be induced.

Although these signals determine the actions of p53 protein, expression of many of the genes that

generate these critical signals is in turn regulated by the activation status of p53, forming an elaborate

feedback loop. P53 carries out housekeeping duties by targeting the prosurvival (or antiapoptotic)
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Table 1

TSGs Commonly Disrupted in Cancer: Normal Function and Diseases Associated With Loss of Function

Gene Function Diseases associated with loss of unction

Rb (retinoblastoma) Inhibition of transcription of genes required for DNA Retinoblastoma, osteosarcoma, prostate cancer, breast cancer

replication and cell division; role in apoptosis induction

P53 Transcription factor targeting p21, bax, PIG8, mdm2, GADD45, Germline inherited: Li-Fraumeni syndrome (breast cancer,

DR5, others; repress expression of bcl02 and PCNA; control lung cancer, soft tissue tumors, brain tumors, osteosarcoma,

G1 and G2 checkpoints; apoptosis induction via transcriptional leukemia)

activation of proapoptotic genes Somatic mutations: Various cancers

P16/INK4a Gatekeeper gene; maintain normal Rb function by inhibiting Germline inherited: Familial melanomas

CDK4 and CDK6 and promoting G1/S transition; stabilizes Somatic mutation: Pancreatic cancer, brain cancer

and activates p53 by binding mdm2

PTEN (also known as Gatekeeper gene; maintains low level of PIP-3 by acting as lipid Germline inherited: Multiple benign tumors; increased

MMAC1 and TEP1) phosphatase susceptibility to breast, thyroid, and brain cancer

Somatic mutation: Glioblastoma, endometrial cancer, prostate

cancer, melanoma

BRCA1 Caretaker gene; expression increased in S phase of cell cycle; Breast cancer and ovarian cancer

interacts with many proteins involved in DNA damage repair

BRCA2 Caretaker gene; DNA damage repair Breast cancer and male breast cancer

APC Multiple cellular functions; signal transduction, intercellular Hereditary and sporadic colon cancer

adhesion, cytoskeletal stabilization, possibly cell cycle and

apoptosis regulation

Neurofibromatosis Suppress cell growth by controlling wnt signaling pathway; Germline inherited mutation: Benign peripheral nerve sheath

type 1 ras signaling pathway tumors; predisposition to astrocytoma, glioblastoma, optic

gliomas, pheochromocytomas, myeloid leukemia

FHIT Not understood Various primary tumors, including lung, stomach, breast, colon,

cervix, head and neck; 80% of small cell lung tumors; 40%

of nonsmall cell lung tumors

Source: From ref. 13.

2
2
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genes, including the proto-oncogenes bcl-2, bcl-X2, bcl-w, and CED9, and the proapoptotic genes, such

as bax, bad, and bid (31). Available transcripts of each of these genes interact with one another to form

heterodimers, and the relative ratio of proapoptotic to prosurvival proteins in these heterodimers deter-

mines activity of the resulting molecule, thereby determining whether the cell lives or is directed to

undergo apoptosis.

The p53 pathway is regulated at the protein level by other TSGs and by several oncogenes (30).

For example, mdm2 (product of the proto-oncogene mdm2) normally binds to the N-terminal trans-

activating domain of p53, prohibiting p53 activation and leading to its rapid degradation. In the event

of genotoxic stress, resulting DNA damage causes phosphorylation of serines on p53, weakening

binding to mdm2 and destabilizing the p53/mdm2 interaction. The resulting increase in p53 DNA-

binding activity leads to an array of downstream signals that switch other genes on or off. In the nor-

mal cell, mdm2 is inhibited by proto-oncogenes that induce expression of p19ARF, a TSG encoded

by the same gene locus as p16INK4a, but read in an alternate reading frame (32).

Because activated p53 has a very short half-life in the cell (20 minutes), binding of mdm2 ensures

tight control of a very low level of active p53 in the normal cell, thereby maintaining the required

balance between proliferation and cell cycle arrest or apoptosis. Both Rb and p53 are commonly altered

in cancer, as are several other TSG and proto-oncogenes involved in these pathways. For example,

deletion of the TSG p19ARF results in increased levels of mdm2 and subsequent inactivation of p53,

resulting in inappropriate progression through the cell cycle.

4. TSG REPLACEMENT IN CANCER

Success of gene replacement strategies for cancer rests first on successful delivery of a therapeutic

gene to the intended target tissue and then on expression of the gene at adequate levels with accept-

ably low toxicity. Only when these requirements are met can the desired therapeutic benefit, tumor

regression, be measured. Several of the TSGs mentioned here have shown potential application in

preclinical laboratory and animal studies, and several are in clinical trials. Because most clinical

trials to date involve replacement of the TSG most commonly altered in cancer, p53, discussion of

preclinical laboratory studies and subsequent clinical trials focuses on this gene. This summary of

progress on p53 gene replacement also provides insight into understanding the potential applications

of other TSGs to cancer gene therapy.

4.1. TSG Replacement Therapy: The Case of p53

4.1.1. Rationale

Loss of function of p53 is observed in over 50% of all malignant tumors, making it the most com-

mon genetic lesion in cancer. It follows, then, that insertion of a copy of a “wild-type” gene might be

sufficient to restore the normal balance of cell proliferation and cell death to a tumor cell. In addition,

the critical role of p53 in the induction of programmed cell death or apoptosis indicates that replace-

ment of this gene might restore or enhance sensitivity to therapeutic agents, such as chemotherapy

and radiation therapy, that depend on DNA damage and subsequent p53-dependent apoptosis as a

mechanism of tumor cell destruction.

4.1.2. Preclinical Studies of p53 Gene Replacement

Early laboratory studies in an orthotopic human lung cancer model demonstrated that the TSG

p53, delivered via a retroviral expression vector, restored suppression of tumor growth (33). Simi-

larly, restoration of functional p53 suppressed the growth of some, but not all, human lung cancer

cell lines (34). Although successful gene transfer of tumor cell growth suppression was demonstrated

with the retroviral expression vector, the transduction efficiency of the vector was limiting, as is gen-

erally true of retroviral vectors. Unlike retroviruses, adenoviruses can be produced at high titers and

are capable of infecting both dividing and nondividing cells, so subsequent trials were carried out
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with adenoviral vectors. Because adenoviruses do not integrate into the genome, expression is tran-

sient, a situation not considered a disadvantage in cancer therapy as it would be in gene therapy for

some diseases because destruction of cancer cells is the desired end point of therapy.

Initially, it was feared that the effectiveness of gene therapy for cancer might be limited by the

inability of a vector to transduce every cell within a tumor, but Fujiwara, Cusack, and their respective

colleagues (35,36) demonstrated in three-dimensional cancer cell matrices and subcutaneous xeno-

grafts that therapeutic genes were likely to spread beyond the immediate intratumoral injection site to

nontransduced tumor cells via a “bystander effect.” Bystander killing appears to involve mechanisms

more elaborate than the mere spread of vector away from the injection site. Several proposed mecha-

nisms include angiogenesis (37,38), immune upregulation (39–41), and secretion of soluble proapop-

totic proteins (42).

Transfer of p53 into lung cancer cells by an adenoviral vector was demonstrated by Zhang and

coworkers (43), and in subsequent studies this gene/vector combination (Adp53) induced apoptosis

in cancer cells with nonfunctional p53 without significantly affecting proliferation of normal cells

(44). Adp53 also inhibited tumor growth in a mouse model of human orthotopic lung cancer (45) and

induced apoptosis and suppression of proliferation in pancreatic cancer cell lines (46), colorectal cancer

cell lines (47), and human breast tumors (48). In vivo studies of p53 gene transfer in mouse xenograft

tumor models also showed significant suppression of human tumor growth (47,49). Other TSGs have

also suppressed tumor growth in cell culture and in animal models.

4.1.3. Clinical Trials of p53 Gene Replacement

Early preclinical studies of retroviral p53 described in Section 4.1.2. led to approval of the first

clinical trial protocol for p53 gene-replacement. A retroviral vector expressing wild-type p53 under

control of the �-actin promoter (50) was introduced into tumors of nine patients with unresectable

non-small cell lung cancer (NSCLC) that had already proved resistant to other interventions. No

vector-related toxicity was observed, and three of the nine patients had evidence of antitumor activ-

ity, demonstrating the feasibility and safety of gene therapy (51,52). For the reasons described in

Section 4.1.2., further clinical trials of p53 gene transfer utilized an adenoviral expression vector.

Twenty-eight patients with NSCLC whose cancers had not responded to conventional treatments

enrolled in a phase I clinical trial; successful gene transfer was demonstrated in 80% of evaluable

patients (53). Vector-specific p53 DNA was detected in 46%, and apoptosis was demonstrated in all

but 1 of the patients expressing the gene. Most important, despite up to six injections per patient, no

significant toxic effects related to transfer of the vector appeared. In addition, more than a 50% reduc-

tion in tumor size was observed in two patients. One patient remained free of tumor more than a year

after the conclusion of therapy, and another experienced nearly complete regression of an upper lobe

endobronchial tumor that had resisted chemotherapy, radiotherapy, and laser treatment.

A phase I study of 33 patients with head and neck squamous cell carcinoma also concluded that

transfer of the p53 construct caused little toxicity; again, significant clinical response was observed in 9

of 18 clinically evaluable patients (54). A subsequent phase II clinical trial of p53 in over 200 patients

with recurrent or refractory head and neck squamous cell carcinoma resulted in demonstration of com-

plete or partial responses in approx 10% of patients, with some evidence of antitumor activity observed

in 60% of patients (55,56).

These studies and others established P53 gene transfer as a clinically feasible strategy resulting in

successful gene transfer and expression, low toxicity, and strong indications for tumor regression.

Registered clinical trials of TSG replacement, including trials involving p53, Rb, mda7, BRCA1, and

p16 are summarized in Table 2 (57). All clinical trials involving recombinant DNA carried out at

institutions receiving federal funds must be approved by the National Institutes of Health (NIH)

Recombinant DNA Advisory Committee (RAC), and investigators not receiving federal funds are

encouraged to register protocols as well as report adverse effects of treatment for inclusion in the NIH

database.
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Table 2

Clinical Trials of TSG Replacement
a

RAC Phase/year

protocol TSG/other therapeutic Vector Disease Route of administration approved

9812-275 p53 Adenovirus serotype 5 Advanced cancers Intravenous I/1998

9601-195 Rb Adenovirus serotype 5 Bladder Intravesicular I/1996

9710-219 P53 Adenovirus serotype 5 Bladder Intravesicular I/1997

9808-263 P53 Adenovirus serotype 5 Brain/glioma Intratumoral I/1998

9709-216 P53/chemotherapy Adenovirus serotype 5 Breast Intralesional I/1997

9904-305 P53/to purge cancer cells Stem cells Breast Intravenous with stem cells I/1999

from stem cell preparation

0101-455 P53/chemotherapy Adenovirus serotype 5 Breast Intratumoral I/2001

0104-171 Mda7 Adenovirus serotype 5 Breast Intratumoral I/2001

9412-097 P53 Adenovirus serotype 5 Colon with liver metastasis Intrahepatic/hepatic artery I/1994

9905-318 P53/chemotherapy Adenovirus serotype 5 Colon with liver metastasis Intrahepatic/hepatic artery II/1999

9403-031 P53/Ras oncogene Adenovirus serotype 5 Lung Intratumoral I/1994

9406-079 P53/chemotherapy Adenovirus serotype 5 Lung Intratumoral I/1994

9710-220 P53/chemotherapy Adenovirus serotype 5 Lung (nonsmall cell) Intratumoral II/1997

9804-250 P53/radiotherapy Adenovirus serotype 5 Lung (nonsmall cell) Intratumoral I-II/1998

9902-287 P53 Adenovirus serotype 5 Lung (bronchoalveolar) Respiratory tract I/1999

9902-288 P53/radiotherapy Adenovirus serotype 5 Lung (nonsmall cell) Intratumoral I/1999

0101-448 P53/radiation and chemotherapy Adenovirus serotype 5 Lung (nonsmall cell) Intratumoral II-III/2001

0201-513
b

P53 Liposome gene complex Lung (NSCLC) Intravenous I/2002
a

9603-149 BRCA-1 Retrovirus Ovarian Intraperitoneal I/1996

9806-255 P53 Adenovirus serotype 5 Ovarian Intraperitoneal I/1998

9807-262 P53 Adenovirus serotype 5 Ovarian (chemotherapy-resistant) Intraperitoneal I/1998

9901-280 P53/chemotherapy Adenovirus serotype 5 Ovarian Intraperitoneal II-III/1999

9909-339 BRCA-1 Retrovirus Ovarian Intraperitoneal I-II/1999

9706-192 P53 Adenovirus serotype 5 Prostate Intratumoral I/1997

9710-217 P53 Adenovirus serotype 5 Prostate Intratumoral I-II/1997

9909-338 P16 Adenovirus serotype 5 Prostate Intratumoral I/1999

P53/radioactive seed implant Adenovirus serotype 5 Prostate Percutaneous/transperineal implant II/2000

9412-096 P53 Adenovirus serotype 5 Head and neck (squamous cell) Intratumoral I/1994

9709-214 P53 Adenovirus serotype 5 Head and neck (squamous cell) Intratumoral II/1997

9712-226 P53 Adenovirus serotype 5 Head and neck (squamous cell) Intratumoral II/1997

9912-366 P53 Adenovirus serotype 5 Head and neck (squamous cell) Intratumoral III/1999

0009-412 P53/chemotherapy Adenovirus serotype 5 Head and neck (squamous cell) Intratumoral III/2000

0101-445
b

P53 Adenovirus serotype 5 Head and neck (squamous cell) Intratumoral I/II/2001

0101-454 P53/chemoradiotherapy Adenovirus serotype 5 Head and neck (squamous cell) Intratumoral II/2001

a
Source: Summary of protocols approved by the RAC as of December 2002 (57).

b
Reviewed with recommendations; not open for enrollment.

2
5
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4.2. p53 Gene Replacement in Combination

With Conventional DNA-Damaging Agents

4.2.1. Rationale for Combination Therapy

Many cancer patients fail conventional therapy because their tumors are resistant to DNA-damag-

ing agents such as chemotherapy and radiation therapy. Once apoptosis was implicated as the normal

mechanism of cell destruction in response to these DNA-damaging agents, it followed that a defect in

the normal apoptotic pathway might confer resistance to some tumor cells. Often missing or nonfunc-

tional in radiation- and chemotherapy-resistant tumors, p53 is known to play a key role in detecting

damage to DNA and directing repair or destruction through apoptosis. The link between p53 and

apoptosis made therapeutic strategies combining p53 gene replacement and conventional DNA-dam-

aging therapies a natural extension of earlier studies. The low toxicity (less than 5% incidence of

serious adverse events) of p53 in initial trials suggested that p53 gene therapy could be combined

with other anticancer treatments without significant increases in treatment-related toxicity (58).

4.2.2. Preclinical Studies

Several in vitro studies (59–61) demonstrated that overexpression of p53 in wild-type p53 trans-

fected cell lines could drive cells into apoptosis. Subsequent in vitro and animal studies examin-

ing apoptosis in tumor cells treated with radiation or chemotherapeutic agents also supported a link

between apoptosis induction and functional p53 expression (62–67).

Preclinical studies of p53 gene therapy combined with cisplatin in cultured NSCLC cells and in

human xenografts in nude mice demonstrated that sequential administration of cisplatin and p53 gene

therapy resulted in enhanced expression of the p53 gene product (65,68). Over 50% of the cells pre-

treated with cisplatin were apoptotic 12 hours after gene transfer, with over 90% of the cells undergo-

ing apoptosis at 24 hours; cells not pretreated with cisplatin prior to gene transfer demonstrated only

19 and 68% apoptotic cells at 12 and 24 hours, respectively. Studies of systemic cisplatin treatment

prior to p53 gene transfer in nude mice resulted in at least a 55% further reduction in final tumor size in

cisplatin-pretreated mice when compared to mice receiving only p53 gene transfer.

Similarly, preclinical studies of p53 gene transfer combined with radiotherapy indicated that de-

livery of p53 to p53-deficient tumor cells, both in vitro and in vivo, increased their sensitivity to

radiation (47). When in vitro cultured human colorectal carcinoma cells were gamma irradiated, 55%

of the tumor cells survived; transfection of the cells with p53 prior to irradiation, however, lowered the

survival rate to 23% and increased apoptosis. Significant tumor suppression was also observed in an

animal tumor model when animals received p53 followed by radiation; regrowth of tumors was delayed

2 days when tumors were treated with radiation alone and 15 days when treated with p53 gene transfer

alone, but tumors of animals receiving the p53 gene followed by radiation treatment required 37 days

to reach pretreatment size.

Numerous other studies have generated additional supporting evidence for a critical link between

radiation sensitivity and the ability of a cell to induce apoptosis (69–73); however, the radiosensitivity

of some tumor types (e.g., epithelioid tumors) does not appear to be correlated with p53 status (74–76).

4.2.3. Clinical Trials of TSG Replacement Combined With Chemotherapy

A phase I trial of p53 in sequence with cisplatin (77) enrolled 24 patients with NSCLC carcinoma

previously unresponsive to conventional treatments. Of the patients, 75% entered into the trial had

previously demonstrated tumor progression on cisplatin- or carboplatin-containing regimens. Up to

six monthly courses of intravenous cisplatin, each followed 3 days later with intratumoral injection

of p53, resulted in 17 patients remaining stable for at least 2 months, 2 patients achieving partial

responses, and 4 patients continuing to exhibit progressive disease (1 patient was unevaluable because



Replacement of Tumor Suppressor Genes 27

of progressive disease). Analysis of apoptotic activity in tumor biopsies resulted in 79% showing an

increase in number of apoptotic cells, 14% indicating no change, and 7% demonstrating a decrease in

apoptosis.

A phase II study evaluated two comparable lesions in each enrolled patient with metastatic NSCLC

(78). All patients received chemotherapy, either three cycles of carboplatin plus paclitaxel or three

cycles of cisplatin plus vinorelbine. P53 was injected directly into one lesion; the other lesion was

used as a control and was not injected. The goal of the study was to demonstrate enhanced radiologic

response in the injected lesion compared to the noninjected lesion. P53 treatment resulted in minimal

vector-related toxicity and no increase in chemotherapy-related adverse events. Statistical analysis

of the combined data indicated that p53 did not provide additional benefit to patients receiving an

effective first-line chemotherapy. Examination of results with the less-successful cisplatin and vino-

relbine regimen only, however, indicated that mean local tumor regression as measured by size was

significantly greater in the p53-injected lesion as compared to the control lesion.

A phase I/II clinical study by Buller and coworkers of patients with recurrent ovarian cancer

demonstrated safety and tolerability of single-dose and multiple-dose intraperitoneal p53 in combi-

nation with platinum-based chemotherapy (79). A long-term follow-up study of these patients indi-

cated that individuals who received multiple-dose p53 with chemotherapy had a median survival of

12–13 months, compared to only 5 months for those treated with a single dose of p53 (80). More than

20 months after multiple-dose treatment for recurrent disease, there were 10 long-term survivors, but

only 2 patients receiving a single dose of p53 were long-term survivors.

4.2.4. Clinical Trials of TSG Replacement Combined With Radiation Therapy

Successful preclinical studies suggesting that p53 gene replacement might confer radiation sensi-

tivity to some tumors (47,69,71–73) led to the initiation of a phase II clinical trial of adenoviral-medi-

ated p53 gene transfer in conjunction with radiation therapy (81). Preliminary data from 19 patients

with localized NSCLC revealed a complete response in 1 patient (5%), partial response in 11 patients

(58%), stable disease in 3 patients (16%), and progressive disease in 2 patients (11%). Two patients

(11%) were nonevaluable because of tumor progression or early death. Three months following com-

pletion of therapy, biopsies revealed no viable tumor in 12 patients (63%) and viable tumor in 3 patients

(16%). Tumors of 4 patients (21%) were not biopsied because of tumor progression, early death, or

weakness. The 1-year progression-free survival rate was 45.5%. Among 13 evaluable patients, 5 (38%)

had a complete response, and 3 (23%) had a partial response or disease stabilization. Most of the treat-

ment failures were caused by metastatic disease, but not by local progression.

5. FUTURE DIRECTIONS

Although these early trials of TSG replacement clearly demonstrated proof of principle, TSG ther-

apy is not widely applicable in its current form. TSGs can currently be delivered only to tumors acces-

sible via needle or endoscope, making improvement in gene delivery systems a critical area for future

development. In addition, strategies to take advantage of bystander effects are under development,

and combination of TSG therapy with transfer of genes aimed at blocking angiogenesis or enhancing

the immune system are also on the horizon. Continued exploration of TSG replacement as an adju-

vant to conventional chemotherapy, radiation therapy, and surgery continues to look positive.

5.1. Bystander Effect

“Bystander killing” of nontransduced tumor cells is considered an important factor in the success

of gene replacement therapy thus far, and strategies to enhance this effect are under investigation. Sug-

gested mechanisms of bystander killing include inhibition of angiogenesis (37,38,82), upregulation

of various immune system components (39–41), and secretion of soluble proapoptotic proteins (42).
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5.2. Vector Development

Promising approaches to gene therapy used to date in clinical studies have utilized retroviral,

adenoviral, and herpes vectors for intratumoral gene delivery, but the larger problem in cancer is

treatment of disseminated disease of the lung, breast, and colon, requiring systemic administration of

genes. Viral vectors present real and theoretical problems because of induction of immune responses

and related toxicity. Preliminary studies suggested that extruded liposomes can efficiently deliver

genes systemically to distant sites with acceptable vector-associated toxicity (83); in further studies

of these liposomes, two TSGs (p53 and Fhit) were delivered to tumor cells in vitro and in animal

models of murine and human disseminated lung tumors (84). Transgene expression was observed in

25% of the cells in each tumor, and significant suppression was seen in both primary and metastatic

lung disease. Repeated treatments resulted in a 2.5-fold increase in gene expression and an increase

in therapeutic efficacy compared to single treatments. The study demonstrated that liposome-medi-

ated delivery of at least two TSGs can suppress tumor growth in vivo when administered either

systemically or locally, that there were no toxic effects associated with this treatment, and that the

delivery system was not restricted by gene or tumor type. In addition, the results demonstrated the

potential for multiple treatments without development of resistance.

5.3. Tissue Targeting

Other approaches to extending the application of gene therapy beyond the reach of needles and

endoscopes have involved attempts to target recombinant adenoviral vectors to specific types of cells

by manipulating cell surface-binding properties of the viral particle. Bifunctional fusion proteins

consisting of an antibody fragment specific to the fiber protein of the virus and a ligand, epidermal

growth factor (85), were constructed; addition of fusion proteins to the adenovirus enhanced the trans-

duction efficiency of an epidermoid carcinoma cell line 16-fold compared with infection with native

adenovirus vector.

Another approach to targeting genes directly to endothelial cells involved a cell surface molecule,

the integrin �v�3, which potentiates internalization of adenoviruses. A cationic nanoparticle coupled to

an integrin-targeting ligand was able to deliver genes selectively to angiogenic blood vessels in tumor-

bearing mice (86).

5.4. TSG Replacement Combined With Other Gene Therapy Strategies

Complementary TSGs, delivered together, might cooperate to induce apoptosis more efficiently.

Introduction of the TSGs p16INK4 and p53 in combination resulted in a synergistic effect on the induc-

tion of apoptosis in hepatocellular carcinoma cells (mutated p53) and colon carcinoma cells (very

low expression of p53) in vitro. Delivery of TSG in combination with various oncogenes is also under

evaluation.

5.5. Identification of New TSGs

Methods for screening large portions of the genome for candidate TSGs have revealed numerous

genes potentially useful as prognostic or early diagnostic indicators, in monitoring of prevention

efforts and in development of novel therapeutic strategies (87–89). Multiple contiguous genes that

may exhibit tumor suppressor activity in vitro and in vivo were identified, and it has been proposed

that the genes in a particular 120-kb region of the human chromosome 3p21.3 may cooperate as a

“tumor suppressor region” by functional activation of tumor suppressor pathways (89).

6. BEYOND CLINICAL TRIALS:

GENE REPLACEMENT THERAPY AS A STANDARD OF CARE?

TSG replacement therapy is rapidly becoming a reality with the potential to impact the general

population in the foreseeable future. It seems, therefore, a critical time to address societal issues that
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can have an impact on successful application of gene therapy. Manipulation of DNA in the last decade

has raised new and complex scientific, medical, ethical, and social issues that must be addressed as

carefully and completely as the basic science and technical questions if gene therapy is to take its

place as the standard of care for cancer. Gene therapy technologies, no matter how flawless, will be

of little use to a public which does not understand, and is therefore not willing to accept, its benefits.

The path to acceptance of this new and sometimes intimidating technology by society may have as

many obstacles to overcome as did the scientific development of the strategy. The aura of discomfort

surrounding all types of gene manipulation, even those not involving transfer of genes to humans, is

likely to linger until medical science can assure the public that gene therapy will be safe and responsi-

bly applied. Release of accurate information (both positive and negative) from clinical trials and honest

discussion of the limitations—as well as the promises—of gene therapy are critical.  In the United

States, an official step to further this communication was taken in 1974 when the NIH RAC was formed

in answer to public concerns about the safety of gene manipulation. All recombinant DNA clinical pro-

tocols carried out in federally funded institutions must be submitted to the RAC for approval. Reports

of adverse side effects must also be submitted and are accessible to researchers, physicians, and the

public (90).

Use of this information, as well as acceptance of evidence from clinical trials, requires a basic

understanding of the concepts of molecular biology, something that many potential patients do not

have. Soon, this understanding will be critical for patients and their families to make informed deci-

sions at the time of cancer diagnosis. Education can empower individuals to appreciate the potential

impact of cancer gene therapy on quality of life for all health care consumers and is critical to facili-

tate the exchange of ideas among the public, the medical community, and governing bodies as they

work together to decide how best to develop gene therapy technology in an ethical and responsible

manner.

7. SUMMARY

Although initial predictions about potential application of TSG therapy to cancer were less than

optimistic, virus-assisted gene transfer has been shown to be even more efficient in cancer cells than

in normal tissue cells, and viral vectors appear to spread readily through a tumor and to cause cell

death via apoptosis. Postinjection gene expression can be documented and occurs even in the pres-

ence of an antiadenovirus immune response. Clinical trials of p53 gene replacement have demon-

strated that direct intratumor injection can cause tumor regression or prolonged stabilization of local

disease, and the low toxicity associated with gene transfer indicates that TSG replacement can be

readily combined with existing and future treatments. Initial concerns that the wide diversity of gene-

tic lesions in cancer cells would prevent the application of gene therapy to cancer appear unfounded;

on the contrary, correction of a single genetic lesion has, repeatedly, yielded significant tumor regres-

sion, and successful early clinical trials of p53 gene replacement provided information that will be

useful in the design of future gene therapy strategies.

In spite of the obvious promise evident in the results of the clinical trials of TSG gene transfer, it

is critical to recognize that there are still gaps in knowledge and technology that must be filled before

the most finely tuned gene therapy strategies can emerge. Unresectable tumors are a prominent prob-

lem in oncology, with proven therapies such as radiotherapy and chemotherapy controlling less than

50% of lung cancers. Although technical limitations currently prevent the widespread application of

gene therapy to cancer, development of more efficient vectors, novel genes, and combined modality

approaches are on the horizon and promise to widen the applicability of gene therapy to disseminated

cancer. Many studies suggest great potential for combining TSG therapy with pharmaceutical, immu-

nological, and radiotherapeutic approaches to kill cells more effectively and in greater numbers. TSG

replacement therapy targets the etiology of the disease, so may even lead to potentially viable strat-

egies for cancer prevention.
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Antisense Technology

Ruiwen Zhang and Hui Wang

1. INTRODUCTION

Antisense therapy is designed to deliver to the target cells antisense molecules that can hybridize and

specifically inhibit the expression of pathogenic genes (Fig. 1). In the past, the term antisense included

several distinct but related approaches, including classical antisense or anticode, ribozyme or cataly-

tic ribonucleic acid (RNA), triplex or antigene, and aptamer technologies (Table 1). A unified terminol-

ogy has not yet been developed to describe technologies in this field. For the purpose of this chapter,

we use antisense therapy to refer to the classical antisense approach. Other chapters in this book pro-

vide further information and discussions on ribozyme and aptamer approaches (see Chapter 5).

Antisense nucleic acids are single-stranded oligonucleotides complementary to the sequence of a

target RNA or deoxyribonucleic acid (DNA). Zamecnik and Stephenson first introduced antisense

therapy over 25 years ago (1,2). In addition, naturally occurring antisense RNA was found to be a

means of regulation of gene expression in living cells (3). However, these striking discoveries were

not translated to exciting research as the development of antisense therapeutics experienced a very

slow growing period in the 1970s and 1980s.

After a major breakthrough in automated oligonucleotide synthesis yielded oligonucleotides in

sufficient amounts and high quality for in vitro and in vivo studies, including human studies, antisense

technology has rapidly developed and been widely applied for investigating gene function and regu-

lation, modulation of gene expression, and validation of new drug targets (4–9). There is now a large

body of published studies suggesting the potential use of antisense oligonucleotides in the treatment

of various human diseases, such as hypertension and other cardiovascular diseases, cancer, genetic

disorders, and viral infections (4–9).

The first antisense drug, Vitravene, has been approved for the treatment of patients with cytome-

galovirus-induced retinitis (10). Several antisense oligonucleotides have entered phase I–III clinical

trials as anticancer agents administered alone or in combination with conventional chemotherapy

(4,5,9,11–15; Table 2).

Another closely related area is RNA interference (RNAi) technology (16,17). RNAi was first

discovered as a cellular-protecting mechanism against invasion by foreign genes in Caenorhabditis

elegans and subsequently observed in various eukaryotes, such as insects, plants, fungi, and verte-

brates. RNAi is a powerful intracellular mechanism for sequence-specific, posttranscriptional gene

silencing initiated by double-stranded RNAs homologous to suppression of the gene. Double-stranded

RNAs are processed by Dicer, a cellular ribonuclease III, to generate duplexes of about 21 nt with 3'-

overhangs called small interfering RNA (siRNA) that mediate sequence-specific messenger RNA

(mRNA) degradation. The siRNA molecules in mammalian cells are also capable of specifically

silencing gene expression. Thus, RNAi technology has been used as a new and powerful alternative

to other gene-silencing technologies, such as antisense and ribozymes.
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Fig. 1. Simplified presentation of gene expression process and mechanisms of action of antisense oligo-

nucleotides. Antisense oligonucleotide is complementary to the target RNA sequence. It specifically hybridizes

with target RNA, resulting in translational arrest and increased RNA degradation by activating RNase H and/or

decreased RNA anabolism by inhibiting RNA splicing.

Table 1

Major Characteristics of Antisense and RNAi Technologies

   Status of drug

  Active Molecular Cellular site         Suggested    discovery and

Technology molecule    target   of action
a

mechanisms of action     development

Antisense DNA RNA
b

Cytoplasm Translation arrest, Clinical use
c
,

or RNA RNase H activation, clinical trials

inhibition of splicing,

disruption of RNA

structure

Ribozyme RNA RNA Cytoplasm Translation arrest, Clinical trials

destruction of RNA

structure

Triplex- DNA DNA Nucleus Blockage of transcription Preclinical

forming-oligo-

nucleotides

Aptamer DNA Protein Nucleus, Interference with Clinical phase I

or RNA cytoplasm, protein function trial

or extracellular

RNAi RNA RNA Cytoplasm Promoting RNA In vitro study,

degradation limited in vivo

study

a
Site of action refers to the initial site of interaction of active molecule with its target molecule and may not be the

same as biological activity occurs.

b
Any kind of RNA can be targeted: pre-RNA, mRNA, or viral RNA.

c
The first antisense drug, Vitravene, has been approved for the treatment of patients with cytomegalovirus-induced

retinitis. Several other antisense oligonucleotides have entered clinical phase I–III trials (see Table 2).



Antisense Therapy 37

However, this technology is also associated with limitations; using siRNA molecules to modulate

expression of a specific gene depends on target accessibility and effective delivery of siRNAs into

target cells. Most reports on siRNA technology are results from in vitro studies, and its in vivo effi-

cacy and long-term utility are uncertain. Other chapters in this book provide further information and

discussions on various RNAi or siRNA approaches (see Chapter 5).

2. ANTISENSE TECHNOLOGY

2.1. Antisense Chemistry

Both antisense RNA and DNA have been used in studying gene function by silencing target gene

expression (Table 1).

2.1.1. Antisense RNA

Natural antisense RNA has been demonstrated to be involved in gene regulation in normal orga-

nisms (3). Synthesized antisense RNAs have also been used for in vitro studies. As RNAs are extre-

mely sensitive to nuclease degradation, the potential pharmacological uses of antisense RNA are limited.

In the past, two major approaches were employed to apply antisense RNA into living cells: nuclear

expression of antisense RNA by engineered antisense genes and microinjection of synthesized anti-

sense RNA into cells. Chemically modified antisense RNAs have been studied as stable antisense

RNA molecules in downregulation of cancer-related genes.

For example, a 30-mer antisense 2'-O-methyl RNA targeting thymidylate synthase (TS) mRNA has

been shown to be an effective antisense agent in vitro (18). TS is a key enzyme in nucleoside metabo-

lism, and its expression is controlled by its own protein end product TS in a negative autoregulatory

Table 2

Examples of Antisense Oligonucleotides as Anticancer Agents in Clinical Trials

Target gene Oligonucleotide sequence
a

Target diseases

First-generation antisense (phosphorothioate) oligonucleotides

bcl-2 5'-TCTCCCAGCGTGCGCCAT-3' Lymphoma, prostate cancer, melanoma

bcr-abl 5'-CGCTGAAGGGCTTCTTCCTTATTGAT-3' Chronic myeloid leukemia.

bcr-abl 5'-CGCTGAAGGGCTTTTGAACTGTGCTT-3' Chronic myeloid leukemia

c-myb 5'-TATGCTGTGCCGGGGTCTTCGGGC-3' Chronic myeloid leukemia

c-myc 5'-GCTAACGTTGAGGGGCAT-3' Restenosis

c-raf-1 5'-TCCCGCCTGTGACATGCATT-3' Colon cancer, renal carcinoma, ovarian

cancer, pancreatic cancer

Ha-ras 5'-GGGACTCCTCGCTACTGCCT-3' Sarcoma, pancreatic cancer, colon cancer,

melanoma

IGF-IR 5'-GGACCCTCCTCCGGAGCC-3' Malignant astrocytomas

PKC-� 5'-GTTCTCGCTGGTGAGTTTCA-3' Lymphoma, nonsmall cell lung cancer,

ovarian cancer

p53 5'-CCCTGCTCCCCCCTGGCTCC-3' Acute myeloid leukemia, myelodysplastic

syndrome

Second-generation (mixed-backbone) antisense oligonnucleotides

PKA-RIa 5'-GCGUGCCTCCTCACUGGC-3' Solid tumors

PKC, Protein kinase C; PKA-RI� regulatory subunit I� of cAMP-dependent protein kinase A.

a
All the sequences contain phosphorothioate internucleotide linkages; roman and bold letters indicate deoxy- and

2'-O-methyl-ribonucleosides, respectively.
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manner (18). Disruption of this regulation results in increased synthesis of TS and may lead to the

development of cellular drug resistance to TS-directed anticancer agents such as 5-fluorouracil. This

antisense 2'-O-methyl RNA was designed to target directly the 5' upstream cis-acting regulatory ele-

ment (nucleotides 80–109) of TS mRNA, and it inhibited TS expression in human colon cancer RKO

cells in a dose-dependent manner. TS expression was unaffected by treatment with sense or mismatched

controls.

The investigators also demonstrated that an 18-mer antisense 2'-O-methyl RNA targeting the same

core sequence also inhibited TS expression. However, further reduction in the oligonucleotide size

resulted in loss of antisense activity. Following antisense RNA treatment, TS protein levels were reduced

in a time-dependent manner, with maximal reduction occurring after 24-hour exposure to the oligo-

nucleotide. However, Northern blot analysis demonstrated that TS mRNA was not affected by the anti-

sense RNA treatment, and the half-life of TS protein was unchanged after antisense treatment, suggest-

ing that the mechanism of action for antisense RNA is mediated through a process of translational

arrest not associated with mRNA stability. These findings indicate that short-length, chemically modi-

fied antisense RNAs may have potential in gene silencing. However, in vivo application of these anti-

sense RNAs is largely unknown.

2.1.2. Antisense DNA

Antisense oligodeoxynucleotides are short sequences of single-stranded DNA and can be produced

in large quantity using automated synthetic organic chemistry with various modified linkages or ter-

minal groups. Thus, antisense DNAs now are used much more frequently than antisense RNA and ribo-

zymes. Examples of clinically tested antisense DNAs are listed in Table 2.

2.1.3. Unmodified Phosphodiester Oligodeoxynucleotides

The early antisense investigations began with phosphodiester oligodeoxynucleotides (PO-oligos)

(1). With high affinity to their targets, PO-oligos bind stably to the target mRNA, and the melting

temperature T
m

 of the PO-oligos:RNA duplex is high. PO-oligos also activate RNase H, resulting in

mRNA degradation (Fig. 1). The major disadvantages of PO-oligos are sensitivity to nucleases and

poor cell uptake. Therefore, the application of PO-oligos is very limited.

2.1.4. Oligonucleotide Analogs With Backbone Modifications

Many studies have demonstrated that backbone modifications improve the cell uptake and increase

resistance to nucleases of antisense oligonucleotides. Among them, phosphothioate oligonucleotides

(PS-oligos) and methylphosphonate oligonucleotides (MP-oligos) have been investigated extensively.

MP-oligos, for which –CH
3
 replaces –O, were first synthesized in the late 1970s by Miller and col-

leagues (19) and have been confirmed to be much more resistant to extra- and intracellular nucleases.

The melting temperature of the MP-oligos:RNA duplex is also higher than that of PO-oligos. As one

kind of uncharged oligonucleotides, MP-oligos pass through cytoplasm membrane much better than

PO-oligos.

The major disadvantages of MP-oligos are relatively poor hybridization efficiency and inability to

activate RNase H (20). Isosteric substitution of sulfur for oxygen on the phosphorus residue of DNA

generates PS-oligos. Like unmodified oligonucleotides, PS-oligos retain the negative charge and

thus are more aqueous soluble than MP-oligos. PS-oligos also are resistant to nucleases and readily

activate RNase H. The disadvantages of PS-oligos are less cellular uptake and nonspecific toxicities

in vivo. Thus far, most clinically tested antisense oligonucleotides are PS-oligos (Table 2).

2.1.5. Oligonucleotides With Terminal Modification

Studies have shown that antisense oligonucleotides can be degraded from 3' and 5' ends or both

(21). To enhance cellular uptake and nuclease resistance of oligonucleotides, different terminal modi-

fication at the 5' or 3' terminus of oligonucleotides has been attempted. For example, polylysine, avidin

(such as acridine), and cholesterol have been used to improve cellular uptake and antisense effects of
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oligonucleotides (22). However, the value of these modifications remains uncertain, especially in in

vivo settings.

2.1.6. Mixed-Backbone Oligonucleotides

To improve the properties of antisense oligonucleotides further, we have designed mixed-back-

bone oligonucleotides (MBOs) (23–31). One kind contains phosphorothioate segments at the 3' and

5' ends and has a modified oligodeoxynucleotide or oligoribonucleotide segment located in the cen-

tral portion of the oligonucleotide. Some MBOs have been shown to have improved properties com-

pared with PS-oligos with respect to affinity to RNA, RNase H activation, and antitumor activity. In

addition, more acceptable pharmacological, in vivo degradation, and pharmacokinetic profiles were

obtained with these MBOs (23–30). One of these MBOs has entered clinical trials (30; Table 2)

Another example of MBOs contains 2'-5'-ribo- and 3'-5'-deoxyribonucleotide segments (31).

Thermal melting studies of the phosphodiester MBOs indicated that 2'-5'-ribonucleoside incorpor-

ation into 3'-5'-oligodeoxyribonucleotides reduces binding to the target strands compared to an all 3'-

5'-oligodeoxyribonucleotide of the same sequence and length. Increasing the number of 2'-5' linkages

(from six to nine) further reduces binding to the DNA target strand than to the RNA target strand. PS-

analogs of MBOs destabilize the duplex with the DNA target strand more than the duplex with the

RNA target strand. These MBOs exhibited moderately higher stability against nucleases.

Although 2'-5' modification does not evoke RNase H activity, it does not affect the RNase H acti-

vation property of the 3'-5'-deoxyribonucleotide segment adjacent to the modification. There is less

effect on cell proliferation, clotting prolongation, and hemolytic complement lysis than with control

PS-oligos (31). These results suggest that a limited number of 2'-5' linkages could be used in conjunc-

tion with PS-oligos to modulate further the properties of antisense oligonucleotides as therapeutic

agents.

2.2. Antisense Mechanisms

The exact mechanism of action for antisense oligonucleotides is not fully understood, but may be

complex (2,5–9,12–15,24,32–36). There is increasing evidence to support that the biological activity

of a given antisense oligonucleotide may be influenced by various factors at molecular, cellular, organ/

tissue, and whole body levels. For instance, those factors may include the concentration of oligonu-

cleotide at the target site (RNA), the concentration of the target RNA, the metabolism of the RNA,

and the mechanisms of the interaction between the oligonucleotide and its target RNA.

Many mechanisms of antisense action have been proposed, with two major mechanisms, hybrid-

arrest and RNase H activation, generally accepted (Fig. 1). Early studies suggested that antisense

oligonucleotides bind to and interact with the code region, cause blockade of ribosomal read-through

mRNA, and stop translation (Fig. 1). Later, it was demonstrated that antisense oligonucleotides also

can be targeted to the initiation code region and to inhibit downstream gene expression more effi-

ciently. Moreover, antisense oligonucleotides may produce antisense effects through binding to the

5' cap region, 3' poly A, and/or the splicing site of the pre-RNA, the last interfering with RNA splic-

ing, maturation, and transport (33).

Another major mechanism of action is RNase H activation by several types of antisense oligonu-

cleotides, such as PS-oligo, that may bind with their target RNA to form an RNA:DNA duplex, while

activating enzyme RNase H, which results in target RNA degradation. Other types of oligonucleo-

tides, such as MP-oligo, however, do not possess this property (37).

Human RNase H has been cloned and characterized (38), which may facilitate the investigation of

antisense mechanisms (38–40). Human RNase H1 shares many enzymatic properties with Escheri-

chia coli RNase H1. The human enzyme cleaves RNA in a DNA:RNA duplex, resulting in products

with 5'-phosphate and 3'-hydroxy termini, can cleave overhanging single-stranded RNA adjacent to

a DNA:RNA duplex, and is unable to cleave substrates in which either the RNA or DNA strand has

2' modifications at the cleavage site. The human enzyme has a greater initial rate of cleavage of a
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heteroduplex-containing RNA-phosphorothioate DNA than an RNA:DNA duplex. The minimum RNA:

DNA duplex length that supports cleavage is 6 bp, and the minimum RNA:DNA “gap size” that sup-

ports cleavage is 5 bp (38). These finding may facilitate the design of RNase H-dependent antisense

oligonucleotides.

In general, RNAi can be considered an antisense mechanism of action that utilizes a double-stranded

RNase to promote hydrolysis of the target RNA. Vickers et al. compared the efficacy of optimized

antisense oligonucleotides designed to work by an RNAi mechanism to oligonucleotides designed to

work by an RNase H-dependent mechanism in human cells (40). They found that these oligonucle-

otides are comparable in terms of potency, maximal effectiveness, duration of action, and sequence

specificity. Furthermore, activity of both siRNA oligonucleotides and RNase H-dependent oligo-

nucleotides is affected by the secondary structure of the target mRNA. Examination of 80 siRNA

oligonucleotide duplexes designed to bind to RNA from four distinct human genes revealed that, in

general, activity correlated with the activity to RNase H-dependent oligonucleotides targeted to the

same site (40). One major difference between the two approaches is that RNase H-dependent oligo-

nucleotides are active when directed against targets in the pre-mRNA, whereas siRNAs have no activ-

ity. These findings suggest that both siRNA-based and RNase H-dependent antisense technologies

are valid approaches to evaluating gene functions, at least in cell-based assays. However, whether

these findings can be translated to in vivo efficacy remains to be determined.

2.3. Principles of Antisense Design

Although the design of antisense oligonucleotides is theoretically simple and straightforward (to

identify a complementary oligonucleotide on the basis of the nucleotide sequence of the mRNA), the

selection of an effective and specific antisense oligonucleotide is largely based on investigators’ expe-

rience and trial-based experiments. In addition, because certain oligonucleotide sequences, such as

CpG and GGGG, have been shown to have sequence-dependent, non-antisense effects, these sequences

should be avoided to identify sequence-specific antisense drugs (24). Several general approaches to

selecting optimal antisense sequences are discussed next.

2.3.1. Random “Sequence-Walking” Approach

The random sequence-walking method is based on Watson-Crick base pairing rules and a known

sequence of the target gene, and it uses a linear, sequence-walking approach to design and select anti-

sense oligonucleotides. Usually, a relatively large number of “random” oligonucleotides (10–100,

depending on the length of the gene of interest) with a certain length (15–25 mer, for example), tar-

geted to various regions of the target mRNA, are synthesized individually, and their antisense activ-

ity is determined using a defined cell-free or cell-based in vitro screening assay. This conventional

method has been used in many antisense experiments and has yielded good results, although it is

expensive and time and labor consuming (only fewer than 5% of the oligonucleotides are generally

found to be effective) (41,42).

2.3.2. Computer-Aided Target Selection

Using the above methods (see Section 2.3.1.), it is frequently seen that a single or a few base shifts

have no significant change in oligonucleotide:RNA binding, but may have large differences in anti-

sense activity. The binding efficiency of complementary oligonucleotide to target RNA is suggested

to be mainly determined by the secondary and tertiary structures of the target RNA (43). Therefore, the

antisense efficacy of antisense oligonucleotides may be largely associated with the possibility of target-

ing accessible sites of the targeted RNA. Accessible sites in mRNAs may be predicted using computer

programs through various approaches to predict the secondary structure of RNA (44). For example,

using an RNA-folding program such as MFOLD (Genetics Computer Group, Madison, WI), antisense

oligonucleotides may be designed to target against the regions of mRNA predicted to be free from intra-

molecular base pairing and therefore accessible to the designed oligonucleotides (43).
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2.3.3. Oligonucleotide Scanning Arrays

Advances in DNA array technologies have led to the development of oligonucleotide scanning

arrays as a novel approach for identifying active antisense oligonucleotides (45). This method allows

combinatorial synthesis of a large number of oligonucleotides and parallel measurement of the bind-

ing strength of all oligonucleotides to the target mRNA. There may also be a correlation between the

binding strength and the antisense activity, providing a basis for optimization of antisense oligo-

nucleotides (45). However, this method has not been widely tested in antisense research.

2.3.4. RNase H Digestion-Based Screening

As discussed in Section 2.2., RNase H activation is one of the major antisense mechanisms, especi-

ally for PS-oligos. RNase H screening assays can be used in combination with a random or semirandom

oligonucleotide library to optimize lead oligonucleotides (46,47). The target mRNA is transcribed in

vitro, end labeled, and mixed with the oligonucleotide library; the RNase H cleavage sites are then

identified by gel electrophoresis. However, this method may not precisely define the accessible sites

of the target mRNA because RNase H cleavage can occur at more than one location; therefore, it will

be difficult to predict the antisense activity solely based on RNase mapping.

3. PRINCIPLES OF ANTISENSE EVALUATION

Like any new drugs, antisense oligonucleotide therapeutics need to undergo an extensive, systema-

tic evaluation in various preclinical and clinical settings (Figs. 2 and 3). The biological activity of a

given antisense drug, including desired and undesired effects, may be influenced by various factors at

the molecular, cellular, organ/tissue, and whole body levels (Tables 3 and 4). Antisense oligonucle-

otides may exert their biological effects on target genes through several distinct mechanisms, including

both antisense and non-antisense mechanisms in target and nontarget cells or tissues (4–9,11–15,23,24).

In addition, the delivery of antisense drugs to target cells is a key issue in success. In in vitro studies,

lipids are frequently used to facilitate the cellular uptake of oligonucleotides. Of note, the ratio of

lipids to oligonucleotides will affect the results of uptake and likely the biological activity. The cyto-

toxicity of certain lipids alone may affect the interpretation of in vitro results. In contrast, the in vivo

uptake of oligonucleotides seems much better than that in settings in vitro (25–30), making the use of

a special carrier unnecessary. Reviews of drug delivery of antisense oligonucleotides provide further

information (48,49).

3.1. Pharmacological Evaluation

There is a large body of reports describing pharmacokinetic properties of various antisense oligo-

nucleotides (4,5,7,8,15,25–30). Antisense oligonucleotides with various lengths and base composi-

tions have been investigated in various species, including rats, mice, rabbits, monkeys, and humans

and following various routes of administration (e.g., intravenous, intraperitoneal, subcutaneous, intra-

dermal, oral, and inhalation). In most cases, quantification of parent oligonucleotides (and degraded

products, in some cases) was reported using plasma samples.

In some studies, tissue distribution of oligonucleotides was carried out (25–30). In general, PS-

oligos have a short plasma distribution half-life t
1/2
� of less than 1 hour and a prolonged elimination

half-life t
1/2
� in the range of 40–60 hours (25–30). The plasma pharmacokinetics of oligonucleotides

is not associated with the length or primary sequence, but with the backbone modification and spe-

cific segments at the 3' and/or 5' ends. Antisense oligonucleotides have a wide tissue distribution,

with the highest concentrations found in the liver and kidneys. Urinary excretion is believed to be the

major elimination pathway (25–30).

The retention of oligonucleotides in target tissues and normal tissues is directly associated with in

vivo stability. To increase therapeutic effects, it is desirable to increase the retention time of intact

oligonucleotides in the body by increasing in vivo stability and decreasing elimination. Studies in our
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laboratory have shown that MBOs have prolonged tissue retention compared with PS-oligos (25–30).

However, because of nonspecific tissue distribution and accumulation, high levels and prolonged reten-

tion of oligonucleotides in host tissue may increase the risk of toxicity, and such a risk may increase

further because of individual disease status and organ functions, such as liver and renal functions.

3.2. Evaluation of Antisense Efficacy

Perhaps the most important aspects of pharmacological evaluation of antisense oligonucleotides

are target effectiveness and specificity of these antisense agents (Fig. 2; Table 3). Designed oligo-

nucleotides are usually tested at both in vitro and in vivo levels (Fig. 2). In vitro, cell-free or cell-

based assays have been routinely employed to establish the basis for further investigation. Cellular

uptake of test oligonucleotides may depend on cell type, drug concentrations, cell culture conditions,

and delivery system. It is generally accepted that the majority of oligonucleotides can cross the cell

membrane and distribute to cytosol in sufficient quantities to exert the desired effect.

Fig. 2. Preclinical evaluation of antisense oligonucleotides as anticancer drugs.
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To increase cellular uptake in vitro, several means of delivery, such as liposomes or phospholipids,

have now been routinely used to avoid the use of extremely high concentration found in early days of

antisense research. To demonstrate the specificity of test oligonucleotides, the expression levels of

target genes are usually analyzed using Western blot, reverse transcriptase polymerase chain reaction

(RT-PCR), and/or Northern blot analyses. If inhibition of protein expression and impact on mRNA

metabolism of target genes are demonstrated in a time-, dose-, sequence-dependent manner, an anti-

sense-specific effect is indicated. Proper controls (untreated, mismatched oligo, lipids) are usually

included. To demonstrate further the specificity of test antisense oligonucleotides, control proteins or

housekeeping genes such as actin are usually analyzed simultaneously.

Assays to determine cell variability, proliferation, and apoptosis are used to illustrate antitumor

activity of test oligonucleotides compared with controls. However, these assays may produce false-

positive and false-negative results. For example, some lipids used to increase oligonucleotide uptake

have cytotoxicity per se. Therefore, proper (e.g., negative, positive, and mismatch) controls are needed.

Dose-, time-, and sequence-dependent responses are better evidence for antisense effects and desirable

to establish a basis for further in vivo evaluation of the test oligonucleotides.

Fig. 3. Clinical evaluation of antisense oligonucleotides as anticancer drugs. GMP, good manufacturing practice.
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Evidence for in vivo antitumor activity of antisense oligonucleotides is critical in the development

pipeline, but it is relatively harder to produce convincing, reproducible results compared to in vitro

testing. Various murine models, such as xenograft models in nude and SCID mice and transgenic

mouse models, are most used prior to clinical trials. For example, human cancer cell lines are xeno-

planted into nude mice or SCID mice. The end points for efficacy can be tumor mass, metastasis, sur-

vival, molecular markers, and histopathological evaluation.

Three types of test models can be used, depending on the treatment schedule and time. First, the

effect on tumor onset and formation of oligonucleotides can be determined using an ex vivo protocol

in which cells are treated with test antisense oligonucleotide prior to xenoplantation or an in vivo

treatment protocol in which oligonucleotide treatment begins immediately after cell xenoplantation.

The rate of tumor formation and growth inhibition can be used as major end points in these models.

Table 3

Factors That May Influence Preclinical Experimental Results and Interpretation

Category Factors or conditions

Molecular targets Specificity of mRNA sequence chosen

Concentration of mRNA

Rate and synthesis of mRNA

Degradation of mRNA

Other related/unrelated genes

Oligonucleotides Purity and impurity

Sequence and structure

Chemistry and modifications

Microbial test

Special carrier/conjugates

In vitro study Stability of oligonucleotides

Test system

Cellular uptake and distribution

Cell type and culture conditions

Concentrations of oligonucleotides

Control oligonucleotides

Delivery approach (microinjection, lipids, and so on)

Assay to determine the mRNA and protein levels of targets

In vivo study In vivo stability of oligonucleotides

Binding to protein and/or other macromolecules

Pharmacokinetics: absorption, distribution, metabolism, and elimination

Toxicokinetics

Pharmacodynamics: interaction of oligonucleotides and mRNA target

Dose-dependent effects

Dose-independent effects

Pharmaceutical issues: Formulations and delivery

Test system and disease model

Animal use and care

Dose, schedule, and duration of treatment

Combination therapy

Assay to determine the mRNA and protein levels of targets

End points of therapeutic effects (tumor growth, toxicity, and so on)

Mechanisms of action Antisense sequence-specific effects

Non-antisense, sequence-dependent effects

Nonspecific effects

RNase H activity
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Second, the inhibitory effects on tumor growth of test oligonucleotides can be assayed using an in

vivo treatment protocol in which oligonucleotide treatment begins in an early stage of tumor growth,

usually when the tumor mass reaches 50–100 mg. In these models, tumor growth inhibition and molec-

ular/pathology markers can be major end points.

Third, the antitumor activity of oligonucleotides can also be tested in the late stage of tumors

using a protocol in which oligonucleotide treatment begins when the tumor mass reaches 500–1000

mg, depending on tumor type. In these models, tumor growth inhibition and survival can be major

end points.

It is very important to establish dose–response relations in in vivo models. Proper (e.g., untreated,

vehicle, oligonucleotide) controls should be included. In vivo evidence for blocking of specific gene

expression is also desirable. It should be pointed out that in vivo antitumor activity of a given antisense

oligonucleotide is not necessarily the result of antisense mechanism and can be associated with non-

specific activity and/or sequence-specific non-antisense activity.

3.3. Combination Therapy

Although most antisense oligonucleotides are tested in vivo as monotherapy, combination treat-

ment of antisense oligonucleotides and conventional chemotherapeutic agents, anticancer antibodies,

and radiation therapy has also been widely investigated. There are a number of preclinical studies dem-

onstrating that downregulation of specific gene products with antisense oligonucleotides sensitizes

cancer cells to chemotherapeutic agents, resulting in an additive or synergistic anticancer activity.

These antisense targets include mouse double minutes 2 (MDM2) (50–55) epidermal growth factor

receptor (56), cyclic adenosine monophosphate (cAMP)-dependent protein kinase (30,57–60) c-myc

(61), protein kinase C� (62), and Bcl-2 (63). These antisense oligonucleotides increase the therapeutic

effects of such chemotherapeutic agents as paclitaxel, 5-fluorouracil, cisplatin, carboplatin, taxotere, camp-

tothecin, irinotecan, leucovorin, gemcitabin, mefosfamide, doxorubicin, adriamycin, and dacarbazine.

Table 4

Factors That May Influence Clinical Trial Results and Interpretation

Category Factors or conditions

Subjects/patients Expression levels of the target gene

Disease and stage

Host conditions/status

Demographics

Prior or concurrent treatment

Oligonucleotides Purity

Impurities

Formulation

In vivo stability of oligonucleotides

Pharmacology Binding to protein or other macromolecules

Pharmacokinetics: absorption, distribution, metabolism, and elimination

Toxicokinetics

Pharmacodynamics: interaction of oligonucleotides and mRNA target

Treatment and effects Dose-dependent effects

Dose-independent effects

Dose, schedule, and duration of treatment

Combination therapy

Assay to determine the mRNA and protein levels of targets

End points of therapeutic effects (response, survival, and so on)

Adverse effects
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However, the mechanisms responsible for such additive or synergistic effects between antisense

oligonucleotides and chemotherapeutic agents are not fully understood. Both pharmacokinetic and

pharmacodynamic factors may be involved (Table 3). The synergy between the two classes of agents

may result from interaction on several mechanisms, such as cell cycle arrest, induction of apoptosis,

induction of immune responses, and production of cytokines. Although most studies showed such

additive or synergistic effects are sequence specific, other studies demonstrated that antisense oligo-

nucleotides could also potentiate the antitumor activity of irinotecan in a sequence-independent man-

ner (50,51,64), presumably through an interaction at the pharmacokinetic and/or metabolic level to

increase the conversion of the active metabolite (51).

3.4. Clinical Trials

Compared with preclinical studies, far fewer clinical studies of oligonucleotides have been reported

(4,9,11; Table 2). Most clinically tested antisense antitumor oligonucleotides are PS-oligos that have been

shown to have an acceptable safety profile and initial anti-tumor efficacy in humans. Antisense oligo-

nucleotides have been tested as monotherapy and in combination with chemotherapeutic agents (65).

In most published phase I trials, antisense oligonucleotides had favorable safety profiles. Side

effects included thrombocytopenia, prolongation of activated partial thromboplastin time, and slight

elevation in liver enzymes. No significant liver and renal toxicity has been reported. Pharmacoki-

netic studies have been carried out in patients, indicating a short plasma distribution half-life and

prolonged elimination half-life. Urinary excretion represents the major pathway of excretion, with

mainly degraded products observed. Antisense oligonucleotides have now been shown to inhibit

expression of targeted genes and initial antitumor response specifically. Limited phase II and III trials

have been reported. Further studies are needed. In fact, the future of antisense therapy depends on

successful proof of efficacy in clinical trials.

3.5. Safety Evaluation

Thorough toxicity studies are key components of antisense drug development. There are limited

reports on toxicity evaluation of antisense oligonucleotides, although a number of phosphorothioates

have been studied extensively for their safety profiles in several species, including mice, rats, monkeys,

and humans. The dose-dependent side effects in experimental rats and mice included thrombocyto-

penia, splenomegaly, and elevation of transaminases (66,67). Histopathology changes included mono-

nuclear cell infiltration in tissues such as liver, kidney, and spleen and reticuloendothelial cell and

lymphoid cell hyperplasia. The severity of side effects was dependent on the dose, frequency, and

duration of the administration of oligonucleotides. In general, the toxicity profiles of PS-oligos are

similar with various lengths and base compositions, with exceptions in the presence of certain sequence

motifs, such as CpG-dinucleotides (66,68) and poly-G motifs (69), which contribute to the severity

of toxicity.

Preclinical toxicity studies are used to guide a starting dose and dose escalation scheme of clinical

trials and are expected to be conducted in accordance with current good laboratory practices. To sup-

port clinical phase I trials, animal toxicity studies using two animal species are usually conducted in

one rodent species and one nonrodent species. For antisense oligonucleotides, nonhuman primates

have often been used. In addition, special toxicity studies have been suggested to determine cardio-

toxicity, hepatotoxicity, and immunotoxicity. A review provides details (70).

4. CONCLUSION

Although significant progress has been made in the last decade, antisense oligonucleotides have

not been developed as a valid therapeutic approach. One of the most important aspects of the develop-

ment of therapeutic oligonucleotides is validation of the drug target and improving the targeting effec-
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tiveness and specificity of these antisense drugs. With an increasing number of antisense anticancer

oligonucleotides evaluated in the clinic, there are promising therapeutic agents used alone or in com-

bination with other therapeutic agents. Future studies are needed not only to provide the proof of

principle for antisense technology in vitro and in vivo, but also to meet the full requirement for anti-

sense therapy as an established therapeutic approach. More basic research is needed to uncover the

mechanisms of action for various biological activities (antisense, sequence dependent non-antisense,

and non-sequence specific) of oligonucleotides responsible. With new generations of antisense drugs

created and tested, therapeutic effectiveness and safety profiles of these new agents are expected to

be significantly improved.
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Applications of Ribozymes and RNAi
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1. INTRODUCTION

1.1. Ribozymes

Ribozymes are ribonucleic acid (RNA) molecules capable of acting as enzymes even in the com-

plete absence of proteins. They have the catalytic activity of breaking and/or forming covalent bonds

with extraordinary specificity, accelerating the rate of these reactions. The ability of RNA to serve as

a catalyst was first shown for the self-splicing group I intron of Tetrahymena and the RNA moiety of

RNAse P (1–3). Subsequent to the discovery of these two RNA enzymes, RNA-mediated catalysis

has been associated with the self-splicing group II introns of yeast, fungal, and plant mitochondria

(as well as chloroplasts) (4); single-stranded plant viroid and virusoid RNAs (5–7); hepatitis delta

virus (8); and a satellite RNA from Neurospora mitochondria (9). It is rather clear that the RNA

component of the larger ribosomal subunit is functioning as a peptidyltransferase as well (10–13). The

potential functioning of spliceosomal smaller nuclear (sn)RNAs as a ribozyme in complex with the pre-

messenger RNA (pre-mRNA) to catalyze pre-mRNA splicing has also been proposed (14). It is highly

likely that additional RNA catalytic motifs and new roles for RNA-mediated catalysis will also be

found as more is learned about the genomes of a variety of organisms.

Ribozymes occur naturally, but can also be artificially engineered and synthesized to target spe-

cific sequences in cis- or trans-. New biochemical activities are under development using in vitro

selection protocols as well (15). Ribozymes can easily be manipulated to act on novel substrates.

These custom-designed RNAs have great potential as therapeutic agents and are becoming a power-

ful tool for molecular biologists. Catalytic hammerhead and hairpin ribozymes represent the most

popular choices for therapeutic applications and are depicted in Fig. 1.

1.2. RNA Interference

RNA interference (RNAi) is a gene-silencing mechanism originally elucidated in plants (in which

it was known as posttranscriptional gene silencing), Caenorhabditis elegans, and Drosophila (16–

20). In the current model, the RNAi pathway is activated by a double-stranded RNA (dsRNA) “trig-

ger,” which is then processed into short, 21- to 22-nt dsRNAs, referred to as small interfering RNAs

(siRNAs) by the cellular enzyme Dicer (Fig. 2A). The siRNAs become incorporated into the RNA-

induced silencing complex (RISC), in which the siRNA serves as a guide to identify the homologous

mRNA for destruction (19). In mammalian cells, dsRNA longer than 30 nts triggers the interferon

pathway, activating PKR and 2'-5'-oligoadenylate synthetase rather than RNAi. However, shorter

siRNAs exogenously introduced into mammalian cells or transcribed endogenously bypass the Dicer
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step and directly activate homologous mRNA degradation without initiating the interferon response

(Fig. 2B) (21,22).

2. RIBOZYME APPLICATIONS

Ribozymes have been applied as antiviral agents, for the treatment of cancer and genetic disorders,

and as tools for pathway elucidation and target validation. Initial uses of ribozymes focused on antiviral

considerations, primarily for the treatment of human immunodeficiency virus (HIV) (23–26). Viruses

that go through a genomic RNA intermediate in their replication cycle, such as HIV, hepatitis B virus,

and hepatitis C virus, are attractive targets because a single species of ribozyme can target both viral

genomic RNA and mRNAs. Ribozymes have also been widely used to target cellular genes, includ-

ing those aberrantly expressed in cancers.

One early ribozyme target was the bcr-abl fusion transcript created from the Philadelphia chro-

mosome associated with chronic myelogenous leukemia (27–30). This chromosome is characterized

by a translocation that results in the expression of a transforming bcr-abl fusion protein. In this case,

ribozymes have been designed to target the fusion mRNA specifically and not the normal bcr or abl

mRNAs, preventing the function of bcr-abl oncogenes. The mutation at codon 12 in c-H-ras from GGU

to GUU creates a site for hammerhead ribozyme-mediated cleavage. An endogenously expressed

ribozyme targeted to this site was effective in preventing focus formation in about 50% of NIH3T3

cells transfected with this activated ras gene. In contrast, cells expressing this same ribozyme but

transfected with an activated ras in which the codon change was at position 61 instead of 12 were not

protected from foci formation by the ribozyme (31,32). Ribozymes targeting overexpressed HER-2/

neu in breast carcinoma cells effectively reduced the tumorigenicity of these cells in mice (33).

Fig. 1. The commonly used hammerhead and hairpin catalytic ribozymes. Secondary structures for the ham-

merheadand hairpin ribozymes are depicted. N, any nucleotide; R, purine; and Y, pyrimidine. A diagram of the

tertiary structure of the hammerhead ribozyme is depicted beside the secondary structure model. The corre-

sponding stems I, II, and III in both structures are shown. In the hammerhead ribozyme, H is A, C, or U at the

cleavage site. In the hairpin ribozymes, H1, H2, and so on refer to the helical regions of the RNA structure.
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Fig. 2. Mechanism of siRNA-directed degradation target mRNA in mammalian cells. (A) dsRNAs greater

than 30 bp are cleaved by the RNAse III family member Dicer into 21- to 22-nt siRNAs that have 2 base 3' over-

hangs. The siRNAs are unwound by a helicase complex that has yet to be characterized, and the antisense strand

is paired with the target by a complex called the RNA-induced silencing complex (RISC). RISC directs site-

specific cleavage of target RNA and recycles. (B) A single synthetic siRNA or a mixture of enzymatically derived

siRNAs derived from the target RNA can be supplied exogenously. Alternatively, siRNA can be generated

endogenously using either a dual-cassette system, in which sense and antisense strands are separately transcribed

and subsequently anneal, or a single-cassette system, in which the siRNA is transcribed as a hairpin loop. It is

not known how the loop of shRNAs are processed.
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In addition to targeting oncogenes directly, ribozymes have also been applied more indirectly as

anticancer therapies. For example, ribozymes targeting the multiple drug resistance gene 1 (MDR-1)

(34–36) or fos mRNAs (37,38) in cancer cell lines effectively made the cells more sensitive to che-

motherapeutic agents. Alternatively, a ribozyme targeting bcl-2 triggered apoptosis in oral cancer

cells (39).

Factors required for metastasis are also attractive targets for ribozymes. Ribozymes targeted against

CAPL/mts (40), matrix metalloproteinase-9 (41), pleiotrophin (42), and VLA-6 integrin (43,44) all

reduced the metastatic potential of the respective tumor cells. Angiogenesis is also an important tar-

get for cancer therapy and has been blocked in mice by ribozymes targeting fibroblast growth factor-

binding protein (45) and pleiotrophin (42).

Ribozyme-based therapies have also been tested in animals to inhibit other proliferative disorders,

such as coronary artery restenosis (46–48). Antitelomerase RNA ribozymes are also being tested for

possible applications in cancer gene therapy (49). The use of ribozymes as possible therapeutic agents

in a variety of cancers has been reviewed (50).

2.1. Delivery

Whatever type of ribozyme is chosen, it must be introduced into its target cells. Two general

mechanisms exist for introducing catalytic RNA molecules into cells: exogenous delivery of the pre-

formed ribozyme and endogenous expression from a transcriptional unit. Preformed ribozymes can

be delivered into cells using liposomes, electroporation, or microinjection.

Many exciting developments in the chemical synthesis of RNA and modified forms of RNA have

taken place over the past several years. Molecules with long-term stability in serum or intracellular

environments have been synthesized (51–53). Several of these backbone-modified ribozymes still main-

tain the site specificity and catalytic turnover features of unmodified RNAs, and some have enhanced

catalytic properties, making them candidates for ex vivo delivery. Chemically modified ribozymes

have been shown capable of delivery without encapsulation and can be taken up by cells (53).

Stable intracellular expression of transcriptionally active ribozymes can be achieved by viral vector-

mediated delivery. Currently, retroviral vectors are the most commonly used in cell culture, primary

cells ,and transgenic animals (54). Retroviral vectors have the advantage of stable integration into a

dividing host cell genome, and the absence of any viral gene expression reduces the chance of an

immune response in animals. In addition, retroviruses can be easily pseudotyped with a variety of

envelope proteins to broaden or restrict host cell tropism, thus adding an additional level of cellular

targeting for ribozyme gene delivery. Adenoviral vectors can be produced at high titers and provide

very efficient transduction, but they do not integrate into the host genome; consequently, expression

of the transgenes is only transient in actively dividing cells (55). Other viral delivery systems are

actively being pursued, such as the adeno-associated virus, alpha viruses, and lentiviruses (15,56–

60). Adeno-associated virus is attractive as a small, nonpathogenic virus that can stably integrate into

the host genome. An alpha virus system, using recombinant Semliki Forest virus, provides high trans-

duction efficiencies of mammalian cells along with cytoplasmic ribozyme expression (61).

Another vehicle for the ex vivo delivery of ribozyme genes is cationic lipids (62). Because there

are a variety of formulations for these lipids, it is usually best to test a panel of lipids for those that

provide the highest efficiency of gene transfer with the least toxicity.

3. TRANSGENIC ANIMALS EXPRESSING RIBOZYMES

Therapeutics and target validation studies will certainly be tested in animals. Ribozymes have been

used in transgenic mice to create disease models, such as for diabetes, by selectively downregulating

the hexokinase mRNA in pancreatic islets (63). In this case, the ribozyme expression was under the

control of the insulin promoter and was therefore only expressed in the pancreatic �-cells. Retroviral

delivery of ribozymes targeted against neuregulin 1 in a chick blastoderm resulted in the same embry-
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onic lethal phenotype as a gene knockout (64). Localized retroviral delivery of the same ribozyme later

in development allowed dissection of the neuregulin biochemical pathway (65). The use of a heat-

inducible ribozyme against Fushi tarzu in Drosophila allowed the developmentally timed disruption

of this gene function in Drosophila embryos (66).

4. RIBOZYME-MEDIATED RNA REPAIR

A novel therapeutic application of ribozymes exploits the trans-splicing activity of the Tetrahymena

ribozyme. This ribozyme has been used to repair defective mRNAs by trans-splicing onto these RNAs

a functional sequence (67,68). These ribozymes are designed to bind and cleave the target RNAs 5' of

the undesired mutation. Because the ribozyme in this case is an intron, it is engineered to carry with

it the correct RNA sequence as the 3' exon. Following cleavage of the mutant target RNA, the ribo-

zyme catalyzes ligation of wild-type sequence onto the cleaved transcript. This was first successfully

demonstrated with the correction of a mutant lacZ transcript (69) in bacteria and subsequently with

the correction of a sickle cell message in erythroid cells (70).

5. RIBOZYME EVOLUTION

The discovery of the ribozyme sparked new debate on the “RNA world” hypothesis, by which all

biological processes are carried out by RNA-based enzymes. Since then, RNA evolution has been

forced in vitro to come up with RNA enzymes capable of carrying out a wide variety of biochemical

reactions, as far-reaching as carbon–carbon bond and peptide bond formation. In vitro RNA evolution

has been used to create RNA-cleaving ribozymes with smaller catalytic domains, deoxyribonucleic

acid (DNA)-cleaving ribozymes, and new catalytic motifs (71). Even RNA-cleaving DNAzymes

have been generated through in vitro evolution (72). These “evolved” enzymes exemplify the power

of in vitro evolution and will no doubt find many applications.

It is reasonable to conclude that achieving effective ribozyme–substrate interactions and ribozyme

function in an intracellular environment is not a straightforward task, and that new strategies for

expression and localization of ribozymes in the intracellular milieu will be required to permit the

general utility of ribozymes as therapeutic agents.

6. OTHER CONSIDERATIONS

Although base pairing specificity confers target selectivity, minimizing the potential for general

toxicity, the question of toxicity must be rigorously tested because mispairing by a ribozyme to a

nontargeted substrate could elicit undesired antisense inhibitory effects. Because every ribozyme

sequence has different potential base pairing interactions, an accumulation of data from many differ-

ent ribozyme experiments will be required to assess this potential problem rigorously. Some of the

potential sources of toxicity are nonspecific interactions of ribozymes with cellular proteins, the

generation of high intracellular concentrations of the cleavage products, and the inhibitory effects on

cellular metabolism of various chemically generated backbone modifications used to stabilize pre-

synthesized ribozymes.

One of the potential advantages of ribozymes vs antisense RNAs is their catalytic activity, which

could theoretically lead to inactivation of multiple targeted substrates. It has yet to be demonstrated

that this type of catalytic activity can occur intracellularly. Protein facilitation of hammerhead

ribozyme-mediated cleavage (73–75) suggested that intracellular ribozyme-mediated substrate turn-

over may be possible. Experiments designed to exploit the protein facilitation of ribozyme turnover

intracellularly are currently under way in several laboratories. The inclusion of RNA-binding proteins

in in vitro evolution strategies to enrich for ribozyme-protein combinations with enhanced catalytical

activities should also be exploited. Finally, the design and chemical synthesis of ribozymes capable

of high catalytic turnover as a consequence of specific base and backbone modifications is a distinct

possibility.
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7. FUTURE PROSPECTS

The notion that ribozymes could be used as therapeutic agents has only been around for a few years,

yet there is a great deal of interest in deploying clinically useful ribozymes in the very near future. At

this time, it is premature to conclude that ribozymes will have a place in the repertoire of therapeutic

agents available to modern medicine. A great deal more must be learned about the movement of

RNA inside the cells as well as the cellular factors that can impede or enhance ribozyme utilization.

These are not simple problems, but they are not confined to those studying the application of ribo-

zymes. As techniques in cell biology become more refined, answers to some of these problems will

be forthcoming.

The transformation of ribozyme sequences from naturally occurring, cis-cleaving (and -ligating)

molecules to target-specific, trans-cleaving (and -ligating) reagents has stimulated a great deal of

interest in their potential applications. Ribozymes targeting viral genes are now in clinical evalua-

tion, ribozymes targeting cellular genes are moving into transgenic animals, and the use of ribozymes

is expanding into RNA evolution, mRNA repair, and gene discovery.

For ribozymes to become realistic therapeutic agents, several obstacles first need to be overcome.

These obstacles are the efficient delivery to a high percentage of the cell population, efficient expres-

sion of the ribozyme from a vector or intracellular ribozyme concentration, colocalization of the ribo-

zyme with the target, specificity of the ribozyme for the desired mRNA, and an enhancement of ribo-

zyme-mediated substrate turnover. As knowledge of RNA structure, secondary and tertiary, increases,

RNAs will be targeted more rationally, which may help with the problems of specificity. At the same

time, the understanding of the physical localization of RNA in cells and its tracking as it moves from

the nucleus to the cytoplasm will also help ensure colocalization of the ribozyme and target. Modifi-

cations of the ribozymes, (e.g., the 2' ribose) with various agents, such as methyl, allyl, fluoro, and

amino groups, increase the stability to nucleases quite dramatically. Similarly, chimeric DNA-RNA

ribozymes increase the stability. The efficiency of delivery to cells with viral vectors or liposomes is

also continually improving. These molecules must retain their catalytic potential, reach an accessible

site on the substrate, and effectively impact the steady-state levels of target molecules to be useful

either as surrogate genetic tools or as therapeutic agents. Great progress has been made in all of these

areas and should allow extensive use of the highly specific reagents for downregulating expression

of target RNAs.

7.1. RNA Interference

We focus on some of the most recent advances using RNAi-based technologies in mammalian sys-

tems, with a focus on applications in cancer research. Finally, we briefly compare the use of siRNA-

and ribozyme-based approaches in downregulating specific mRNA targets.

The siRNAs are the functional entities produced by the enzymatic cleavage of longer dsRNAs by

the enzyme Dicer. The most commonly used lengths are 21- and 22-nt duplexes that have two base 3'

overhangs. Both siRNAs and short hairpin RNAs (shRNAs) can be chemically synthesized and intro-

duced exogenously or expressed endogenously from a promoter (Fig. 2B) In vitro transcription kits

for producing siRNAs are commercially available, as are supplies of chemically synthesized siRNAs.

The following are useful Web sites for these suppliers and approaches:

http://www.ambion.com/techlib/misc/siRNA_design.html

http://www.qiagen.com/jp/siRNA/sirna_design.asp

http://www.dharmacon.com/

http://www.biobase.dk/embossdocs/sirna.html

For expression, two basic siRNA cassette designs have been used successfully. The first mimics

the natural Dicer product and consists of two 21-nt RNAs, typically with a 2-nt overhang at each 3'

end. The classic overhang consists of two uridines, but the overhang may also be derived from the
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intended target sequence. Longer siRNA stems, up to 29 nts long, can be used without triggering the

interferon response in mammalian cells. The second design, referred to as an shRNA, consists of a

single transcript containing both the target sense and antisense sequences connected by a hairpin

loop. Loops as small as 4 nts have been part of effective siRNAs, but larger loops, up to 9 nts, are

more reliable.

The pol III promoters have been particularly effective in transcribing siRNAs and shRNAs (ulti-

mately processed to siRNAs), which elicit target-specific mRNA degradation (76,77). The U6 + 1

promoter has a number of characteristics that make it particularly suitable for expressing siRNAs. U6

+ 1 is an external promoter driving high expression in many cell types. Transcription begins at a

specific initiating guanosine and terminates at a run of four or more sequential uridines in the tran-

script, leaving a 3' polyU overhang recognized by the RISC machinery. Finally, it is a relatively small

promoter, easily introduced into numerous vector backbones. Additional pol III promoters have also

been explored (78), and pol II promoters are under development (79).

Standard plasmid vectors can be used for transient endogenous expression of siRNAs. Stable expres-

sion has been achieved with both episomal (80) and retroviral (81) vectors. There have been several

reports using lentiviral vectors (82–85) for long-term expression of siRNAs; packaged lentiviral vec-

tors have the advantage that they can transduce both dividing and nondividing cells.

7.2. RNAi and Cancer Applications

SiRNA is currently under exploration as a tool to downregulate the product of the Philadelphia

chromosome, which is the result of a reciprocal translocation between the unrelated BCR gene on

chromosome 22 and ABL on chromosome 9, creating an oncogenic fusion gene. The resulting BCR/

ABL gene and transcript is present in nearly all patients with chronic myeloid leukemia (CML), as

well as in 30% of adults with acute lymphoblastic leukemia, who respond poorly to conventional

therapies. Two versions can be defined by differing breakpoints in BCR: M-BCR and m-BCR, pro-

ducing M-BCR/ABL and m-BCR/ABL oncoproteins of 210 kDa and 190 kDa, respectively(86,87).

The hybrid protein has elevated kinase activity compared to the normal cellular ABL homologue,

which is thought to be part of the cascade of effects leading to oncogenic growth and inhibition of

apoptosis.

Wilda and coworkers (88) used the human K652 chronic myelogenous leukemia cell line express-

ing M-BCR/ABL mRNA to test the ability of a synthetic siRNA to specifically downregulate the cor-

responding message and protein and increase susceptibility of the cells to apoptosis. Transiently

transfected siRNA directed against the region spanning the M-BCR/ABL fusion joint specifically

lowered p210 levels without affecting the endogenous ABL or vimentin proteins; a control siRNA

with mismatches in both strands corresponding to seventh and eighth bases of the antisense strand

had no effect. More important, the siRNA-induced reduction of the oncogenic transcript resulted in a

desired physiological effect: The cells became more susceptible to apoptosis. Increased apoptosis

was not observed with sense or antisense oligonucleotides alone, the mutant M-BCR/ABL siRNA, or

an siRNA directed against the analogous target in the m-BCR/ABL fusion (not present in these cells).

M-BCR/ABL siRNA induced similar levels of apoptosis as the chemotherapeutic agent STI 571 by

72 hours, although with slower kinetics. They did not observe an additive effect using both STI 571

and siRNA; however, only one concentration of STI 571 was tested, which may have induced near

maximal levels of apoptosis. Reciprocal dose–response profiles for the M-BCR/ABL siRNA and STI

571 might have revealed cooperativity. Nonetheless, these results provide evidence that siRNA can

specifically reduce levels of an oncogenic transcript and partially reverse an oncogenic growth char-

acteristic in a cell line model system.

Scherr et al. (89) confirmed specific reduction of M-BCR/ABL mRNA in K562 cells by electropor-

ation of the same siRNA and showed that endogenous c-bcr and c-abl levels were unchanged (with

respect to cellular GAPDH). In addition, transfection of siRNA into murine TonB210.1 cells containing
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an inducible M-BCR/ABL reduced both mRNA and protein levels after induction; cell viability also

declined in parallel, to approximately the same extent as STI 571 in previous experiments (88). The

authors also tested whether M-BCR/ABL siRNA could reduce cytokine-induced proliferation as well

as bcr/abl-driven proliferation in TonB cells. Addition of interleukin 3 (IL-3) reversed both siRNA- and

STI 571-induced growth inhibition, although the reduction of BCR/ABL mRNA levels was the same

for siRNA-treated cells with or without IL-3; therefore, M-BCR/ABL siRNA reduces bcr/abl-depen-

dent, but not cytokine-dependent, growth inhibition.

This result was particularly interesting in light of subsequent experiments in primary cells. Elec-

troporation of M-BCR/ABL siRNA into PBMCs or purified CD34
+
 cells derived from six patients

with chronic myeloid leukemia with siRNA reduced levels of the oncogenic transcript by 50–79%.

However, there was no growth inhibition or reduction in colony formation when primary cells were

transfected with siRNA followed by growth in cytokine-supplemented liquid or semisolid media for

cell proliferation assays or colony formation assays, respectively; in contrast, control treatment with

STI571 was effective. The absence of M-BCR/ABL siRNA-dependent growth reduction in primary

cells may reflect dilution of the siRNA over the experimental time period or, alternatively, interfer-

ence by the cytokine cocktail used to culture the cells, reminiscent of the results in TonB cells. How-

ever, in TonB cells, IL-3 overcame both the siRNA and STI 571 effects; STI 571 was still inhibitory

in the colony formation assays. This situation may be clarified by repeating the experiments with

stably expressed M-BCR-ABL siRNA from a lentiviral backbone, for instance. Taken together, these

experiments illustrate that siRNA can be a powerful method for reducing a specific oncogenic tran-

script; however, results in tissue culture cells may not automatically translate to primary cells or a

physiological setting.

Similarly, siRNA is under testing to target the ALM1/MTG8 fusion oncogene resulting from trans-

location between chromosomes 21 and 8, which occurs in 10–15% of all patients with de novo AML

(89). The ALM1/MTG8 fusion converts the normal function of AML1 as a transcriptional activator

regulating hematopoiesis to a constitutive and transdominant repressor, which may predispose cells

to oncogenic transformation.

To understand better the role of AML/MTG8 in leukemogenesis, siRNA was used to study the

effects of suppressing the oncogenic protein in human leukemic cell lines Kasumi-1 and SKNO-1. The

authors designed several siRNAS that specifically target the AML/MTG8 fusion mRNA, analogous

to the experiments with BCR/ABL. At 16 hours after transformation of Kasumi-1 cells, RNAse pro-

tection assays showed that 200-nM AML/MTG8 siRNAs specifically reduced the oncogene mRNA

relative to endogenous AML1 compared to irrelevant and mutant AML1/MTG8 siRNAs. Similar

results were observed in both SKNO-1 and Kasumi-1 cells as assayed by real-time reverse transcrip-

tase polymerase chain reaction normalized to cellular GAPDH. Suppression of the oncogenic tran-

script persisted for 5 days and was paralleled by a major decrease of the corresponding protein for at

least 4 days posttransfection; cellular AML was unaffected.

Next, the AML/MTG8 siRNAs were used to examine secondary effects induced by downregula-

tion of the protein. Previous experiments have implicated the oncogenic protein in interfering with

normal cytokine-induced upregulation of CD11 and macrophage colony-stimulating factor (M-CSF)

receptor and, by inference, myelomonocytic differentiation in Kasumi-1 and SKNO-1 cells. Specifi-

cally, AML1/MTG8 binds to the transforming growth factor-� (TGF-�)-activated transcription fac-

tor SMAD3, potentially causing a block in TGF-�/vitamin D
3
-mediated myeloid differentiation (90).

Likewise, the fusion protein binds to C/EBP-�, which is essential for granulocytic development (91).

The authors used AML1/MTG8 siRNA to connect downregulation of the protein directly with the

reappearance of differentiation characteristics. AML1/MTG8 siRNA alone caused a small increase in

the number of CD11b-positive Kasumi-1 cells. However, when AML1/MTG8siRNA was combined

with TGF-�
1
 and vitamin D

3
 treatment, Kasumui-1 cells displayed decreased clonogenic growth; an

increase in the number of cells carrying the myeloid differentiation marker CD11b-positive cells from
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a maximum of 20% (TGF-�
1-�

/vitamin D-�
3-�

 alone) to 40–60%; a substantial increase in surface M-

CSF receptor expression; and a 60-fold increase in cellular C/EBP-� levels (over 15-fold with AML1/

MTG8 siRNA alone). These results are consistent with a role of AML1/MTG8 in suppressing cyto-

kine-driven induction of myeloid differentiation and maintaining the leukemic blast cell state and

demonstrate the application of siRNA in gene functional analyses.

As a final example, RNAi has been used to target the product of the translocation t(11;22)(q24;q12),

which produces the oncogenic EWS/Fli-1 fusion protein detected in 85% of Ewing’s sarcoma and

primitive neuroectodermal tumor cells. Two overlapping siRNAs asymmetrically targeting the fusion

joint were expressed from the U6 + 1 promoter in the Ewing’s sarcoma cell line TC135 (92). Both

EWS/Fli-1 siRNAS specifically reduced the fusion mRNA relative to cellular �-actin. However, the

site II siRNA containing 17 bases of homology to Fli-1 also partially reduced endogenous Fli-1 mRNA.

However, the converse did not occur; the site I siRNA containing 17 bases of homology with cellular

EWS specifically downregulated only the oncogenic transcript. These results highlight the impor-

tance of monitoring potential cross-suppression of endogenous transcripts when using RNAi. TC135

cells cotransfected with the specific site I EWS/Fli-1 siRNA and an eGFP expression vector (to allow

for FACS sorting of transfected cells) exhibited reduced rates of growth in culture for 3 weeks. In

addition, c-Myc expression, which is activated by the EWS/Fli-1 protein, was also reduced by siRNA

treatment.

In summary, siRNAs have been very effective in reducing levels of oncogenic fusion proteins

such as M-BCR/ABL, AML/MTG8, and EWS/Fli-1. These results demonstrate the possibility of

using siRNA as a therapeutic agent in these cancers, perhaps in conjunction with standard drug thera-

pies. The success of this approach will depend in part on whether siRNAs can mediate both the reduc-

tion of target oncogenic transcripts and the desired downstream physiological changes in primary

cancer cells.

7.3. SiRNA vs Ribozymes

SiRNA has emerged as a powerful tool to knock down mRNA transcripts specifically to a few

percent of their original levels. This raises the question of when to choose siRNA or another nucleic

acid-based technology. As a partial response, we end with a brief commentary on the use of ribozymes

vs siRNAs, with a comparison of the potential advantages of each approach.

Currently, much more is known about tolerance to modifications that extend half-life and efficacy

in transient applications of ribozymes than of siRNAs. Initial experiments indicated that fully 2'-O-

methylated siRNAs are inactive (21). More recent experiments have shown that limited 2'-O-methyl

or phosphorothioate modifications at the ends of siRNAs only minimally reduce activity; compa-

rable allyl modifications result in greater loss of activity (93). Fluorine-derivatized siRNAs have also

been used successfully (94). Further research will be required to determine the degree and type of

chemical modifications that can be tolerated by siRNAs.

Published evidence indicated that siRNA functions primarily, and possibly exclusively, in the

cytoplasm (95); consequently, siRNAs cannot target introns. Therefore, the only siRNA target site in

a specific mRNA isoform is a unique exon–exon junction, which may be problematic if the site is

refractory to siRNA degradation. Ribozymes can theoretically be designed against sequences any-

where in an isoform-specific intron, increasing the probability of finding a susceptible site, although

the kinetics of splicing may limit effectiveness in any given instance. By the same token, ribozymes

can be used when it is highly advantageous to degrade mRNA before it reaches the cytoplasm. For

instance, early stages of cellular HIV replication tend to be more easily controlled by nucleic acid

inhibitors as the mRNAs coding for the regulatory proteins are less abundant than the later structural

genes. Also, inhibiting export of early viral RNAs coding for the early Tat and Rev regulatory pro-

teins may prevent the initiation of active viral replication. For example, an anti-HIV ribozyme that

was directed to the nucleolar compartment successfully inhibited HIV replication (96).
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Finding an effective target site within an mRNA can be problematic for both siRNA and ribozyme

design. However, if the choice of target sites is limited, use of a ribozyme may not be possible if the

site does not contain an appropriate triplet cleavage site, which is not a limitation of siRNA design.

That aside, if a specific target site is refractive to siRNA, there are currently no options for improving

cleavage of that site. A number of colocalization options exist to improve ribozyme accessibility by

direction to specific cell compartments and sequence-directed colocalization with the target (95–97).

Moreover, a ribozyme appended to nonadjacent target antisense sequences can both colocalize the

target and ribozyme and facilitate structural changes that make a target site more accessible (L. Scherer,

2003, unpublished data). The size requirement of siRNAs precludes the use of appended sequences,

although there are exceptions (99), and more may emerge as the biochemical processing pathways of

siRNAs and the related microRNAs are better understood. Characterization of hybrid RNAs sharing

both microRNA and siRNA characteristics has already begun (100).

The use of siRNA will only continue to expand, especially as the biochemical mechanisms are

better understood; however, RNAi is unlikely to supplant the use of ribozymes, aptamers, and related

approaches completely. Besides the issues already raised, the RNAi apparatus appears to be satura-

ble; consequently, the number of simultaneous mRNAs that can be targeted by RNAi may be limited.

SiRNAs provide an additional tool that may be even more powerful combined with other nucleic acid-

based therapies.
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1. INTRODUCTION

There are currently no vector systems available that are efficient enough or targeted enough to

transduce all of the tumor cells in a patient with even a single copy of a therapeutic gene (1–4).

Ideally, therefore, the genes used for gene transfer therapy of cancer should be able to achieve two

major goals. The first is to kill tumor cells locally with high efficiency. The second is to stimulate

potent antitumor immunity such that distant metastases, to which genes cannot be delivered, can also

be eradicated.

Several different classes of genes have been used for the direct killing of tumor cells at a local site,

including immune stimulatory genes (5,6) and the suicide genes, such as the herpes simplex virus thy-

midine kinase (HSV-TK) and cytosine deaminase genes (7). The genes used so far have very differ-

ent forms and functions, but most focus on destruction of the target cells (8–18). That destruction

may be brought about through direct cytotoxicity of the protein encoded by the gene, by the initiation

of cellular signaling pathways that induce apoptosis, or by expression of a protein that stimulates

immune cells to recognize and kill the tumor cells. However, although there are literally hundreds of

different genes that can kill the cells in which they are expressed, perhaps the most pertinent issue at

the moment is how to kill those cells in which the gene is not expressed. This is a critical clinical

question and currently dominates the field of gene therapy of cancer because of the problems encoun-

tered in finding delivery vehicles sufficiently efficient and targeted to deliver genes to every tumor

cell. Even at the level of delivery to localized, inoperable tumors, this issue is highly problematic;

when the treatment of systemically distributed metastases is considered, however, the problems asso-

ciated with gene delivery (or the lack of it) become daunting.

There are, however, steps that can be taken to improve the efficacy of gene therapy even in the

absence of the elusive “magic bullet” vector. There are two principal areas in which the activity of

the gene can help to compensate for the paucity of its delivery into tumors. The first is that it should

have a potent local bystander killing effect; that is, expression of the gene in a single cell can lead to

killing of close neighbors without the need for it to be expressed directly by those cells. The second

is that it should induce strong systemic bystander effects. Here, tumor cells in completely separate

deposits from those that are accessible and targetable by gene delivery vectors can be killed as a result

of localized expression of the gene. Such systemic bystander effects usually operate through stimula-

tion of immune effector cells that, once activated against tumor antigens, can circulate systemically
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and selectively find, recognize, and destroy residual tumor cells. The specificity of appropriately

activated T cells makes them the key players in generating systemic bystander responses, and most

molecular immunotherapies are aimed at stimulating T-cell responses against tumor-associated anti-

gens. Alternatively, systemic bystander killing effects can also be raised using genes that interfere

with crucial processes central to tumor development, such as angiogenesis. Hence, genes encoding

systemic factors, such as angiostatin or endostatin, which inhibit endothelial cell proliferation, can

also be effective against distant tumor deposits by effectively starving them of their developing blood

supplies.

The early clinical trials of genes designed to kill tumor cells—including cytokines and HSV-

TK—showed that the potency of the bystander effects seen in rodent animal models is clearly much

reduced in the clinical setting of patients with advanced tumors and, frequently, suppressed immune

systems. Therefore, we explored the possibilities to kill tumor cells using genes that have much

greater levels of potency in cell killing at the levels of (1) direct tumor cell killing, (2) local bystander

cell killing, and (3) systemic bystander cell killing.

2. FUSOGENIC MEMBRANE GLYCOPROTEINS

2.1. A Novel Cytotoxic Gene

It has long been known that some viruses infect cells by expressing envelope proteins that can

bind to receptors on target cells and then mediate fusion of the virus with the target cell membrane,

thereby releasing the viral core particle into the cell’s cytoplasm. In addition, expression of the enve-

lope gene in newly infected cells allows the generation of new viral particles and their subsequent

release for further rounds of infection. However, a byproduct of cellular envelope expression is that

neighboring, uninfected cells expressing the viral receptor can also bind to the envelope, leading to

fusion between the infected and uninfected cells. This fusion can occur between a single envelope-

expressing cell and many surrounding cells as long as they express the receptor. The result is the

formation of large, multinucleated syncytia, which will eventually become nonviable and die. This

characteristic—the recruitment of multiple bystander cells into structures ultimately destined to die—

is exactly what we hope to achieve with gene transfer into tumor cells at the local bystander killing

level.

Over the last 5 years, we have shown that transfer of genes encoding viral fusogenic membrane

glycoproteins (FMGs) into tumor cells can provide a new approach to cytoreductive gene therapy for

cancer that has shown potent antitumor efficacy both in vitro and in vivo (19–22). We initially used

three examples of these envelope genes and showed that their ability to kill cells locally is indeed

greatly enhanced over other commonly used genes, such as HSV-TK. In culture experiments, expres-

sion of the gibbon ape leukemia virus (GALV) retroviral FMG, the vesicular stomatitis virus G (VSV-

G) protein, or the measles virus F and H proteins by a single cell was able to recruit over 200 bystander

cells into syncytia and thereby kill them (Figs. 1 and 2). In contrast, every cell expressing HSV-TK

was able to kill only about 10 other cells through the metabolic conversion, and cell–cell transfer, of

ganciclovir into its toxic derivative (20,21) (Fig. 3).

Therefore, our data showed that FMG transfection is a much more effective treatment for killing

human tumor lines in vitro than commonly used suicide genes (Fig. 3). Killing is cell density depen-

dent, is independent of cell division, and does not require administration of a prodrug, thereby alle-

viating the problems of drug delivery and bioavailability. In addition, we have shown that delivery of

a hyperfusogenic mutant of either the GALV or the measles virus F and H protein combination in the

context of plasmid or viral vectors leads to therapeutic reductions in the growth of human tumor

xenografts in nude mice (20,21) despite the relatively low efficiency of gene transfer (Fig. 4A,B).

Therefore, FMG delivery directly to tumors growing in vivo offers the potential for direct tumor

killing and improved local control of tumor growth.
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2.2. Pathological-like Tumor Cell Killing From a Single Gene

Although the extent of direct and local bystander cell death per se has a significant bearing on the

outcome of any cytoreductive gene therapy approach, no vector system can at present reliably deliver

therapeutic transgenes systemically to metastatic cancer deposits disseminated throughout the body

(3). Therefore, strategies that prime a systemic immune response against untransduced tumor cells

and metastatic deposits offer the most immediate prospect of clinically beneficial gene therapy (23).

Fig. 1. FMG for gene therapy of cancer: local bystander killing.

Fig. 2.  A multinucleated syncytium consisting of nuclei from about 200 cells that have been fused together

by expression of an FMG.
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In this respect, work in our laboratory as well as elsewhere has demonstrated that the biochemical

mechanisms by which cancer cells are killed are very important to the subsequent immunogenicity of

that death (24–27). In general terms, cell death by the highly ordered process of apoptosis, with

subsequent phagocytosis of neatly packaged cellular fragments by macrophages, escapes detection

by the immune system and is actually immunosuppressive (28,29). In contrast, cancer cell death

through nonapoptotic (necrotic/oncotic) mechanisms—separate from nonphysiological processes

such as freeze-thaw processes or osmotic shock—is proinflammatory and has the potential to prime

the generation of a systemic antitumor immune response (24–27,29) (Fig. 5).

For these reasons, we set out to characterize the mechanisms by which FMG-mediated syncytial

formation leads to cell killing. Many different biochemical pathways leading to apoptosis have been

described, and it is becoming increasingly unclear exactly what constitutes apoptotic as opposed to

nonapoptotic death (30–32). However, by multiple different criteria, syncytia-associated cell death

proceeds through pathways that lack the morphological, cytogenetic, or biochemical markers of clas-

sical apoptosis (30,31,33,34). We could not detect significant changes in the level of expression of

pro- or antiapoptotic genes at any point through syncytial formation (0–24 hours after transfection),

development (24–72 hours), and disintegration (72–120 hours) (35). FMG-mediated cytotoxicity

was not inhibited by the pan-caspase inhibitor Z-Val-Ala-Asp-fluoromethyl ketone (ZVAD-fmk), and

there was minimal activation of pro-caspase 3 or cleavage of poly(ADP-ribose) polymerase (PARP),

typical indicators of caspase-dependent apoptotic cell death.

DNA (deoxyribonucleic acid) analysis of syncytia indicated a G2-M block occurring with time

following initiation of syncytial formation and a lack of accumulation of cells in a sub-G1 peak,

again indicating a lack of apoptotic death. TUNEL and DNA laddering assays were uniformly nega-

tive with the exception at very late stages of the killing process when the majority of tumor cells were

dead. We also observed that syncytial development is structurally a highly ordered process (35).

However, at late stages, disintegration of the syncytia occurs, marked usually by nuclear fusion,

severe depletion of cellular adenosine triphosphate (which is known to inhibit many apoptotic path-

ways), and the appearance of multiple acidified vacuoles that resemble lysosomes. Subsequent death

of the syncytia is rapid, probably through a process that is most akin to autophagy (32,36,37). The

precise triggers that turn a viable, ordered syncytium into a self-digesting, dying aggregate may

include the increasing volume of the syncytium, cell cycle-associated signals, or the severe meta-

Fig. 3. In vitro killing: FMG vs suicide genes (GCV, ganciclovir).
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bolic depletion that occurs as a result of trying to maintain such a huge cellular structure. Impor-

tantly, these mechanisms are independent of the five different cell types that we tested and were

similar for two different FMGs (35) (Table 1).

We and others have shown that direct killing of tumor cells in vivo with the HSV-TK suicide gene

system can, in some cases, stimulate antitumor immunity (14,24,38). In particular, the mechanisms

by which tumor cells are killed is critical to the attraction of professional antigen-presenting cells

(APCs)—such as dendritic cells (DCs) and macrophages–to the site of killing (25,29,39). In general,

large amounts of apoptotic death that overwhelms the local phagocytic capacity to clear it (25,28,

40,41) or nonapoptotic cell death associated with activation of stress response programs (24,26,27,

29,42) lead to activation of antitumor immune responses (Fig. 5). Therefore, we hypothesized that

the nonapoptotic killing of tumor cells that we observed with FMG may have significant immuno-

stimulatory properties.

Fig. 4. (A) In vivo gene therapy with Lenti-GALV virus. (B) Cytotoxic gene therapy.
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We observed that fusing tumor cells release increased numbers of tumor-derived, exosomelike

vesicles (43,44) compared to normal cells growing in culture or tumor cells killed through irradia-

tion, osmotic shock, or freezing-thawing (35) (Fig. 6). Moreover, exosomes from FMG-mediated

fusion are also of a significantly enhanced quality in terms of their ability to transfer tumor-derived

material into immature DCs. Finally, we observed that this loading of DCs is immunologically rele-

vant because it allows the cross-presentation by DCs of gp100, a known tumor antigen. This cross

presentation was significantly more reproducible and effective than using tumor-derived exosomes

from other sources of cell killing, including irradiation and HSV-TK/ganciclovir-mediated killing.

For these reasons, we believe that the exosomes produced from FMG-mediated fusing tumor cells

(syncytiosomes) are qualitatively different from exosomes derived from other sources in ways that

enhance their recognition, uptake, and loading abilities regarding DCs (35).

These observations are particularly provocative given the increasing interest in the concept that

cells can communicate with each other via the release of secreted vesicles. Such vesicles, in different

Fig. 5. The different immunological consequences of apoptotic or necrotic cell death.

Table 1

Characteristics of FMG-Mediated Cell Death

Nonapoptotic by classical markers: TUNEL, EM, ZVAD, PARP cleavage, procaspase 3 activation,

morphology, cytochrome-c release, RPA for proapoptotic genes

Associated with increasing cell volume

Autophagic markers

Metabolic depletion: ATP depletion, fructose inhibition

Induction of hsp70

Vacuolation and blebbing: reminiscent of exosomes?
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forms, have been proposed to act as intercellular messengers for, among other things (45), membrane

exchange of major histocompatibility complex class I molecules to downregulate T-cell responses,

antigen transfer into APCs to stimulate antitumor immune responses (43,46), immune evasion and

increased tumorigenesis (47), and sampling of peripheral tissue self-antigens by DCs as a means to

maintain tolerance to self-antigens (48,49). It may even be possible that viral shedding is some form of

parasitisation of normal cellular membrane vesicle secretion pathways (50). Therefore, the identifica-

tion and characterization of a novel family of such cellular-secreted vesicles, such as we described

with syncytiosome production (35), may represent an important new addition to the concept of mem-

brane vesicles as intercellular messengers.

Taken together, our studies have indicated that syncytial cell killing not only promotes antigen

release, but also allows entry of the antigen into the class I antigen-processing pathways for (cross)

presentation by DCs. These data are significant in several ways. First, they demonstrate that syncytial

killing occurs through a nonapoptotic pathway associated with an enhanced ability to deliver antigens

into DCs for cross-presentation to T cells. This may represent a natural immunological adaptation to

viral infection that allows the immune system to see viral-induced cell fusion as an immunogenic

event (42). Second, these results highlight the possibility that transfer of cellular antigens to DCs

following infections with fusogenic viruses also may play a role in the etiology of some autoimmune

diseases by helping to break tolerance to self-antigens (51). Third, specific mechanisms must also

exist in the few situations when physiological cell fusion occurs, both to prevent cell killing and to

prevent the immunostimulatory nature of syncytiosome release from inducing potent autoimmune

Fig. 6. Electron microscopy of fusing tumor cells (i) shows release of numerous membrane vesicles that are

seen in greatly reduced number of normal cells (ii). In (iii), purification of these particles shows a population of

exosome-like vesicles.
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disease. Foremost among such examples is the formation of the syncytiotrophoblasts involved in

placental formation, for which endogenous retroviral FMGs have been mechanistically implicated

(52,53). Finally, and of direct relevance to our studies discussed here, the functional efficiency of

transfer of cellular tumor antigens into DCs using syncytiosomes may allow insights into mecha-

nisms of antigen loading and presentation that will allow simpler, cell-free methods for the genera-

tion of cancer cell vaccines.

2.3. Liberating Tumor Antigens for Better Vaccine Production

Given the observations discussed in the previous sections, we reasoned that fusing tumor cells to

each other, with the associated immune stimulatory mechanisms of cell killing, may provide an effec-

tive method to liberate relevant tumor antigens from cancer vaccine cells along with several additional

immune-potentiating benefits. Consistent with this hypothesis, we observed that a single gene modifi-

cation of a tumor cell vaccine line (VSV-G-induced tumor cell fusion) is effective in generating both

rejection of established tumor as well as long-term T-cell-mediated protection responses (Fig. 7) (54).

Syncytia of tumor cells are likely to be good targets for natural killer and other nonspecific immune

effector killing mechanisms through expression of the viral immunogen VSV-G (55–57).

In addition, direct syncytial-mediated cell killing will release immune-stimulatory molecules at

the vaccine site that will recruit and activate host APCs (27), and stress proteins expressed within the

syncytia (20) should contribute directly to immune stimulation (24,26,29,58). Thus, released tumor-

associated antigens will then become available for cross-presentation by host APCs (59–62).

Our hypothesis is that the activation of cellular stress programs in response to VSV-G-mediated

fusion (20,22) may mimic a pathological-type situation, which is sensed by the cell as an immunolog-

ically relevant situation (25,42). Consistent with this view, we observed that macrophages recruited

to the subcutaneous site of fusing cell vaccination are significantly activated in situ by the presence

of fusing cells, permitting initiation of a more effective antitumor immune response (29).

Clinically, these data offer new opportunities for the design of tumor cell vaccines. By modifying

either patient-recovered tumor explants or established allogeneic cell lines with a gene for an FMG,

fusing tumor cell vaccines can be produced in vitro for patient use (Fig. 8).

3. MORE OPPORTUNITIES IN AN ALREADY BROAD PORTFOLIO

We are currently exploring additional situations for which the expression of an FMG in different

cell types may allow the development of improved protocols and treatments over and above currently

existing options.

3.1. Tumor Cell-DC Hybrids

The fusion of tumor cells with APCs has been proposed as an efficient method to render antigenic

tumor cells highly immunogenic (63). This would be achieved by virtue of the ability of the hybrids

to express a full repertoire of tumor antigens (from the tumor fusion partner) along with the costim-

ulatory and antigen-presenting machinery (class I and II major histocompatibility complex molecules)

of the APC partner. The immunotherapeutic advantage of such an approach is that, in principle, it

covers the entire range of tumor-associated antigens without having to clone them individually and

allows the hybrids to present both class I- and class II-associated epitopes of these antigens directly

to T cells to induce tumor-specific cytotoxic T-cell responses (64,65).

Hybrid cell vaccines have shown considerable promise in a variety of preclinical model systems

(66,67). The APC partners of the fusions have been either B cells (66) or DCs (67). In addition, the

DC component of the fusion vaccine can be either autologous or allogeneic (64,68). Either way, such

approaches have demonstrated eradication of established tumors dependent on the generation of T-cell

memory (66,68–74). Moreover, this technology has now entered clinical trials in patients with malig-

nant melanoma (75) and glioma (76).
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The methodology to achieve hybrid cell formation has so far relied on the use of chemical reagents

such as polyethylene glycol (77) or physical techniques such as electrofusion (78,79). However, in

both of these methodologies, the nature of the cell fusion event is difficult to characterize and, in some

cases, to standardize. In addition, the levels of cell fusion are somewhat difficult to assess. Most studies

have used FACS analysis to determine the percentage of fusion that occurs within the cultures using

coalescence of fluorescent dyes or costaining with tumor cell- and APC-derived markers (80,81). How-

ever, these techniques are still somewhat difficult to interpret in terms of the quantity and the quality of

the fusion produced. These difficulties arise from false positivity because of leakage of dyes between

Fig. 7. Fusing cell vaccine protocol (B16 model). (A) The protocol for in vitro production of fusing cell

vaccines that are often used in either a prophylactic vaccination model against challenge with live tumor (B) or

in a therapeutic vaccination model following the establishment of subcutaneous tumor (C).



74 Bateman et al.

cells, the phagocytosis by (unfused) DCs of debris from dying tumor cells, and the problems of

making accurate distinctions between aggregated and fused cells by FACS.

Given our work with tumor cell–tumor cell fusion, we hypothesized that we might be able to

exploit FMG gene transfer to mediate the fusion between tumor cells and DCs for the generation of

hybrid cell vaccines. We demonstrated that FMG gene transfer to tumor cells followed by admixing

with DCs generates a population of small (2–4 nuclei), short-lived tumor cell/DC hybrids that retain

their ability to traffic to lymph nodes, are extremely potent in their ability to present a model antigen

to T cells in vitro, and are highly immunogenic in vivo. We detected hybrid formation dependent

on the provision of tumor cell-specific transcription factors into the cytoplasm/nucleus of the DC to

activate expression of a tumor-tissue-specific promoter stably integrated into the genome of the DC.

Only on cell fusion is the promoter activated. This assay therefore differentiates genuine fusion—in

which cell contents become mixed—from other effects, such as cell aggregation.

3.2. Making Replicating Vectors Better

Most of the clinical trials of in vivo gene delivery have been disappointing in terms of the levels of

transduction of human tumors compared to the preclinical studies in fast-growing rodent systems

(82,83). Significant advances, therefore, are required to make gene therapy a realistic prospect for

cancer treatment, including development of vector systems to increase the efficiency, coupled with

targeting, of gene transfer to human tumors in situ. Acceptance of this has led to increasing advocacy

of the use of replicating viruses for delivery to both local and disseminated tumors (3,4,84–93).

However, problems associated with achieving effective tumor targeting remain even with replicating

constructs (4,92).

There are now both established and growing portfolios of replicating viral systems with proposed

tumor-selective, oncolytic properties (86,91,94–96). In particular, the development of conditionally

replication-competent adenoviral vectors (86,91,92,97) offers the chance to combine several differ-

ent levels of both targeting and therapeutic approaches. Surface (98), transcriptional (99), and cancer

cell-specific genetic targeting (100,101) have all been described with vectors derived from this virus

(86,91). In addition, the virus is lytic, and a wide variety of therapeutic genes of all of the classes

described above can be incorporated (86,97). Nonetheless, it is still very clear that methods are still

Fig. 8. Clinical protocol for use of fusing tumor cell vaccines.
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required to improve the efficiency and selectivity of replicating adenoviruses because of the prob-

lems of immune inactivation of vector and poor levels of viral spread through the tumor (3,91,92).

Regarding the last point, therapeutic improvements, therefore, will derive from virus designs that

enhance virus release and spread through a tumor. Our studies (102) showed that the FMG-mediated

syncytial formation significantly enhances the efficacy of replicating adenoviral therapy through

modest increases in total viral titers (total virus produced from infected cells); greater viral release

from cultures of infected syncytial cultures compared to normal nonfusing monolayers; and, consis-

tent with a report regarding use of the human immunodeficiency virus gp120 FMG (103), enhanced

spread of adenoviral particles through the tumor cell cultures.

Interestingly, we have observed that syncytial death is associated with metabolic depletion caused

by very high metabolic activity of syncytia (22). Moreover, expression of several different transgenes

is significantly increased from syncytial cultures (53,104). Therefore, the increased metabolic activ-

ity induced by syncytial formation appears to convert syncytia into transient protein production fac-

tories associated with increased levels of translation of preexisting messenger ribonucleic acids that,

in this case, lead to increased levels of E1A and viral production. These effects may reflect a mecha-

nism by which syncytial-inducing viruses ensure maximal levels of viral protein and particle produc-

tion before the death of the parasitized cell.

As well as the overall increase in viral titer, syncytial formation is also associated with increased

release of adenoviral particles on a per-cell basis. Most probably this is caused at least in part by lysis

of infected cells releasing intracellular particles that would otherwise remain cell associated for

longer. Therefore, the increased level of viral production coupled with accelerated release of viral

particles and the resultant dispersal through tumor cell cultures would suggest that combination ther-

apy with FMG expression and replicating adenovirus infection may overcome some of the problems

associated with the use of replicating adenovirotherapy that have been seen to date.

Indeed, the efficacy of intratumoral injection of replicating adenovirus is greatly enhanced by the

coinjection of an FMG-encoding plasmid (102) (Fig. 9). This combinatorial approach was sufficient

to eradicate very small established tumors at viral doses in which injection of the virus or plasmid

Fig. 9. Intratumoral expression of GALV enhances the efficacy of replicating adenovirus therapy in well-

established LnCap tumors.
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alone was not effective. Intratumoral injections into large, established, slow-growing tumors was

also significantly more effective than either low-dose plasmid GALV or replication-competent adeno-

virus (rAD) therapy alone (Fig. 9). These data suggest that replicating adenoviruses expressing the

GALV FMG will be significantly more potent than viruses lacking the transgene. However, in addition,

there is potential value in keeping the FMG component of the therapy separate from the replicating

virus. Cotransduction of virus and plasmid as described here allows the use of significantly lower doses

of both components (FMG plasmid and virus). In addition, should systemic release of virus or plasmid

occur, the chances of them being carried together significant distances to normal tissues is low, thereby

reducing the overall chances of toxicity associated with either type of treatment.

Finally, in addition to these studies with adenoviruses, the GALV FMG has also been expressed in

the context of an oncolytic HSV, resulting in significantly enhanced antitumoral effects of the virus.

Tumor specificity of the virus was maintained by expressing the FMG from a late viral promoter only

activated following initiation of viral DNA replication (105). Such results indicate that the value of

FMG expression within viral vectors is unlikely to be restricted to a single virus type.

4. CONCLUSION: A MULTIFUNCTIONAL ANTICANCER DRUG

FOR ONCOLOGISTS, IMMUNOLOGISTS, AND VIROLOGISTS

Expression of FMG genes in tumor cells leads to tumor cell killing that proceeds through syncytial

formation, metabolic exhaustion, and autophagic degeneration. This is very efficient at killing tumor

cells directly and has a large bystander effect. Equally important, the killing process is potentially

highly immunostimulatory because it is accompanied by release of tumor-derived syncytiosomes

capable of loading DCs with defined tumor antigens and leading to their processing and cross presen-

tation by the DCs.

In particular, we believe that FMG-mediated syncytial formation mimics a pathological-type infec-

tion to which tumor cells react with activation of stress-related programs (29) that alert the immune

system to the cell death in a potent immunostimulatory fashion (25,26,42,106). These properties,

along with several other potential uses of the FMG, make it clear that gene transfer of FMG-encoding

genes represents an exciting new area to improve direct tumor cell killing, antitumor immune activa-

tion, cancer cell vaccine design, and development of more potent vector systems. As a result, FMG-

mediated gene delivery, both alone and in combination with other genes, offers great potential as a

treatment for both locally recurrent and systemically disseminated cancer.
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1. INTRODUCTION

Chemotherapy is used alongside surgery and radiotherapy in the treatment of malignant diseases.

Unfortunately, their efficacy is often hampered by an insufficient therapeutic index, lack of speci-

ficity, and the emergence of drug-resistant cell subpopulations. Emerging technologies such as

genomics and proteomics, discovering proteins specific for various types of cancer cells that may

be used as targets, are ways to address these hurdles (1). Alternatives aimed at enhancing the selectiv-

ity of cancer chemotherapy for solid tumors rely on targeting cancer cells with chemoimmunocon-

jugates, antibody-directed enzyme prodrug therapy (ADEPT) (2,3), or gene-directed enzyme prodrug

therapy (GDEPT) (4–6).

Gene therapy may be broadly defined as a technology aimed at modifying the genetic component

of cells to obtain therapeutic benefits. In cancer gene therapy, both malignant and nonmalignant cells

can be targeted for a therapeutic gain. The possibility of rendering cancer cells more sensitive to

chemotherapeutics or toxins by introducing “suicide genes” was suggested in the late 1980s. This

approach has two alternatives: toxin gene therapy, by transfecting genes that express toxic molecules,

or enzyme-activating prodrug therapy, by transfecting genes able to express enzymes that can activate

specific prodrugs selectively. The latter approach is known as suicide gene therapy, GDEPT (7,8), virus-

directed enzyme prodrug therapy (VDEPT) (9), or genetic prodrug activating therapy  (GPAT) (10).

In this chapter, we focus on GDEPT, which is a two-step treatment for solid tumors. In the first

step, the gene for a foreign enzyme is administered and targeted in a variety of ways to the tumor for

expression. In the second step, a prodrug is administered that is activated to the cytotoxic drug selec-

tively by the foreign enzyme expressed in the tumor. GDEPT potentially represents a major advan-

tage over conventional prodrug therapy in terms of selectivity and the ability to deliver higher drug

concentrations to the tumor target.

Ideally, the enzyme gene should be expressed exclusively or with a relatively high ratio in the

tumor cells compared to normal tissues and blood and should achieve a concentration sufficient to

activate prodrug for clinical benefit. The catalytic activity of the expressed protein must be sufficient

for activation of the prodrug under physiological conditions.

Because expression of the foreign enzymes will not occur in all cells of a targeted tumor in vivo,

a bystander effect (BE) is required by which the prodrug is cleaved to an active drug that kills not

only the tumor cells in which it is formed, but also neighboring tumor cells that do not express the

foreign enzyme. Mechanisms of BE have not been fully elucidated, but include the generation and

export of cytotoxic metabolites able to kill nontransfected neighboring cells as well as immune responses

in in vivo models. These general principles are illustrated in Fig. 1.
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2. SUICIDE GENE THERAPY

The goal for successful anticancer agents has been to design drugs with intrinsic specificity for

specific types of cancer cells. Many compounds have failed, but successful examples occur, such as

Gleevec, which is extremely effective in acute myeloid leukemia (11). However, an important con-

cept is the design of technologies that target cancer cells without important side effects.

One methodology is the use of chemoimmunoconjugates to utilize the specificity of tumor anti-

gens by targeting an antibody-linked anticancer agent to the tumor (12). This area suffers from the

difficulties of insufficient density and irregular distribution of the antigens on the malignant cells and

the need for the internalization of the antibody conjugates. There are also potential problems linked

to the release of the drugs from the conjugates and the absence of BEs (2).

A different technology was the development of ADEPT, in which the antibody–enzyme conjugates

were used to activate subsequently administered prodrugs (13–15). This approach offers at least two

consistent advantages over chemoimmunoconjugates. One is the amplification effect because one

molecule of enzyme-antibody conjugate, acting as a catalyst, is able to activate a large number of

prodrug molecules. A BE effect was observed in ADEPT experiments both in vitro and in vivo. The

fact that there is no need for antibody conjugate or prodrug internalization for activation is a second

important advantage (2).

Suicide gene therapy has some of the same advantages as ADEPT. The difference is that the

vector that delivers the therapeutic enzyme gene provides the targeting to cancer cells, and the length

of time the therapeutic enzyme resides at the tumor is likely to be longer than with ADEPT. A

comparison of these two systems is summarized in Table 1.

The genes can be engineered for expression of their product intracellularly, extracellularly, or by

secretion in the recipient cells (7,16–18). There are advantages for each approach. When the enzyme

Fig. 1. Gene-directed enzyme prodrug therapy (DGEPT).
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Table 1

Comparison Between ADEPT and GDEPT Systems

                                         GDEPT

Parameters                                     ADEPT          Internal expression External expression

Selectivity Determined by antigen expression and density on Determined by the delivery system and the translational specificity

the cells surface, affinity and avidity of antibody

Targeting Based on antigen–antibody interactions Can be achieved with retargeted viruses, bacteria, or nonviral vectors

Amplification effect                                               Very important property of ADEPT and GDEPT systems

Bystander effect Prodrugs activated extracellularly; comparable with Export outside the cells of the Presumed better compared to

enzyme surface-tethered expression in GDEPT active drugs is required to GDEPT intracellular expression

achieve the BE as no export of drug from the

cell is required

Prodrug design Prodrugs with suitable pharmacokinetic properties Internalization of the prodrugs As for ADEPT because

have been designed to achieve sufficient tumor is required for activation internalization is not required

concentration; internalization of the released

drugs is necessary for cell kill

Immunogenicity Immunogenicity is described as a negative factor Immunogenicity described as positive factor in experimental

in clinical trials because it precludes antibody- protocols because it may result in an immune response against

conjugate repeated treatments; may be overcome the tumor

using human fusion proteins of antibody with

enzyme

Potential leakage of the Potential risk depending on the nature of the active Minimal risks because of an Potential risk depending on the

drug outside the tumor drugs and their half-lives extra barrier to be crossed nature of the active drugs and

by the active drug their half-lives

Efficacy of the system Four phase I clinical trials to date; responses have Encouraging results have been Not performed to date

in clinical trials  been reported in first obtained in glioma, head and

neck, ovarian cancers;

Thirty-four clinical trials are

ongoing

Miscellaneous Clearance of antibody-enzyme conjugate from Therapeutic effect can be enhanced by combining two suicide genes,

normal body tissues can be achieved using a adding immunostimulatory genes, or mutating the active site of

second clearing antibody prior to administration the enzyme to obtain greater specificity for the substrate prodrug

of the prodrug; efficacy can be enhanced with an

antiangiogenic agent

8
3



84 Springer and Niculescu-Duvaz

is intracellularly expressed, the prodrug must enter the cells for activation; subsequently, the active

drug must diffuse through the interstitium across the cell membrane to elicit a BE. Cells in which the

enzyme is expressed in a secretory form or tethered to their outer surface are able to activate the pro-

drug extracellularly. A more substantial BE could therefore be generated in the last systems because

the prodrug does not have to enter cells for activation. A leak-back of the active drug to the general

circulation is a possible disadvantage of this approach.

A number of factors are important for efficacy in GDEPT. The gene must be “carried” in a vehicle

or vector, which is also responsible for the specificity of targeting and for the efficient transfection of

the therapeutic genes into the cancer cells. The vectors for gene therapy can be divided in two major

classes: viral and nonviral. The first category includes all types of viruses (such as adenoviruses, retro-

viruses, adeno-associated viruses, lentiviruses, baculoviruses) (19–24) as well as bacteria (25,26), which

can be engineered to carry one or several therapeutic genes. These vectors can also be engineered to

be replicative competent (e.g., the oncolytic viruses ONYX 015 or ONYX 411) (27–30) or replicative

defective. The targeting of cancer cells is based on structural changes of the envelope for retargeting,

which allows specific interactions with elements overexpressed on, or characteristic for, the surface

of the cancer cell receptors (31). Other alternatives for achieving specificity toward cancer cells are

specific transcriptional regulation (using tissue-specific or inducible promoters) (31,32), alternative

splicing (33), translational control (34,35) or specific delivery strategies. The main advantage of viral

vectors is good transfection efficiencies; their main weaknesses are the safety issues, toxicity, and

immunogenicity.

Bacteria (Salmonella typhimurium, Clostridia, and Bifidobacterium longum) (25,26,36–39) are

another rapidly expanding category of vectors that accumulate in tumors and can be engineered to

carry therapeutic genes. The reasons for this accumulation are not fully understood, although a puta-

tive mechanism is in the area of hypoxia. Concentrations of bacteria up to 2 � 10
8
 bacteria/gram

tumor were obtained with Clostridia sporogenes (40). This property can be exploited to activate pro-

drugs selectively in an approach similar to GDEPT. However, because infection of the therapeutic genes

in a cancer cell does not occur, this therapy is described as bacteria-directed enzyme prodrug therapy.

Much effort has been made in the development of nonviral vectors, including naked deoxyribo-

nucleic acid (DNA), liposomes, polymers, peptides, and proteins (41–43). Their main advantages con-

cern safety, lower chance of eliciting immunogenic effect, and low toxicity. Their main drawback is

that there is often insufficient transfer efficacy in vivo.

Other important factors for the efficiency of the GDEPT system are the transport of prodrugs to

the tumor and its uptake into malignant cells, the kinetics of prodrug activation, the extent of the BE,

the potency of the released drugs and their mechanism of action, and the propensity of the released

drug to target dividing and nondividing cells and to induce resistance. Beneficial immune effects

may be induced either by stimulation of the host immune system or by the use of additional cytokine

gene therapy. Finally, clinically feasible treatment schedules are another important consideration.

2.1. Suicide Gene Therapy Systems

A number of reviews covered many aspects of GDEPT technologies (4–6,44–50). This chapter

focuses on the qualitative and quantitative aspects related to GDEPT and the methods for taking

advantage of them for improving this technology. There are many enzyme/prodrug systems for GDEPT

(see Table 2).

The enzymes used must meet specific requirements by which they must catalyze scission or other

types of reactions, such as phosphorylations, ribosyl transfer, redox reactions, or �-elimination, and

should be different from any circulating endogenous enzymes. They should be expressed in suffi-

cient concentrations and have high catalytic activity, preferably without the need for cofactors.

The enzymes proposed for GDEPT can be characterized into two categories. The first comprises

“foreign” enzymes of nonmammalian origin with or without human homologs, such as viral tyrosine
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Table 2

Enzyme/Prodrug Systems

Potential Degree

   Enzyme                               Prodrug systems

of of

activation activation Clinical

Names and codes        Origin Expression        Mutation                Prodrugs    Released (pro)drugs (fold)  (fold) trials

Carboxyl esterase Human, rabbit Intracellular No Irinotecan, 7-ethyl-10- SN-38, 7-ethyl-10- 150–3000 7–17 1

(CE) [4-(1-piperidino)-1- hydroxy-(20S)-

piperidino]-carbonyloxy- camptothecin

(20S)-camptothecin

Carboxypeptidase Human Intracellular Yes, for secreted MTX-�-peptides MTX >1000 >400 —

A (CPA) and or surface-

extracellular tethered

secreted expression

and modified

substrates

Carboxypeptidase Pseudomonas Intracellular Yes, for CMDA, ZD2767P, CMBA, phenol-bisiodo 21–400 11–115 1

G2 (CPG2), str. and extracellular self-immolative nitrogen mustard;

EC 3.4.22.12 extracellular expression alkylating agents,

surface anthracycline

tethered antibiotics

Cytochrome P450; Human, rat, Intracellular No Oxazaphosphorines, Alkylating agents toxic ? 5–100 2

human CYP2B1, rabbit ipomeanol, 2-amino- metabolites, N-acetyl

CYP2B6, CYP2C8, anthracene (2-AA); benzoquinoneimine

CYP2C9, CYP2C18, acetaminophen (NABQI)

and CYP3A; rat

CYP2B1; rabbit 4B1

(with or without

P450 reductase)

Cytosine deaminase E. coli, yeast Intracellular Yes, for secreted 5-fluorocytosine (5-FC) 5-fluorouracil (5-FU) 1000–8000 70–1000 1

(CD), EC 3.5.4.1 and expression

(with or without extracellular

UPRT)

8
5
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8
6

S
p

r
i
n

g
e
r
 
a
n

d
 
N

i
c
u

l
e
s
c
u

-
D

u
v

a
z

Table 2 (Continued)

Potential Degree

   Enzyme                               Prodrug systems

of of

activation activation Clinical

Names and codes        Origin Expression        Mutation                Prodrugs    Released (pro)drugs (fold)  (fold) trials

D-amino-acid Rodhotorula Intracellular No D-Alanine Hydrogen peroxide — — —

oxidase gracilis

(yeast)

Deoxycytidine Human Intracellular No Cytosine arabinoside Cytosine arabinoside — — —

kinase (dCK), monophosphate

EC.2.7.1.21

Deoxyribonucleotide Drosophila Intracellular No Analogs of pyrimidine Analogs of pyrimidine ? ? No

kinase (DmNK) melanogaster and purine 2'-deoxy- and purine 2'-deoxy-

nucleosides nucleotide

monophosphates

 DT-d, EC 1.6.99.2 Human, rat Intracellular No Bioreductive agents: Reduced forms? — — No

EO9, etc.; mitomycin C

�-Gal, EC 3.2.1.23 E. coli Intracellular No Self-immolative prodrugs Anthracyclin antibiotics — — No

from anthracyclin

antibiotics

�-Glu Human Intracellular Yes, for secreted Self-immolative, HM-1826, Doxorubicin, 9-amino- 235 4–5 No

and expression Dox-GA3, 9-amino- camptothecin

extracellular camptothecin glucuronide

�-Lactamase Bacterial Extracellular, Yes Self-immolative (cephem Alkylating agents, Vinca — — —

secreted, or prodrugs) alkaloids, anthracycline

surface antibiotics

tethered

8
6
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Methionine-�, Pseudomonas Intracellular No Selenomethionine Methylselenol ? 400 No

�-lyase (MET) putida

Multiple drug Tomato Intracellular No Acetylated 6-TG 6-TG, cytotoxic — — No

activating enzyme and other purines purines

(MDAE)

Nitroreductase (NR) E. coli Intracellular No CB1954 and analogs; Alkylating agents, >50,000 14–10,000 1

self-immolative pyrazolidines,

enediynes

Penicillin G Bacterial Extracellular Yes — — — — No

amidase (PGA)

Purine nucleotide E. coli Intracellular No Purine nucleosides, 6-Methylpurine, 25–1000 40 No

phosphorylase flutarabine 2-fluoroadenine

(PNP), EC2.4.2.1

Uracil phospho- E. coli Intracellular No 5-FU 5-Fluorouracil triphosphate — — —

ribosyl transferase

Thymidine kinase Herpes Intracellular Yes, to improve Modified pyrimidine Monophosphate nucleotide — 20–1000 >25; one

(TK), EC2.7.1.21 simplex or phosphorylation nucleosides: GCV, ACV, analogs phase III

varicella kinetics valacyclovir, lobucavir,

zoster virus pencciclovir; FIAU, purine

nucleosides; tricyclic

analogs of ACV and GCV

Thymidine Human Intracellular No Pyrimidine analogs, 5-Fluorodeoxyuridine 7000 165 No

phosphorylase 5'-DFUR monophosphate,

(TP), EC2.4.2.4 5-FdRMP

Xanthine-guanine E. coli Intracellular No 6-Thiopurines 6-Thiopurine nucleoside — — No

phosphoribosyl

transferase

ACV, acyclovir; CB1954, 5-aziridinyl-2,4-dinitrobenzamide; �-Gal, �-galactosidase; �-Glu, �-glucuronidase; CMBA, N,N-(2-chloroethyl)(2-mesyloxyethyl)

aminobenzoic acid; CMDA, N,N-(2-chloroethyl)(2-mesyloxyethyl)aminobenzoyl-L-glutamic acid; 5'-FUdR, 5'-deoxy-5-fluorouridine; DT-d, DT-diaphorase; EO9, 3-

hydroxy-5-aziridinyl-L-methyl-(1H-indole-4,7-dione)-propenol; FIAU, 1-(2'-deoxy-2'-fluoro-�-D-arabinofuranosyl)-5-iodouracil; GCV, ganciclovir; HM-1826, N-(4-

�-glucuronyl-3-nitro-benzyloxy-carbonyl)-doxorubicin; MET, methionine-�, �-lyase; 6-TG, 6-thioguanine; ZD2767P, 4-[bis(2-iodoethyl)aminophenyl]-oxycarbonyl-L-

glutamic acid.

8
7
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kinase (TK), bacterial cytosine deaminase (CD), carboxypeptidase G2 (CPG2), purine nucleotide

phosphorylase (PNP), D-amino-acid oxidase, �- and �-galactosidase (�- and �-Gal), �-lactamase,

methionine-�,�-lyase (MET), nitroreductase (NR), rabbit cytochrome P450, and xanthine-guanine

phosphoribosyltransferase. The second category consists of enzymes of human origin: carboxypep-

tidase A (CPA), deoxycytidine kinase (dCK), DT-diaphorase (DT-d), thymidine phosphorylase (TP),

�-glucuronidase (�-Glu), carboxylesterase (CA), cytochrome P450 reductase (HRE-P450), and several

cytochrome P450 (CYP) isophorms (CYP1A2, CYP3A, CYP2B, CYP2B1, CYP2C, and CYP2D6)

(5,6,47). Some of these enzymes are absent or are expressed only at low concentrations in tumor cells

(e.g., dCK, CA, TP, and CYP).

The human homologs of the first category have different substrate structural requirements in com-

parison to the “foreign” enzymes. Their main disadvantage is their potential to elicit an immune

response in humans, although this may provide benefits to therapy (vide infra). The main advantage

of enzymes belonging to the second category resides in the reduction of their potential for inducing

an immune response. However, the presence of these enzymes in normal tissues is likely to preclude

specific activation of the prodrugs only in tumors.

The number of enzyme/prodrug systems has expanded rapidly. Approximately 22–30 enzyme/pro-

drug systems have been reported (3,6). The systems have been expanded by the discovery of more

effective enzymes and by synthesizing better prodrugs. Improving the prodrugs has been an active

area of research. New prodrugs have been designed for activation by herpes simplex virus TK (HSV-

TK), NR, CPA, CPG2, CYP450, and DT-d enzymes (see also Section 2.4. and Table 2). New enzyme/

prodrug systems have been described. The horseradish peroxidase/indole-3-acetic acid (IAA) system

was designed for use in hypoxic cells (51). The system is effective in T24 bladder cell carcinoma

lines (52). Prodrugs based on the IAA structure have also been synthesized, and the fluorinated ana-

log (5F-IAA) was claimed to be more active than IAA (51).

A system based on transfecting the human flavoprotein HRE-P450 gene under the control of the

hypoxia-regulated promoter and the nitro-imidazole prodrug RB-6145 (1-[3-(2-bromoethylamino)-

2-hydroxypropyl]-2-nitroimidazole) was described (53). A 30-fold increase in oxic/hypoxic cytotox-

icity, as compared to controls, was obtained after activation of the prodrug to the corresponding

RSU-1069 drug in HT-1080 human fibrosarcoma cells expressing HRE-P450. In vivo data, using

GFP/R9 xenografts in mice expressing the same enzyme showed that regressions (50% free of tumor

survivors at 100 days) were achieved when RB-6145 was combined with a reduced radiotherapy dose

of 10 Gy (53).

A different GDEPT system exploited the toxic properties of methyl-selenol, which is released

from selenomethionine (SeMET) following its activation by MET. In the cells transduced with the

MET gene, the cytotoxicity of SeMET was increased 1000-fold. A strong BE was also observed.

Treatment of rat hepatoma R1S1 ascites with adenoviral MET gene followed by SeMET administra-

tion significantly prolonged the survival of animals, with 3/5 animals alive at 72 days; the controls

survived only 24 days (54).

It has been reported that the system hypoxanthine-guanine phosphoribosyltransferase/allopurinol

may be of some utility in non-small cell lung carcinoma. The enzyme converts allopurinol to cyto-

toxic metabolites, and it was demonstrated that five nonsmall cell lung carcinoma cell lines were

twofold to eightfold more sensitive to the prodrug when infected with Trypanosoma brucei contain-

ing the hypoxanthine-guanine phosphoribosyltransferase gene (55).

Other GDEPT systems reported include �-Glu/9-aminocamptothecin glucuronide, which releases

9-aminocampthotecin (56); DT-d/mitomycin C (57); and PNP/flutarabine, which releases 2-fluoro-

adenine (58).

In addition to improving the enzyme/prodrug systems, the performance of GDEPT can be enhanced

using stronger promoters or a combination of enhancer-promoters. A 30-fold increase in efficacy of

yeast CD/5-fluorocytosine (5-FC) under the control of a combination of a carcinoembryonic antigen
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promoter and an enhancer was reported (59). Another example of controlling expression in vivo has

been used in the HSV-TK/ganciclovir (GCV) system expression in vivo with the use of the glucose-

regulated protein (grp-78)-inducible promoter coupled with photodynamic therapy (60).

The efficiency of a GDEPT system can be measured in vitro, on a given cell line, as the differen-

tial of the cytotoxicity of the prodrug in the same non-enzyme-expressing cells vs its cytotoxicity in

the enzyme-expressing cells (� = IC
50

 in nonexpressing cells/IC
50

 in expressing cells). The efficiency

of each GDEPT system may be different in various cell lines. To make valid comparisons of GDEPT

systems, two additional parameters have been introduced. These are the potential of activation of a

given system and its degree of activation. The first is defined as the ratio of IC
50

 of the prodrug/IC
50

of the released drug in a control non-enzyme-expressing cell system. It represents the maximum pos-

sible efficiency of a given enzyme/prodrug system in a cell line. The degree of activation is defined

as the ratio of the IC
50

 of the prodrug in the non-enzyme-expressing cell line to the IC
50

 of the pro-

drug in the enzyme-expressing cell line and demonstrates the efficiency of the system in the consid-

ered cell line. In other words, the potential of activation is the maximum possible degree of activation

of a GDEPT system in a given cell line (47).

2.2. Enzyme Kinetics

The concentration of the drug and the rate at which it is released at the activation site depends on

the kinetic parameters of the enzyme/prodrug system. The Km is an expression of the amount of sub-

strate needed to reach half of the maximal velocity V
max

. It describes the enzyme–substrate interaction,

with a lower Km associated with tighter fit between the two entities. It is difficult to compare en-

zyme/prodrug systems solely on this basis. It has been hypothesized that a low Km and high V
max

 (or

high k
cat

) are associated with more effective systems. This is the case, for instance, when yeast CD is

com-pared with bacterial CD. The yeast enzyme, which proved to be more effective than its bacterial

counterpart in GDEPT models, has a lower Km and a higher V
max

 (see Table 3) (61).

As V
max

 is often determined under different experimental conditions for the various GDEPT sys-

tems, a direct comparison of the systems is impossible. However, it appears, that prodrugs such as 4-

[(2-mesyloxyethyl)(2-chloroethyl)amino]-benzoyl-L-glutamic acid (CMDA), GCV, and irinotecan

(CPT-11) approach the requirements for an “ideal” substrate more closely than, for example, 5-FC or

5'-deoxy-5-fluorouridine because the 5'-deoxy-5-fluorouridine results in higher K
m

s and lower V
max

s

(see Table 3).

The turnover number k
cat

 or V
max

 supplies additional information about the activation rate because

they are terms to express the rate of drug release. It is not yet known if a fast “bolus” release of the

active drug is better than a slow “infusion.” We can infer that, for drugs acting on quiescent and pro-

liferating cells, the former is an appropriate choice. By contrast, for drugs acting only on proliferat-

ing cells, the second alternative may be preferable.

Structure–activity studies have been performed to determine the optimal structure of a prodrug for

a given enzyme. One of the criteria of assessment is the kinetics of activation. The effect of the

substitution on the aromatic ring of prodrugs for CPG2 on the kinetics has been investigated. It was

found that both steric and electronic effects play a role in the kinetics (62,63).

An alternative approach to alter the kinetics of activation is to use self-immolative linkers (vide infra).

Whereas the direct carbamate linker between the �-galactosyl and doxorubicin was poorly cleaved by

�-galactosidase, the insertion of a 4-aminobenzyl linker afforded good substrates for the enzyme (64).

The rationale for this effect is probably the increased distance between the cleavage site and the drug,

releasing the steric hindrance around the site of activation. Increasing the distance between the drug and

the cleavage point even further using multiple cascade linkers improved the kinetics even further, as

demonstrated for a series of self-immolative prodrugs for plasmin (65). The substituents on the aroma-

tic ring included in the linker structure also influence the fragmentation of the self-immolative pro-

drugs (66–68).
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Table 3

Quantitative Data on GDEPT Systems
a

                               Potency, IC
50

 (µM)

K
M

 (S
0.5

) V
max

No. Enzyme/prodrug system Prodrug Drug (µ
M

) (nM/mg.min)

1 CA/CPT-11 1.6–8.1 SN-38 23–52.9 1.43
b

0.003–0.011

2 CD/5-FC 26,000 5-FU 4–23.5 17,900
c
, 800

d
11.7

c,e
, 68

d,e

3 CPG2/CMDA, CMDA CMBA 8–65; CMDA 3.4 CMDA 583
g

CJS278
f

 1700–3125;

CJS278 Doxorubicin

0.256  0.012

CPG2/ZD2767P 47.2 0.34 2.0 29.5
g

4 Cyt-450/CP, CP, IF ~4000 ND
h

CP 300; CP 39.1;

IF, ipomeanol, 2-AA IF 480 IF 17.8

5 dCK/ara-C 0.3–0.6 NA
i

25.6 NA
i

6 �-Glu/HMR1826 350–720
j

15
j

1300 635
k

�-Glu/Dox-GA3 530
j

15
j

1100 25
k

7 HSV-TK/GCV, ACV GCV GCVTP
i

GCV 11–47.6; GCV 0.1
g
;

200–600 ACV 305–417 ACV 1.5.10
�2g

8 NR/CB1954 >1000 0.02
l

900 6.0
g

9 PNP/6-MePdR >200 3.7 14–23
m

422–638
k,m

10 TP/5-FUdR 17 5-FUdR 325–433 0.17–2.28

0.0023

11 VZK-TK/ara-M >2000 Ara-MTP <1
n

56 680
o

12 XGPRT/6-TX, 6-TX >50; NA
i

NA
i

NA
i

6-TG  6-TG 0.5

2-AA, 2-aminoanthracene; ACV, acyclovir; ara-M, 6-methoxypurine arabinonucleoside; CA, carboxylesterase;

CB 1954, 5-aziridinyl-2,4-dinitrobenzamide; CD, cytosine deaminase; HSV-TK, herpes simplex virus–thymidine kinase;

VZV-tk, varicella zoster virus thymidine kinase; CMBA, 4[N,N-(2-chloroethyl)(2-mesyloxyethyl)]aminobenzoic acid;

CMDA , 4[N,N-(2-chloroethyl) (2-mesyloxyethyl)]aminobenzoyl-L-glutamic acid; CP, cyclophosphamide; CPG2, car-

boxypeptidase G2; CPT-11, irinotecan; Cyt-450, cytochrome P-450; Dox-GA3, N[4-(glucuron-4-yl-oxycarbonyl-

amino-phenyl)-methylene-oxycarbonyl]-doxorubicin; 5-FUdR, 5-fluoro-deoxyuridine; 5-FC, 5-fluorocytosine; 5-FU,

5-fluorouracil; GCV, ganciclovir; GCVTP, ganciclovir triphosphate; �-Glu, �-glucuronidase; HMR-1286, N[4-

(glucuron-1-yl-oxy-phenyl)-methylene-oxycarbonyl]-doxorubicin; IF, ifosfamide; 6-MePdR, 6-methylpurine-2'-

deoxyribonucleoside; 6-MeP, 6-methylpurine; NR, nitroreductase; PNP, purine nucleoside phosphorylase; SN-38, 7-ethyl-

10-hydroxy-camptothecine; 6-TG, 6-thioguanine; 6-TX, 6-thioxanthine; TP, thymidine phosphorylase; XGPRT, xan-

thine-guanine phosphorybosyl transferase; ZD2767P, 4-[N,N-bis(2-iodoethyl)amino]-phenyl-oxycarbonyl-L-glutamic

acid.

a
In alphabetical order.

b
pmol/mg.min.

c
Bacterial origin.

d
Yeast origin.

e
µM/min.µg.

f
N-[4-(L-Glutamylcarbonylamino)benzyloxycarbonyl]doxorubicin.

g
s

�1
.

h
Not determined in the same system.

i
No data were obtainable.

j
Maximum tolerated dose in mice.

k
µM/min.mg

l
For 5-(aziridin-1-yl)-2-nitro-4-hydroxylamino-benzamide in V79 cells.

m
For inosine, adenine, and guanine nucleosides.

n
Inferred from in vitro experiment.

o
Relative maximal velocity.



Suicide Gene Therapy 91

However, in some cases, introduction of a linker can make the kinetics worse (69). This can be

explained by the fact that the smaller prodrug sat better in the catalytic pocket of the enzyme, whereas

the larger self-immolative prodrug was oversized for the pocket and clashed sterically with other

residues of the enzyme. For self-immolative prodrugs, the kinetics of activation is also complicated

by the fact that there are two steps: enzymatic reaction and fragmentation. The rate-determining step

is usually the former.

In some cases, obtaining the optimal activity profile does not mean increasing the rate of activation.

A drop in the kinetic performance of prodrugs for an enzyme is acceptable if the advantages obtained

by modifying the structure more than compensate the loss in enzyme activity. For instance, the best

substrates for CPG2 were based on benzoic acid derivatives coupled to glutamic acid as amides (62).

Benzoic acid mustards, as exemplified by CMDA, possess an excellent turnover (k
cat

 = 583 s
�1

) and

showed a 19-fold differential in the breast carcinoma MDA MB361 cell line expressing CPG2. The

self-immolative compounds derived from anthracyclin antibiotics were cleavable by CPG2 (70) and

exhibited poorer kinetics; an accurate k
cat

 is difficult to measure. However, a similar differential of

11-fold was obtained in the MDA MB361 CPG2-expressing cells, with an additional advantage that

the released doxorubicin is 4000-fold more potent than the nitrogen mustard released by CMDA.

A second example refers to prodrugs for which the drug is coupled to glutamic acid as a urea or

carbamates rather than an amide (71). In this case, aniline or phenol nitrogen mustards, respectively,

are released after the cleavage by CPG2. Despite a lower k
cat

 of 20-fold (46,62), the lead prodrug had

greater cytotoxicity differentials and had improved performance because of the differences in the

potency of the released drugs (72) (vide infra).

2.3. Improving the Enzymes

New techniques are available to increase the efficacy of enzymes to activate prodrugs for GDEPT

(45). There are three ways of improving the efficacy of enzymes: (1) using the discovery of ortho-

logous enzymes or enzymes with similar profiles of activity from different species; (2) crystallo-

graphic investigation of the active site of the GDEPT enzyme allows the rational synthesis of better

substrates using molecular modeling and computer-aided techniques; and (3) modification of the

active site of the enzyme by site-directed mutagenesis to increase its catalytic efficiency toward a

given substrate or to allow the location of modified substrates better adapted to GDEPT.

Enzymes from different origins can have very different kinetics with the same substrate. The rat

DT-d is an improved activating enzyme compared to the human DT-d for 5-aziridinyl-2,4-dinitroben-

zamide (CB1954), with a sevenfold higher k
cat

. The Escherichia coli NR exhibits a k
cat

 that is much higher

(360 min
�1

 compared to 4.1 for the rat and 0.64 min
�1

 for the human enzyme) for the reduction of the

nitro group, making it the enzyme of choice for GDEPT CB1954 (73). The rabbit carboxylesterase is

100- to 1000-fold more efficient in activating the prodrug CPT-11 than the human homolog (74). The

yeast CD is also more effective in activating the 5-FC prodrug compared to the bacterial CD (61).

Crystallographic data are now available for a number of GDEPT enzymes: HRP (51), CYP2C

(75), HSV-TK complex, CPA, and nitroreductase, which aids in the design of better substrates and

guiding mutagenesis assays.

Another way to modify the enzyme is by protein engineering and site-directed mutagenesis. An

example was the engineering of HSV-TK producing mutants with increased sensitivity to both GCV

and acyclovir (ACV). This enhancement is explained by improvement in kinetic factors. Compared

to wild type, the Km was slightly higher for GCV and ACV in the mutant, but much higher (35-fold)

for the endogenous thymidine substrate competing for the same site. The k
cat

 for thymidine was sig-

nificantly reduced (88-fold) compared to the k
cat

 for GCV and ACV (six- and eightfold, respectively).

As a consequence, the specificity constant (k
cat

/Km) for thymidine was 3000-fold lower in mutant than

in wild type, whereas the reduction of this constant for GCV was only 40-fold. The mutant displayed

greatly reduced competition for the active site and better selectivity for the prodrug substrates than

for endogenous thymidine (76).
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Further progress was achieved by introducing a restricted set of semirandom sequences in the active

site of HSV-1-TK enzyme. Three mutants were selected that conferred a substantial increase in IC
50

of GCV and ACV (of 39- to 294-fold and 3- to 182-fold, respectively) with respect to the wild-type

enzyme (77,78). The efficacy of the mutant SR39 was investigated in vivo on xenograft models in nude

mice. At a GCV dose of 5 mg/kg, the growth of the xenograft expressing the SR39 mutant enzyme

was completely prevented, but the tumors expressing the wild-type TK grew (77).

Other modifications to the active site (the mutant A167Y) allowed the design of a different nucleo-

side for the HSV-TK enzyme. The replacement of the alanine with tyrosine in the active site was

assumed to block the pyrimidine phosphorylation site in the enzyme and maintain its purine nucleo-

side phosphorylation capacity. The efficiency of conversion of ACV, GCV, lobucavir, penciclovir,

and A5021 to their phosphorylated forms by the A167Y mutant was greater than for the wild type. It

was demonstrated that a single mutation in the active site was able to change HSV-1-TK from a

pyrimidine nucleoside kinase to a purine (guanine) nucleotide kinase (79). A further example is the

site-directed mutagenesis of carboxypeptidase A, which allows the design of modified and more

specific substrates less prone to interfere with the human carboxypeptidase A (79a).

2.4. Prodrugs

The prodrugs for GDEPT should be considerably less cytotoxic than their corresponding active

drugs and should be suitable substrates for the activating enzyme under physiological conditions.

They should be chemically stable under physiological conditions, be highly diffusible in the tumor

interstitium, and have good pharmacological and pharmacokinetic properties.

The prodrug must be able to cross the tumor cell membrane if activation occurs intracellularly. If

the enzyme is expressed on the surface of cells, then the prodrug will be cleaved extracellularly, and

its corresponding drug must cross the cell membrane for cytotoxicity. The cytotoxicity differential

between the prodrug and its corresponding drug should be as high as possible, and the active drug

should be highly diffusible or be actively taken up or exported by cells.

Scanning various substrate prodrugs for an enzyme, altering the linkage between drug and the

cleavage site, and looking for structure–activity correlations between substitution patterns and linker

kinetics have been instrumental in obtaining substrates with favorable kinetic profiles for GDEPT.

Most of the prodrugs, like cyclophosphamide (CP), isofosfamide (IF), 5-FC, ACV, GCV, mitomy-

cin C, or the released drugs (5-fluorouracil [5-FU], 7-ethyl-10-hydroxycamptothecin [SN-38], nitro-

gen mustards, anthracyclins, etoposide) used in suicide gene therapy are clinically licensed drugs. An

additional advantage is that the pharmacological, pharmacokinetic, dosage, and safety parameters of

these compounds are known. However, it is likely that the next generation of prodrugs will be espe-

cially tailored for GDEPT.

The design of the prodrugs tailored for GDEPT is an easier task than the design of drugs intrinsi-

cally specific for cancer cells. Usually, the enzymes used in GDEPT systems have been well investi-

gated; in many cases, crystallographic data are available (see Section 2.3.). On this basis, substrates

releasing cytotoxic agents after activation could be rationally designed. Another advantage of such

an approach is that the potency (IC
50

) of the designed compounds toward the enzyme can be accu-

rately measured in vitro, contributing to an early selection of leads.

An important factor in designing prodrugs for GDEPT is the potency of the released drug. The

lead compound for the design of prodrugs for the GDEPT system based on CPG2 was CMDA, which

reached clinical phase I trial in ADEPT (80). The prodrug was characterized by good kinetics (k
cat

 =

583 s
�1

), and the IC
50

 of the released nitrogen mustard was in the range of 50–65 µM in various cell

lines. Differentials of 19- and 32-fold were measured between CPG2-expressing and non-expressing

MDA MB361 and WiDr cell lines, respectively. However, the t
1/2

 of the released drug of 48 minutes

was long enough to allow it to leak back from the tumor and elicit side effects.

A more potent drug is released from the prodrug 4-[bis-(2-iodoethyl)amino]phenyl-oxycarbonyl-

L-glutamic acid (62). The released phenol mustard drug (4-[N,N-4-bis-(2-iodoethyl)amino]phenol)
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has an IC
50

 of 0.3–0.7 µM and a much shorter t
1/2

 of less than 1 minute. Despite poorer kinetics (k
cat

= 29.5 s
�1

), the differentials obtained for MDA MB361 and WiDr were 249- and 450-fold, respec-

tively (72). The highest BE is not associated always with the highest activity. In optimization of the

prodrugs in BE terms, the potency of the released drug and the kinetics of activation remain impor-

tant parameters (72).

Sixty compounds were assessed as substrates for E. coli PNP, and the prodrugs with the best kine-

tics that also fulfilled several other criteria were chosen for further evaluation (81). Several bioreduc-

tive prodrugs were assessed with NR for GDEPT (82,83). In addition to CB1954, nitrofurazone had

reasonable cytotoxicity differentials, and the rate of reduction was 10 times faster than for CB1954

(83). New tricyclic analogs of ACV and GCV, as effective substrates for HSV-TK, were designed

and synthesized. The new derivatives were also fluorescent, which allows simple and sensitive moni-

toring of their concentration in biological fluids. They also possess increased lipophilicity compared

to GCV and ACV, which enables them to cross the blood–brain barrier. (84)

An alternative way to extend the range of prodrugs specially tailored for GDEPT is the design of

self-immolative prodrugs. A self-immolative prodrug can be defined as a compound generating an

unstable intermediate that, following the activation process, will extrude the active drug in a number

of subsequent steps. The following elements are important in defining the concept: The activation

process is generally enzymatic and is distinct from the extrusion step; the drug is generated by an

extrusion process following the fragmentation of the prodrug, and the site of activation will normally

be separated from the site of extrusion. Potential advantages of self-immolative prodrugs are the pos-

sibility of altering the lipophilicity of the prodrugs with minimal effects on the activation kinetics and

the improvement of unfavorable kinetics of activation because of unsuitable electronic or steric fea-

tures of the active drug. The range of drugs that can be converted to prodrugs is greatly extended and

is unrestricted by the structural substrate requirements for a given enzyme.

A number of self-immolative prodrugs have been specially designed for use in GDEPT systems.

Self-immolative prodrugs derived from alkylating agents and anthracyclins have been synthesized

for activation by CPG2 (46,69,70). Following the activation step, these prodrugs release the corre-

sponding drug by a 1,6-elimination mechanism (see Fig. 2).

Based on similar concepts, seco-cyclopropylindolines and ene-diyne prodrugs have been synthe-

sized for use with NR (44,85).

Fig. 2. Mechanism of activation of self-immolative prodrugs cleavable by CPG2.
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There are further means to increase the efficacy of a GDEPT system in terms of prodrugs. One is to

increase the available intracellular concentration of the prodrug. An improved uptake of the prodrug

is important for the efficacy of the intracellularly expressed enzyme in GDEPT systems. The concomi-

tant expression of E. coli CD and uracil phosphoribosyl transferase (UPRT) significantly improved

the cytotoxicity of 5-FC. It was shown that the combination of the two enzymes facilitated the uptake

of 5-FC by direct channeling of 5-FU (the product of 5-FC activation) to 5-fluoro-uridine-mono-

phosphate by the second enzyme in the cascade, UPRT (86).

Modifying the lipophilicity of the prodrug is another possibility, especially when passive diffu-

sion is involved in prodrug uptake. A drawback may result in a concomitant increase in prodrug cyto-

toxicity. A lipophilic derivative of GCV, ganciclovir elaidic acid ester (E-GCV) was evaluated for its

cytotoxicity in vitro in HSV-TK transfected cells and proved to be superior to GCV. Metabolic studies

revealed that E-GCV was converted to the mono-, di-, and triphosphate derivative of GCV, and these

metabolites were retained longer in E-GCV-treated cells (87).

Ideally, for GDEPT systems in which the enzyme is tethered to the outer cell membrane, the pro-

drug should be prevented from crossing the cell membrane, in contrast to the released drug, which

should be membrane permeable. By manipulating the lipophilicities of both prodrug and drug, this

goal could be achieved for passive diffusion situations.

An alternate target for manipulation is the use of prodrugs that release drugs effective against both

quiescent and proliferating cells. Examples are in the use of CMDA, 4-[N,N-bis(2-iodoethyl)amino]-

phenyl-oxycarbonyl-L-glutamic acid) (ZD2767P), 6-methylpurine deoxyribonucleoside, flutarabine,

and CB1954.

Ultimately, an enzyme prodrug system should be designed with as large as possible activation

potential. To improve the activation potential, prodrugs with lower cytotoxicity should be designed

that release very cytotoxic drugs. Some highly cytotoxic compounds (with an IC
50

 in the nanomolar

range), such as enediynes, cyclopropylindolines, taxoids, or epothilones, are now available, but gen-

erally their structures are complicated, and more efficient ways to convert them into low-cytotoxicity

prodrugs need to be developed. A quantitative structure–activity relationship (QSAR) based on ni-

trogen mustard self-immolative prodrugs showed a direct correlation between the potency of the

released prodrugs and the logarithm of differential in a GDEPT system with CPG2 (87a).

The properties of prodrugs determined in vitro do not always correlate with in vivo results because

of pharmacological factors such as biodistribution, metabolism, retention time, excretion, and so on.

Also of importance are the physicochemical properties, such as water solubility and lipophilicity,

which also influence cellular uptake and metabolism.

The biodistribution of prodrugs of clinical use was determined for several GDEPT systems. Deliv-

ery systems may be adapted to compensate for poor biological distribution. Uptake of cyclophospha-

mide in lung tumors is very variable (88). An option to improve the tumor concentration of prodrug

and achieve a more sustained concentration is to use a polymer-based implant containing CP, which

has been demonstrated to be activated by virally transfected CYP2B1 (89).

2.5. Potentiation of Drug Effects

An alternative strategy to increase the efficiency of GDEPT systems was developed based on an

understanding of the activation step and of the mechanisms of action of the released drugs by using

synergistic or additive effects of drug combinations. Ponicidin (a diterpenoid isolated from Rabdosia

ternifolia) was found preferentially to activate the HSV-1-TK kinase, but not the cellular enzymes.

The compound showed a synergistic antiviral effect with both GCV and ACV. When ponicidin was

combined with GCV or ACV at a concentration devoid of antiviral activity (0.2 µM/L), the cytotoxici-

ties of both prodrugs in TK-transfected cells were increased by 3- to 87-fold and 5- to 52-fold, respec-

tively, as compared with prodrug alone (90).
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In an attempt to enhance the cytotoxicity of the HSV-TK/GCV system, another prodrug, E-5-(2-

bromovinyl)-2'-deoxyuridine, was coadministrated with GCV in a number of cell lines. In 8 of 12 cell

lines, addition of the E-5-(2-bromovinyl)-2'-deoxyuridine at noncytotoxic concentrations enhanced

GCV-mediated cell killing by up to an order of magnitude. In cocultures of both enzyme-expressing

and non-enzyme-expressing cells, a strongly increased BE was also observed (91).

Four compounds with apoptosis-inducing properties (butyrate, camptothecin, taxol, and 7-hydroxy-

staurosporine) were assayed in conjunction with the HSV-TK/GCV system. It was found that GCV plus

butyrate and GCV plus 7-hydroxystaurosporine combinations resulted in increased Bak and decreased

Bcl-X
L
 protein levels; the combinations of GCV plus camptothecin and GCV plus taxol increased the

level of both proteins. These results may be useful in increasing cell apoptosis in colon cancers using

HSV-TK/GCV (92).

Finally, hydroxyurea (HU) was suggested as a possible combination with GCV in the HSV-TK/

GCV system because HU is able to reduce the level of deoxy-guanine triphosphate (dGTP), which is

the endogenous competitor of GCV-TP for DNA incorporation (93). Isobologram analysis demon-

strated that the combination GCV plus HU is additive in HSV-TK-transfected cell cultures and syn-

ergistic in HSV-TK bystander mixtures (94). The study was extended in vivo, and SW620 human

colon carcinoma xenografts in nude mice were treated with a combination of GCV (100 mg/kg) and

HU (1500 mg/kg). Tumor regressions were observed in both 1:1 and 1:10 HSV-TK enzyme-express-

ing vs nonenzyme-expressing cell mixtures (95).

A similar rationale was applied to enhance the capabilities of the CYP2B1/CP system. A strategy

aimed at minimizing the hepatic toxicity without diminishing the antitumoral potency was devised

by using a CP-methimazole (MMI) combination. MMI is an antithyroid drug that reduces P450-

reductase gene expression in the liver and reduces the nicotinamide adenine dinucleotide phosphate-

dependent P450-reductase activity by 28%. MMI did not affect the activity of P450-reductase in 9L

glioma cells growing in vivo. The combination CP plus MMI increased the therapeutic index of CP

in CYP2B1/CP models in vivo (96). Another five inhibitors of the CYP450s were investigated for

their potential to enhance the efficacy of the CYP450/CP GDEPT system. All proved useful in reduc-

ing CP hepatic activation, showing little impact on the in situ activation of CP within the tumor

transduced with CYP450 genes (97).

Also a bioreductive drug, tirapazamine was able to increase the efficacy of CYP2B6/CP under

hypoxic conditions (1% O
2
) after transfection of 9L glioma cells (98).

The feasibility of combining gene therapy with chemotherapy effectively is also under investigation.

A synergy was found when combining GCV and temozolomide in human U87MG glioblastoma cells

expressing HSV-TK enzyme. A higher sensitivity to temozolomide (8.6-fold increase) was observed

in U87MG glioblastoma cells transfected with the HSV-TK gene (99).

The optimization of administration schedules as a means of improving the efficacy of suicide gene

therapy is an alternative approach. It was reported that repeated transfections of hemagglutinating virus

of Japan (HJV) liposomes combined with repeated injections of 5-FC elicited improved results in vivo

compared to single transfections (100). A CYP2B1-P450-reductase/CP system showed that daily injec-

tions (6 days) of a moderate dose (140 mg/kg) significantly improved the efficacy of the system (101).

3. COMBINATION SUICIDE THERAPY

A different strategy to develop more efficient suicide gene therapy systems uses transgenes with

more than one gene. Several different approaches based either on transfection of multiple suicide genes

or on a combination of suicide genes with cytokine or other genes have been reported. A typical

example is the combination of HSV-TK and endostatin (angiogenesis inhibitor) genes followed by

treatment with GCV, which is capable of eradicating orthotopic human renal cell carcinomas (Caki-1)

in nude mice (102).
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3.1. Two or Three Suicide Gene Therapies

Several reports indicated that a double gene transfer is able to enhance the efficacy of a GDEPT

system. By transfecting target cells with two different suicide genes, the expressed enzymes are able

to activate two distinct types of prodrug-releasing anticancer drugs with different mechanisms of

action, therefore making the system more effective.

The first attempt concerned the association between CD and TK genes, followed by 5-FC and

GCV administration. The rationale behind this is that the permeable toxic metabolites resulting from

the CD/5-FC system will enhance the overall BE, and therefore a synergistic antitumoral effect can be

achieved (103–105). Examples were reported in which cells were infected with CYP plus CD or TK

plus CD genes. In each case, the double suicide gene systems proved more effective both in vitro and

in vivo compared to each single system alone (106,107).

If a metabolic cascade is to be considered in the activation of a prodrug that requires more than

one enzyme (for example, in the activation of GCV to GCVTP), then the cotransfection of genes

expressing the enzymes catalyzing each intermediate step of this pathway is expected to increase the

overall yield of the desired final cytotoxic metabolite. The enhancement of GCV and ACV activation

using the simultaneous transfection of HSV-TK, guanylate kinase, and nucleoside diphosphate kinase

responsible for the mono-, di-, and triphosphorylation of these substrates has been claimed. This allows

more than 90% of the GCV to be converted to GCV-TP (108). An attempt was made to overcome

resistance to 5-FU by modification of 5-FU phosphorylation. A recombinant adenovirus containing

both the uracil phosphoribosyl transferase and HSV-TK was engineered, and the dual system was

assayed on esophageal carcinoma cells. Significantly enhanced antitumor activity was reported (109).

Another approach combining CD with TP/5-FC in 9L gliosarcoma cells showed that the addition

of TP was beneficial, increasing the efficacy of the system (110).

The same strategy was applied to the CD/5-FC system, which showed poor results in cancer cell

lines (such as breast and pancreatic carcinoma cell lines) resistant to 5-FU because of defects in the

downstream metabolism of 5-FU. Transduction of a bicistronic fusion gene encoding CD and uracil

phosphotransferase was superior to the CD system alone both in vitro and in vivo (111).

Another example was the cotransfection of cyt-P450 gene with the P450 reductase, which resulted

in a significant increase in the conversion of CP to its toxic metabolites and therefore in the overall

increase of the efficiency of the cyt-P450/CP system. Quantitation of the degree of enhancement

indicated up to a 10-fold increase in cell kill following treatment with CP (75,112).

An alternative approach consisted of the transduction of two (or more) copies of the same gene in

the target cells. It was demonstrated that the UMSCC29 and T98G human cancer cell lines contain-

ing two copies of the TK gene led to more effective metabolism of GCV and therefore exhibited

enhanced sensitivity to the prodrug (113).

However, a recent report investigating the double suicide gene therapy system CD plus HSV-TK

in a 9L glioma model found no advantage and concluded that single suicide gene systems employing

CD or HSV-TK may be preferable over combinations of two systems (114).

3.2. Combination With Cytokine Gene Therapy

Enhancing the immune response can increase the effectiveness of a GDEPT system (vide infra),

which may be done by cotransfecting a suicide gene with one or more cytokine genes. The role of

interleukin 2 (IL-2) in these systems has been investigated. Cells grown as xenografts in BALB/c

syngeneic mice were injected with an adenoviral vector containing the HSV-TK gene or the IL-2 gene,

followed by treatment with GCV (115) While the tumors continued to grow in the animals injected

with a control vector or the vector carrying the IL-2 gene, those treated with HSV-TK with or without

coadministration of the IL-2 exhibited tumor necrosis and regressions. However, only animals treated

with both HSV-TK and the IL-2 genes developed effective systemic antitumor immunity against tumori-

genic rechallenges. The antitumor immunity was associated with the presence of tumor-specific cyto-



Suicide Gene Therapy 97

lytic CD8
+
 T lymphocytes. To enhance and prolong the antitumor immunity, a third vector containing

the mouse granulocyte-macrophage colony stimulating factor gene was employed. The animals treated

simultaneously with HSV-TK plus IL-2 plus mouse granulocyte-macrophage colony stimulating factor

vectors followed by administration of GCV developed long-term antitumor immunity and survived for

longer than 4 months without recurrence (115).

IL-12 also plays a multifunctional role in controlling the immune system, augmenting the prolif-

eration of T and natural killer cells. In a suicide gene strategy, both HSV-TK and IL-12 genes were

incorporated in replication-defective vectors. Following CT26 murine colon adenocarcinoma infec-

tion, treatment with GCV was significantly more effective than in gene therapy using IL-12 or HSV-TK

alone (116). The combined treatment with adenovirus constructs AdHSV-TK/GCV and AdmIL-12

also resulted in enhanced tumor inhibition and improved antimetastatic activity (117).

3.3. Combinations With Radiosensitizing Genes

Radiotherapy is a valuable adjunct to chemotherapy with or without surgery in cancer treatment.

Therefore, its combination with suicide gene therapy has been proposed as an advantage. HSV-TK

gene transfection was used to increase the radiosensitivity of various cell lines. Specific incorporation

of halogenated pyrimidine radiosensitizers such as 5-bromo-2'-deoxycytidine and 5-bromo-2'-deoxy-

uridine was demonstrated in transfected cells, increasing their sensitization ratio 1.4–2.3 times com-

pared with control �-Gal-transfected cells (118). The effect was confirmed in vivo using RT2 glioma

cells in Fisher 344 rats, and it was proposed that HSV-TK transfection followed by 5-bromo-2'-deoxy-

cytidine administration and radiation may be a useful clinical treatment for glioma (118).

A similar strategy of radiosensitization was proposed with the HSV-TK/ACV system. Using a mutant

of the wild-type enzyme (HSV-TK-75, which is more effective in metabolizing ACV), an enhanced

sensitizing effect was shown in RT2 glioma cells. The cells become more sensitive to low doses of

radiation (2–4 Gy), suggesting that this combination could improve glioma treatment (119,120).

Radiation-inducible promoters have been proposed to control the expression of transgenes in cancer

cells (121) and in Clostridium bacteria (39,122).

4. IMAGING THE THERAPEUTIC GENES

The development of noninvasive techniques to monitor the delivery and the distribution of thera-

peutic transgenes in vivo will be an advantage for monitoring the efficacy of GDEPT. There are now

a number of technologies employed to analyze quantitatively the gene expression and the protein

functions in vitro and in vivo. These are the optical reporters (fluorescent and bioluminescent pro-

teins used for bioluminescent imaging [BLI]). Positron emission tomography (PET), magnetic reso-

nance imaging, and radiolabeling are all important for imaging tumors.

The emerging field of cellular and molecular imaging using optical reporters enables continuous

measurement of gene expression in vitro and in vivo. For gene transfer analysis in vitro, enhanced

green fluorescent protein has been useful. This technique has been applied to the HSV-TK and rabbit

cytochrome P450/ipomeanol systems (123).

Bioluminescence imaging is a new imaging strategy that can be applied to a variety of models

using small animals. This procedure, employing luciferase enzyme as optical reporters (which can

emit light by oxidation), is sensitive, reliable, and accessible (124). An application using an adeno-

viral vector containing both a therapeutic gene (yeast CD) and the optical reporter gene (luciferase)

was used to localize the enzyme in an orthotopic 9L glioma rat model. The in vivo BLI showed a

decrease of luciferase expression during treatment with 5-FC, providing a marker for monitoring the

expression of the CD gene (125).

One possible approach to the imaging of gene expression in animals utilizes PET with PET reporter

genes and PET reporter probes. This technology was used for imaging the HSV-TK/GCV system (126–

128). 2'-Fluoro-2'-deoxy-1-�-D-arabinofuranosyl-5-iodouracil ([
124/125

I]FIAU) was proposed as an
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effective PET reporter probe for imaging of HSV-TK expression in vivo (129). The expression of the dou-

ble suicide gene therapy system CD plus HSV-TK was also monitored using [
124

I]FIAU and PET (130).

In vitro 
19

F-NMR was used to study the release of a fluorinated nitrogen mustard from its corre-

sponding glucuronide prodrug using �-Gluc (131). Magnetic resonance spectroscopy (MRS) is another

way of tackling the imaging problem. Many studies have demonstrated a correlation between different

cancer treatment in patients and modification of the MRS of the corresponding tumors. It has been

reported that the efficacy of the treatment with the HSV-TK/GCV system could be monitored in vivo

using 
31

P-MRS (10).

Radiolabeled [
14

C]FIAU was used to demonstrate its localization in mouse tumors pretreated with

Salmonella typhimurium expressing HSV-TK. A 30-fold accumulation of [
14

C]FIAU in the tumor was

demonstrated as compared with muscle tissue (132).

5. THE BE AND ITS MECHANISMS

The BE can be defined as the tumor regression that takes place in a GDEPT model after prodrug

administration, when only a fraction of the tumor mass is genetically modified with foreign enzyme or

the effect of the treatment on nongenetically modified cells (133). The successes described in GDEPT

would not be possible without the existence of such an effect. Some tumor xenografts require only 1–

2% of cells to be genetically modified to obtain therapeutically significant results (133,134).

It is difficult to compare the BE obtained in different experimental conditions because of the

different methodologies employed by the various investigators. However, because of its importance

in achieving therapeutic benefit, the mechanisms of BE have been investigated. Important differ-

ences were reported between in vitro and in vivo BE experiments. The in vitro models are probably

more relevant in BE mechanistic terms because a “pure” BE is investigated without the interference

of the immune system, which is characteristic to some in vivo models.

The activation of the prodrugs used in GDEPT can generate cell membrane-permeable or -imper-

meable active drugs. In the former, cell-to-cell contact is not required for BE killing. In the latter,

cell-to-cell contact is needed to achieve this effect.

Toxic metabolites are formed following prodrug activation. The permeable ones are released by

efflux from dead and dying genetically modified cells. This mechanism is postulated for 5-FU formed

from 5-FC; for the metabolites of CP or IF, aldophosphamide, phosphoramidic mustards, or acrolein;

for benzoic acid mustard released from CMDA; and for 6-methylpurine and 2-fluoroadenine formed

from the corresponding deoxynucleoside. The transport of toxic metabolites from transgenes to tar-

get cells is mainly based on diffusion. This assumption is supported by the fact that no cell-to-cell con-

tact is required to obtain a BE in these systems, and that toxic metabolites were detected in the medium.

For purine or pyrimidine nucleosides for which the toxic metabolites, because they are phosphory-

lated, are not diffusible across cell membranes, a direct cell-to-cell contact is required to achieve a BE.

More than one mechanism has been postulated for this BE, depending on how the toxic metabo-

lites can be transported into target cells via gap junctional intercellular communications (GJIC), by

phagocytosis of the apoptotic bodies, or by release of the cytostatic metabolites.

The transfer of cytotoxic GCV metabolites from HSV-TK-transfected cells to wild-type tumor cells

via gap junctions has been proposed as the main mechanism of the BE for this type of system (48,50,

135). A number of data support this assumption. First, the extent of BE usually parallels the level of

GJIC independent of the origin of the cancer cell (48,50).

Second, the transfection of connexin genes in cancer cells that poorly express GJIC enhances

significantly the BE (136). The expression of the Cx43 is essential for the expression of BE in glioma

and colon cancer cells (137–139). Other connexin genes (Cx26, Cx37) were also transfected with

positive effect for the expression of the BE in recipient cells (50,140). It was also reported that the BE

depends not only on the level of GJIC expression, but also on the type of connexins expressed on the

cell surface (141).
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Third, GJIC function was evaluated with a dye transfer technique. Tumor cells resistant to BE did

not show dye transfer from cell to cell, but BE-sensitive tumor cells did (135).

Fourth, the BE can be manipulated pharmacologically based on the GJIC mechanism. Dieldrin, a

drug known to decrease gap junction communications, diminished the dye transfer and inhibited the

BE. It was suggested that the enhancement of the HSV-TK/GCV BE and the antitumor effect could

be achieved by pharmacological manipulation of the gap junctions in vivo. Apigenin (a flavonoid)

and lovastatin (an HMG-coenzyme A reductase inhibitor) were shown to upregulate GJIC function

and dye transfer in tumor cells expressing this type of communication. On treatment with GCV of

mice bearing tumors grown from a mixture of 90% wild-type cells and 10% HSV-TK adenocarcinoma

cells, 30% become tumor free. Tumor-bearing mice were administered two or three injections of lova-

statin or apigenin during GCV treatment and had double the antitumor response rate, with 60–70% of

the mice achieving complete remissions (135,142).

However, there are types of cells in which the BE is independent of the GJIC, suggesting that other

mechanisms may be involved. In human lung tumor cell lines of different origins, the GJIC were mea-

sured using a double dye transfer assay. Significant cytotoxicity was obtained when cultured cells com-

prised only 10% of HSV-TK-expressing cells. Although GJIC were not observed by the rapid transfer

of lucifer yellow, they were detected by the slow transfer of calcein-AM. However, neither an inhibitor

(1-octanol) nor an enhancer (all-trans retinoic acid) of GJIC affected the extent of the BE. These data

suggest that low levels of gap junctions may be enough to produce a BE, or that other mechanisms are

involved (143).

Despite the fact that SW60.TK cells were capable of transferring only 3% of the dye to the sur-

rounding cells, they still can transfer GCV-TP, which was found in the neighboring cells and in the

culture medium (144,145). It was found that the BE depended on the concentration of the enzyme,

the number of cells expressing HSV-TK, and the overall confluency of the cells by comparing the effi-

cacy of the HSV-TK/GCV system in two human carcinoma cell lines following exposure to 10 µM GCV.

However, the BE did not correlate with the GJIC, as determined by the lucifer yellow assay (145).

Another suggestion was that the TK-enzyme is transported by apoptotic vesicles. Phagocytosis of

material from dying TK-positive cells (e.g., hydrolases or other lytic enzymes) to bystander cells has

also been suggested as a mechanism for the BE. Apoptosis was detected in bystander cells, and it was

found that this event could be inhibited by BCL2 expression. However, during the apoptosis induction

period, in bystander cells cocultured with HSV-TK-expressing cells, no phagocytosis was observed.

It has also been suggested that killing of tumor cells by apoptosis could heighten the immune response

to wild-type tumor cells by a priming effect (146,147).

In experiments in which no cell-to-cell contact was necessary to mount a BE in an HSV-TK system,

release of cytotoxic metabolites was proposed as an alternative mechanism (144,148).

A quantitative expression of the BE was proposed using the NR/CB1954 system in a range of human

tumor cell types. The IC
50

’s of non-NR-expressing cells were measured in the presence of differing

proportions of NR-expressing cells. The shift in IC
50

 was used to calculate a value for the BE, termed

the transmission efficiency (TE), which is the decrease in IC
50

 caused by the BE as the percentage of

the maximum decrease possible. The percentage of NR-expressing cells for which the TE was 50%

(TE
50

) is a single datum point for the BE. The TE
50

 in the cell lines ranged from 0.3 to approx 2%

(149). Three-dimensional cell cultures were developed and used for quantifying the BE. The model

was validated for the NR/CB1954 system and allowed the identification of prodrugs with superior

therapeutic activity and BE compared to CB1954 (150).

The in vivo BE was first noticed by Culver (151) and then was demonstrated in a number of

experiments. In vitro, 30% of cells expressing CD were enough to eradicate the whole cell popula-

tion. This BE is more impressive in vivo; only 2% CD-positive tumor cells were sufficient to obtain

tumor regressions in athymic mice. With 4% CD-positive cells, 66% of animals were cured of their

xenografts (133,152). When similar experiments were performed in immunocompetent animals, the

results were even better because of an immune response.
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It has been shown in vivo that a distant BE can be induced when the treatment of a tumor trans-

fected with a suicide gene followed by the corresponding prodrug administration resulted in regres-

sion not only of the transfected tumor, but also of physically separated nontransfected tumors. This

phenomenon was reported with the HSV-TK/GCV system for colorectal metastasis, myelomas, and

mammary, prostate, head and neck, and ovarian cancers (153,154) and is explained by the in vivo

contribution of additional immune mechanisms (154) (see also Section 6.).

6. IMMUNITY: FRIEND OR FOE?

Three main immunological aspects are involved in GDEPT: immunogenicity of the vectors, immu-

nogenicity of the expressed enzyme, and immunity induction following the modifications or the kill-

ing of the cancer cells in response to GDEPT. Although the first two are detrimental by reducing the

transfection efficiency and/or preventing repeat treatment, the last one is beneficial by increasing the

BE and inducing a distant BE in some models (vide infra).

The immunogenicity of adenoviruses has been extensively studied, and it was shown that the atten-

uation of the gene expression results from three types of host immune response: innate, humoral, and

cellular (21). Most adults have low levels of neutralizing antibodies against adenoviruses of the sero-

type used in the more common vectors (Adenoviruses serotype 5). Nevertheless, systemic treatment

with such vectors resulted in a relatively low level of circulating virus (49).

Nonviral vectors may also induce immune effects. The most common mechanism of inactivation

of lipoplexes in vivo seems to be mediated by complement activation. Opsonization by complement

components leads to elimination of complexes from blood via uptake by reticuloendothelial system

(RES) cells (155,156) This was dependent on cationic lipid type and charge (156).

Apart from its detrimental effect in eliminating lipoplexes, the immune effect of the liposomes

can exacerbate preexisting inflammatory processes (157). Another clinical factor related to the immu-

nogenicity of the liposomes is the effect on repeat dosing. Immunogenicity of lipoplexes might pre-

clude repeat administration. However, the immunogenicity of liposome–DNA complexes is in general

lower than for viral vectors, and repeated administration of interferon-� DNA has been demonstrated,

provided that enough time (14 days) is left between the two consecutive dosages (158).

There were early suggestions that the immune response following suicide gene therapy is a favor-

able event. Although data are available that show that the BE also occurs in immunocompromised

animals, other findings suggest that the BE in vivo is mediated through the release of cytokines (159).

Coinjection of carcinoma cells and the HSV-TK-expressing retroviral packaging cells followed by

injection of GCV resulted in almost total tumor ablation in immunocompetent BALB/c mice, but not

in immunocompromised athymic BALB/c animals. In a similar experiment, the HSV-TK gene was

transfected into cells grown as xenografts. It was shown that the activity of the HSV-TK inhibited

tumor growth for up to 50 days in immunocompromised nude mice following GCV treatment, but

was not sufficient to eliminate all the tumor cells in these animals (tumors regrew 40–50 days after

cell implantation). By contrast, immunocompetent BALB/c mice developed a long-lasting immunity

in response to HSV-TK transduction followed by GCV treatment (160). Taken together, these studies

imply that an intact immune system is important for long-term tumor suppression with TK in vivo.

7. CONCLUSIONS

Suicide gene therapy of cancer represents 8% of all 113 protocols for cancer gene therapy listed

by the US Recombinant Advisory Committee (49). Most of these used the HSV-TK/GCV system and

are phase I/phase II trials (161,162). One phase III trial using a retroviral vector has been completed

and showed no benefit in terms of survival for the patients (163). Using an adenoviral vector by direct

intratumoral injection (in brain tumors) showed some improved survival (164).

Phase I/II clinical trials were reported with CD/5-FC (165) and CYP450/CP or IF (75). In the United

Kingdom, a retroviral vector expressing CYP2B6 (MetXia) is undergoing testing in patients with
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advanced breast and ovarian cancers. In Germany, microencapsulated mammalian cells expressing

CYP2B1 and IF were tested on 14 patients with inoperable pancreatic carcinoma. The follow-up 1-year

survival was increased threefold (166).

Suicide gene therapy proved to be safe; minor side effects were reported.

Some hurdles must be overcome before GDEPT will become a clinically efficient treatment for

cancers. Major improvements are needed in the vector area with respect to both targeting and delivery

of suicide genes. Multiple options are available, from nonviral vectors to more complex systems

involving coexpression of suicide genes with immunological or tumor suppressor genes.
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Molecular Chemotherapy Approaches

Daniel H. Palmer and David J. Kerr

1. INTRODUCTION

Although many cytotoxic drugs can induce 100% tumor cell kill in vitro, their efficacy in vivo is

generally restricted by dose-limiting systemic toxicity. The therapeutic index of these drugs may be

improved by regional delivery to the tumor site. This may be achieved by intraarterial, intraperito-

neal, intrapleural, intravesical, intrathecal, or intratumoral administration.

Similarly, gene-directed enzyme prodrug therapy (GDEPT) aims to maximize local tumor cell kill

while minimizing systemic side effects by delivering an enzyme that converts an inactive prodrug to

a cytotoxic metabolite specifically at the tumor site. Clearly, this relies on extremely well-regulated

mechanisms to control the accuracy of gene delivery and expression.

To date, approx 600 gene therapy clinical trial protocols have been opened in the United States,

60% of which pertain to cancer gene therapy. Nearly 3500 patients have been treated within these

protocols, of which about 2400 are patients with cancer (1). Similarly in the United Kingdom, of

approx 70 gene therapy protocols, 70% relate to cancer gene therapy (2). The majority of these trials

have been phase I dose-finding and toxicity studies, with less than 1% phase III randomized studies

against current best practice.

This chapter provides an overview of the rationale behind regional chemotherapy as a basis for

GDEPT within the context of the objectives governing phase I clinical trials, including clinical observa-

tion, pharmacokinetics, and pharmacodynamics. It then summarizes the clinical trials for each enzyme/

prodrug system reported to date. Finally, speculation is made as to the future direction of GDEPT.

2. RATIONALE FOR REGIONAL CHEMOTHERAPY

Certain tumors stay confined to organs or body compartments for significant periods of their

natural history. Approximately 20% of patients who have undergone apparently curative resection of

colorectal cancer relapse with disease macroscopically confined to the liver, which could lend itself

to hepatic arterial chemotherapy. The peritoneal cavity is a common site of metastases for ovarian

cancer, and a third of colorectal cancer patients have recurrences at this site. The premise underlying

regional chemotherapy is pharmacokinetic and depends on differential drug clearance from the regional

compartment compared to systemic drug clearance. In addition, there have been significant technical

improvements in catheters that allow prolonged access to the hepatic artery and peritoneal and pleural

cavities.

Usually, regional advantage is assessed by estimation of the concentration of the therapeutic agent

in venous blood following regional and systemic administration. This is reflected in the ratio [AUC(IP)]/

[AUC(IV)], where AUC is the area under the concentration–time curve for the drug or virus. A regional
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advantage has been established for a range of conventional cytotoxic agents such as 5-fluorouracil

(5-FU), cisplatin, mitomycin C, and doxorubicin when administered via the hepatic artery or into the

peritoneal cavity (3).

The pharmacokinetic gain can be large (4–7). For example, the regional advantage for 5-FU in

favor of the peritoneal cavity is in the range of 5000–10,000. This means that there is large potential

to increase the concentration of drug or virus to which the tumor is exposed and therefore the extent

of cell kill.

Hepatic arterial chemotherapy represents a special case because the liver has the capacity to extract

large amounts of certain agents on first arterial pass (8–12). This phenomenon depends on the con-

centration of the antineoplastic agent in the bloodstream, the surface area of the endothelium, and the

rate of blood flow (slower flow resulting in higher extraction). Peritoneal administration of cytotoxics

should be within a volume of at least 1 L to ensure homogeneous distribution throughout the perito-

neal cavity. In both cases, it is possible to implant permanent catheters without laparotomy, which

allows repeated access to the compartment harboring tumor bulk.

2.1. Intravesical Chemotherapy

Intravesical administration of cytotoxic drugs or bacillus Calmette Guérin (BCG) is employed in

the treatment of superficial bladder cancer. High concentrations can be achieved with minimal syste-

mic toxicity, achieving a reduction or delay in recurrent disease. This may be mediated by the cyto-

toxic effect of the drug or by excitation of local inflammatory responses (13).

2.2. Intrathecal Chemotherapy

Because many drugs do not efficiently cross the blood–brain barrier, chemotherapy may be admin-

istered by direct intrathecal injection to achieve therapeutic concentrations in the central nervous

system. Intrathecal methotrexate is commonly used in the prophylaxis and treatment of hematologi-

cal malignancies involving the central nervous system and to a lesser extent in patients with breast

cancer, small cell lung cancer, and melanoma (14).

2.3. Intratumoral Chemotherapy

Because a strong pharmacokinetic advantage can be attained by regional delivery of chemo-

therapy, a logical extension of this is to deliver the drug by direct intratumoral injection with the aim

of achieving still higher drug concentrations at selected sites. Further, a collagen matrix gel has been

developed with the aim of maintaining a prolonged high concentration of drug within the tumor.

Preclinical studies with this gel in combination with a number of cytotoxic drugs have confirmed the

ability to achieve and maintain high intratumoral drug concentrations and induce cell death (15).

An ongoing phase II trial of cisplatin in collagen gel and epinephrine given by direct intratumoral

injection in patients with hepatocellular carcinoma has reported a response rate of 41% (12 of 29

patients) and a median survival already in excess of 15 months (16). A separate pharmacokinetic

study in similar patients has reported a prolonged t
max

 and initial half-life of cisplatin delivered in this

mixture compared to free cisplatin, consistent with sustained retention of drug at the tumor site (17).

Similar studies have been undertaken with promising results in patients with head and neck cancer

and skin cancers (18,19).

2.4. Summary

In summary, there is a strong pharmacological rationale for the use of regional chemotherapy.

Data from clinical trials using a range of approaches to increase drug concentration at the tumor site

while minimizing systemic exposure have reported promising results with encouraging response

rates, improvements in survival, and well-tolerated toxicities.
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With the burgeoning knowledge in biotechnology underpinning the concept of gene therapy, a

logical extension to the field of regional drug delivery is to utilize gene therapy to direct chemothera-

peutic activity specifically to the tumor site. This forms the backbone of the GDEPT approach, in

which a gene for a nontoxic enzyme is delivered specifically to tumor cells. At present, this approach

shares the limitations of other regional delivery strategies in that it can target only localized areas of

disease. However, gene therapy has the potential advantage that, as vector technology is improved, it

may allow targeting of this approach to disseminated disease.

3. OBJECTIVES OF PHASE I CLINICAL TRIALS

Clinical trials are prospective studies designed to investigate the properties of a new drug, initially

to define the pharmacokinetic profile, toxicity, and maximum tolerated dose (MTD) and ultimately

to determine clinical utility of the drug and assess its role in standard practice.

3.1. Phase I Clinical Trials

The aim of phase I trials is to establish the appropriate dose of drug for use in subsequent studies.

The drug dose is escalated to define its dose-limiting toxicity and MTD. This information is impor-

tant because the steep dose–response curve of most cytotoxic drugs and their narrow therapeutic

index suggest that a dose close to the MTD will maximize the response rate.

The starting dose is usually equal to 1/10 of the murine LD
10

 (lethal dose for 10% of mice). Typi-

cally, three patients are treated at each dose level; if no significant toxicity is seen, the dose is esca-

lated according to a predetermined schedule in progressively decreasing increments. If one patient of

three suffers significant toxicity, then an additional three are treated at the same dose. If no further

toxicity is seen, then dose escalation continues. If toxicity is seen in more than one patient at that dose

level, then dose-limiting toxicity is defined. The MTD is then usually defined as the dose level imme-

diately below this.

Conventionally, the dose is not increased in individual patients receiving subsequent treatments

because of the theoretical problem of inability to distinguish toxicity related to an individual dose

level from cumulative toxicity of multiple doses. A potential drawback of this approach is that the

majority of patients may be treated at a dose well below MTD and so are unlikely to benefit even if

the drug ultimately shows antitumor activity. Further, such studies can be frustratingly slow to com-

plete. For these reasons, there is now an increasing interest in designing phase I studies in which

intrapatient dose escalation is permitted.

A further important aspect of phase I clinical trials is the investigation of pharmacokinetic and

pharmacodynamic parameters. Pharmacokinetic analysis describes the change in plasma concentra-

tion over time and provides data about the distribution, metabolism, and excretion of the drug. This

gives important information about the basis of drug toxicity. Further, this may facilitate more rational

dose escalation guided by the approximate target pharmacokinetic parameters from preclinical studies

and may aid optimum dose and scheduling in future studies. Pharmacodynamics describe the effect of

a drug dose on the body, and in the phase I trial setting, end points generally relate to toxicity and

how this may be influenced by variation in pharmacokinetics (for example, how nadir blood counts

relate to plasma drug concentration), although the relationship between dose and antitumor effect

may also be explored. Pharmacodynamic studies in phase I trials may be confounded by the wide range

of doses used between patients, and in general, more information is gained from phase II studies in

which a fixed dose is used.

With the increasing use of novel compounds such as biological response modifiers (e.g., inter-

feron, tumor necrosis factor, angiogenesis inhibitors, cell signaling inhibitors), the classical phase I

trial design may not be the most suitable for these agents. It may be more appropriate to design trials

to establish the maximum effective dose (which may require a surrogate marker of activity) rather than

MTD because these may not be the same.
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3.2. Special Principles Applicable to Phase I Trials of Gene Therapy

Compared with standard phase I studies, clinical trials of gene therapy are subject to additional

regulatory controls because of the potential hazards to people and the environment from the use of a

genetically modified organism (GMO). Before embarking on such trials, an appropriate assessment

of potential risks should be made based on the properties of the delivery vector and the transgene

used. This allows classification of the GMO according to the level of risk posed so that appropriate

precautions can be taken.

In general, pharmacy facilities should be used that can maintain stability of the GMO while ensur-

ing safety of the operatives (usually by using a negative-pressure isolator in a clean air environment).

Similarly, patients should be treated in a single-bed isolation facility with standard reverse barrier

nursing care practiced until shedding of the GMO from the patient has ceased. This may necessitate

the examination of patient samples for GMO at regular intervals until shedding of the GMO from the

patient has ceased. Further, waste generated in the treatment process should be inactivated prior to

disposal. This may require secure transport of waste materials in hermetically sealed containers before

high-temperature incineration.

Such procedures require coordination of clinicians, scientists, pharmacists, nurses, other support/

ancillary staff, and health and safety advisors to ensure that risks are minimized and there is adherence

regarding legislation for the GMO. This requires clear communication and should provide a frame-

work for audit to ensure ongoing compliance with regulations.

A further aspect unique to clinical trials involving enzyme/prodrug gene therapy is the potential

for toxicity at three levels: prodrug alone, vector/transgene alone, and the combination. Therefore,

clinical trials should be designed with this in mind. For example, it may first be necessary to under-

take a phase I trial of prodrug to determine the dose that may be given safely while achieving suffi-

cient plasma levels to allow a GDEPT approach to be feasible. Similarly, a separate trial to determine

the safety of the vector and the extent of delivery and expression of the transgene should be under-

taken before embarking on early phase studies using the vector/prodrug in combination.

Frequently, vectors used for gene delivery are modified viruses; their use may require special

monitoring in the context of a clinical trial. This should include monitoring of local, regional, and

systemic vector distribution within the host and assessment of host immune responses to the vector.

Further, assays to detect replication-competent virus generated by genetic recombination, to screen

for contaminating viruses, and to monitor for virus shedding from the patient should be employed.

The use of virus vectors may require specific eligibility criteria for patient selection. In particular,

patients with known or perceived immunoincompetence (e.g., recent chemo- or radiotherapy, human

immunodeficiency virus [HIV] positivity, concomitant corticosteroid use) may be excluded from

such trials.

Finally, appropriate clinical end points to assess efficacy should be considered. Conventional radio-

logical assessment of tumor volume may not accurately detect molecular changes in the tumor that

may indicate treatment activity. Instead, more sophisticated biochemical or molecular markers and

imaging techniques capable of assessing gene distribution and expression should be employed (see

Chapter 27).

4. CLINICAL TRIALS UTILIZING GDEPT

GDEPT is a two-step process. The first step is to deliver a gene encoding a nonhuman enzyme

specifically to tumor cells. Frequently, a modified virus is used as the vector for gene delivery; in this

case the term virus-directed enzyme prodrug therapy (VDEPT) may be used. The second step is admin-

istration of prodrug, which is converted from a nontoxic form to a cytotoxic species by the enzyme.

Therefore, the concentration of activated drug is higher at the tumor site than might be achieved by

systemic administration, thus increasing the therapeutic index of the drug.
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An important facet of this system is the ability of the activated drug to pass from the cell in which

it was generated into neighboring nontransduced cells to effect “bystander” killing. In this way, a

marked antitumor effect can be achieved even when only a fraction of cells are transduced. This is

particularly relevant as current vector technology generally facilitates transduction of only a small

percentage of the target cell population.

The ideal enzyme/prodrug combination should possess certain characteristics. The enzyme should

be a low molecular weight polypeptide that functions independently of posttranslational modifica-

tion. Its catalytic activity and substrate specificity should be distinct from human enzymes. For this

reason, viral or bacterial enzymes are often used. Further, the enzyme should have a low K
m

 and a

high K
cat

 so that production of the active species is maximized. The half-life and tissue distribution of

the active drug are important determinants of the extent of distribution through the tumor and there-

fore of the degree of bystander killing and systemic toxicity extent. Also important in optimizing the

VDEPT approach is a high differential toxicity between the active drug and its prodrug.

In an attempt to achieve these ideals, a number of enzyme/prodrug combinations have been inves-

tigated in the laboratory. Promising results have been reported in in vitro and in vivo model systems

(see Chapter 7) and several such combinations have now entered clinical trials (Table 1).

4.1. Vectors Used in GDEPT Clinical Trials

Clinical effectiveness of any gene therapy approach relies on an efficient vector to deliver the thera-

peutic gene specifically to tumor cells. Vectors can be broadly divided into viral and nonviral vectors

Table 1

Clinical Trials of GDEPT in Patients With Cancer

Enzyme/prodrug Vector Trial phase Disease site Patient no. Reference

TK/GCV Retrovirus I Brain 5 38

Retrovirus I Brain 15 39

Retrovirus I/II Brain 48 40

Retrovirus III Brain 248 41

Retrovirus I / II Brain 12 42

RAd I Brain 13 43

RAd vs retrovirus I Brain 14 44

RAd I Prostate 18 45

RAd I Prostate 4 46

RAd I Prostate 52 47

RAd I/II Prostate 36 48

RAd I Colorectal 16 50

RAd I Mesothelioma 21 51

TK/valacyclovir/acyclovir RAd I Ovary 10 52

CD/5-FC Plasmid DNA I Breast 12 67

RAd I Colorectal Ongoing 68

Salmonella I Ongoing 69

NTR/CB1954 RAd I Liver 1° + 2° Ongoing 86

RAd I Prostate Ongoing

RAd I SCC head/neck Ongoing

P450/ifosfamide Allogeneic cells I/II Pancreas 14 88

P450/cyclophos Retrovirus I Breast/melanoma 12 89

RAd, replication-defective adenovirus; SCC, squamous cell carcinoma.
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(20). Nonviral vectors include naked deoxyribonucleic acid (DNA) and DNA linked to cationic lipids

or polymers. The advantages of such vectors include relative ease of production, unlimited gene insert

size, and lack of immunogenicity. However, at present transfection efficiency in vivo remains disap-

pointingly low, such that clinical trials have rarely been conducted using these vectors.

Of viral vectors, retroviruses and adenoviruses have been used most frequently in clinical trials

(21). As part of their life cycle, retroviral vectors integrate into the target cell genome and may there-

fore facilitate long-term transgene expression. However, long-term expression may not be necessary

for a suicide gene therapy approach as the aim is to eliminate target cells. Further, there is a risk of

insertional mutagenesis in transduced cells. Other disadvantages of current retrovirus vectors include

their ability to infect only dividing cells, a narrow tissue tropism, and technical difficulties in grow-

ing to high titer in cell culture. Nevertheless, retrovirus vectors have been frequently used in GDEPT

clinical trials. Further, with advances in retrovirus vector technology, such as improved stability allow-

ing more concentrated formulations (22), the use of lentiviruses to allow gene transfer into nondivid-

ing cells (23,24), retargeting, and the use of replication-competent retroviruses, their use in clinical

trials may be further refined.

Adenoviral vectors have wide tissue tropism and are able to infect both dividing and nondividing

cells. They are easily manipulated in cell culture and can be grown to high titer. The adenovirus life

cycle does not require integration into the host cell genome, so long-term transgene expression is not

anticipated. However, for cancer gene therapy, the aim is to eradicate the target cell, so this may not

represent a major limitation to successful therapy. A potential major disadvantage of adenoviral vec-

tors is the elicitation of strong inflammatory and immune responses to the vector, which again may

limit the duration of transgene expression. However, such a response, if localized to the tumor milieu,

may actually enhance tumor cell killing. For these reasons, adenovirus vectors have been widely used

in GDEPT cancer gene therapy clinical trials.

4.2. Thymidine Kinase/Ganciclovir

Thymidine kinase (TK) is a key enzyme in pyrimidine metabolism, catalyzing the phosphorylation

of thymidine to thymidine monophosphate. Herpes simplex virus thymidine kinase (HSV-TK) has a

wider substrate specificity than human TK, phosphorylating the purine analogue ganciclovir (GCV)

up to 1000-fold more efficiently than the human enzyme. Phosphorylation of GCV generates GCV

monophosphate. This is further phosphorylated by cellular kinases to the triphosphate, which com-

petes with deoxyguanosine 5'-triphosphate to inhibit DNA synthesis and induce cell death.

These features make the combination of HSV-TK and GCV an attractive model for GDEPT. Indeed,

sensitization of TK-expressing mouse tumor cells to GCV was first reported in 1986 (25). Subsequent

reports have confirmed in vitro and in vivo activity in a range of human tumors (e.g., breast, glioma,

pancreas, mesothelioma, colon) using a variety of vectors (e.g., retrovirus, adenovirus, liposome-coated

DNA, naked DNA) to deliver the gene (26–33).

In a syngeneic murine model of colorectal cancer, the HSV-TK/GCV system achieved complete

tumor regression when only 9% of tumor cells expressed TK (34). A similar bystander effect was

observed in vitro, but only when cells were plated out at high density, implying that direct cell–cell

contact is required (35). The lipid-insoluble GCV metabolite cannot diffuse into adjacent cells, sug-

gesting that the bystander effect may be mediated by gap junctional transport. Indeed, cotransfection of

connexins, major gap junction proteins, to gap junction-deficient cells in vitro dramatically enhanced

bystander killing (36).

Interestingly, there is evidence of a “vaccination effect” in that, in mice with TK-expressing tumors

treated with GCV, tumor regression can occur following rechallenge with untransduced tumors, sug-

gesting that the immune response may contribute to a bystander effect in vivo (37). Further, in an in

vivo model of colon cancer, better outcomes were observed in immunocompetent mice than in nude

mice, again indicating that antitumor activity is enhanced by an intact immune system (34).
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4.2.1. TK/GCV and Brain Tumors

The TK/GCV system is the most widely studied GDEPT combination in clinical trials. Initial studies

were undertaken in patients with primary brain tumors; murine fibroblast producer cells were modi-

fied to generate retroviruses encoding HSV-TK. Retroviruses were used for their capacity to infect and

integrate only into dividing tumor cells and not the nondividing cells of the central nervous system.

In the first published study, virus producer cells (VPCs) were implanted stereotactically into locally

recurrent brain tumors, followed by intravenous GCV 5 mg/kg twice daily for 14 days. Of the 5 patients

treated, a single lesion in 1 patient showed a partial response, but all other treated lesions failed to respond

(38). In a similar study, 19 tumors in 15 patients with locally recurrent or metastatic brain tumors were

injected with VPCs followed by intravenous GCV. In 1 patient, there were complete responses in two

lesions; in a further 3 patients, partial responses were seen. All these lesions were of low volume (<2cc).

In 2 patients, tumors were resected 7 days postinjection. In situ hybridization revealed TK-positive

tumor cells, but only in small numbers (39).

In a larger multicenter phase I/II single-arm feasibility and safety study, 48 patients undergoing

surgical resection of recurrent glioblastoma multiforme were injected with TK-expressing retrovirus

VPCs into the resection site and then treated with intravenous GCV. In 4 of 48 patients, there was

some regression of postoperative residual enhancement on computerized tomographic scanning. How-

ever, median survival of 8.6 months was no better than that of historical controls. Interestingly, at

postmortem 10 patients had TK-expressing tumor cells, indicating their survival despite treatment with

GCV (40).

A randomized phase III multicenter clinical trial of retrovirus-mediated HSV-TK/GCV was con-

ducted in 248 patients with previously untreated malignant glioblastoma multiforme; this represents

the largest randomized controlled trial in cancer gene therapy to date. Patients were treated either by

conventional surgical resection and radiotherapy alone or with the addition of VPC injection into the

tumor site followed by GCV treatment. Adjuvant gene therapy was feasible and safe in this setting. Dis-

appointingly, median time to progression and 12-month survival were not significantly different in the

two groups (41).

Notably, these and other trials using VPCs to deliver HSV-TK-expressing retrovirus to brain tumors

have demonstrated this approach is well tolerated with only modest toxicity, which usually resolved

at the end of the treatment period (39–42). However, efficacy in general had been disappointingly low.

This failure is most probably a result of inadequate levels of gene delivery (40,41). Because VPCs

are nonmigrating fibroblasts, the distribution of cells and released virus is confined to the immediate

vicinity of the needle track. It may also be because of poor penetration of GCV across the blood–brain

barrier, so that only low concentrations of drug are achieved at the tumor site. Further, a high fraction

of brain tumor cells are in the resting phase of cell cycle G
0
 and so would not be susceptible to the S-

phase-specific GCV. Finally, a paucity of gap junction interaction between adjacent brain tumor cells

may limit local bystander killing.

In an attempt to improve on the limited level and extent of transgene expression achieved by TK-

encoding retrovirus VPCs, other early phase trials have employed replication-deficient adenovirus

vectors carrying the HSV-TK gene (RAd-HSV-TK). In a phase I dose escalation study, 13 patients

with recurrent primary malignant brain tumors were treated with a single intratumoral injection of

RAd-HSV-TK virus particles, followed by intravenous GCV. Doses up to and including 2 � 10
11

 virus

particles were well tolerated. However, in 2 of 2 patients treated at the maximum dose of 2 � 10
12

virus particles, dose-limiting neurotoxicity (confusion, seizures) was seen. Of 13 patients, 3 achieved

survival in excess of 25 months. Although this is better than predicted from historical controls, clearly

this may be because of other favorable prognosis factors rather than because of a response to gene

therapy. Postmortem examination in these patients did show cavitation at the site of injection, foci of

necrosis in the tumor, and tumor-infiltrating lymphocytes and macrophages not seen in the surround-

ing normal brain tissue (43).
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A further trial has directly compared TK-encoding retrovirus vector with RAd-HSV-TK in a small

number of patients. Median survival in the two groups was 7.4 months and 15 months, respectively

(p < .012). This study confirmed RAd-HSV-TK delivered by direct intratumoral injection is safe, well

tolerated, and possibly superior to a retrovirus vector, although further, larger studies are warranted (44).

4.2.2. TK/GCV and Prostate Cancer

The HSV-TK/GCV system has also been extensively investigated in patients with prostate cancer.

A phase I dose-escalating study utilized RAd-HSV-TK injected directly into locally recurrent pros-

tate cancer at a dose of 1 � 10
8
 to 1 � 10

11
 plaque-forming units (pfu) followed by intravenous GCV.

At the maximum dose, 1 patient experienced transient grade 4 thrombocytopenia and another had self-

limiting grade 3 hepatotoxicity. Of 18 patients, 3 demonstrated an objective response with a greater

than 50% reduction in serum prostate-specific antigen (PSA) lasting between 6 weeks and 12 months

(45). This was the first report of objective responses in a prostate cancer gene therapy trial.

A smaller trial treated four patients with RAd-HSV-TK/GCV prior to prostatectomy. Morphologi-

cal studies of the resected glands showed evidence of tumor necrosis and tumor infiltration by CD8
+

T lymphocytes, suggesting generation of an immune response to HSV-TK/GCV-mediated tumor cell

killing (46).

A further study in patients with locally recurrent prostate cancer examined the feasibility of mul-

tiple and/or repeated intratumoral injection of a RAd-HSV-TK vector with the aim of improving the

quantity and distribution of transgene expression. There were 52 patients treated with a total of 76

cycles of RAd-HSV-TK/GCV; 29 patients received multiple vector injections in a single treatment,

20 patients received two consecutive injections, and 4 patients were injected on three separate occa-

sions. Toxicity was mild in all patient groups, comprising grade 1–2 fever in 16 patients and grade I

thrombocytopenia in 3 patients, which resolved with discontinuation of GCV. There was no hepato-

toxicity and no evidence of additive or cumulative toxicity, confirming the safety of multiple and

repeat injections with a replication-deficient adenovirus vector. Of 28 patients assessed for evidence

of an antitumor response, a decrease in serum PSA of at least 44% was observed in 12, indicating

promising clinical activity (47).

An extended phase I/II study in patients with locally recurrent prostate cancer treated 36 patients

with repeated cycles of RAd-HSV-TK intratumorally, followed by systemic GCV. In 28 of 36 patients,

there was a 28% mean reduction in PSA after the first cycle of treatment. Repeat cycles led to further

decreases in PSA level. There was also a statistically significant increase in the mean percentage of

CD8
+
 T lymphocytes displaying markers of activation in patient serum following treatment. Biopsy

of treated glands demonstrated a correlation between the presence of apoptotic tumor cells and tumor-

infiltrating CD8
+
 T cells in the biopsy specimen, again suggesting that HSV-TK/GCV-induced cell

death may mediate a cytotoxic cellular immune response, and that multiple treatments are feasible

and well tolerated (48).

4.2.3. TK/GCV and Colorectal Cancer

Preclinical studies of the HSV-TK/GCV systems have shown promising results in murine models

of colorectal cancer, with marked bystander killing even when less than 10% of tumor cells express

TK (34). Further, a number of colorectal tumor-associated antigens have been identified that may serve

as potential targets for immune-mediated bystander effect (49).

A phase I clinical trial using an adenovirus vector to deliver HSV-TK via ultrasound-guided direct

intratumoral injection has been performed in patients with hepatic metastatic colorectal cancer (50).

There were 16 patients treated, with virus dose escalating from 1 � 10
10

 to 1 � 10
13

 particles, followed

by a fixed dose of GCV. Treatment was well tolerated, with no dose-limiting toxicity reported, con-

firming the safety of the adenovirus vector when delivered by the intratumoral route. Toxicity was

mild and in line with that seen in other trials using intratumoral injection of replication-deficient ade-

novirus vectors, largely comprising low-grade fever (12 patients), grade 1 hepatotoxicity (3 patients),
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and grade 2–3 bone marrow toxicity (4 patients). The early occurrence of these toxicities suggested

that it was related to the virus vector rather than GCV, which might be expected to occur later. In the

15 evaluable patients, no objective responses were seen, although 11 patients had disease stability 4

weeks posttreatment.

Notably, other locally ablative techniques used in the treatment of liver cancers are reported to

induce pathological necrosis without apparent reductions in tumor size on cross-sectional imaging,

highlighting the potential limitations of current techniques of response assessment. In this study,

6 patients underwent tumor biopsy before and after treatment. In 1 patient, there was extensive necro-

sis (but also residual viable tumor) 11 weeks after treatment. There was no necrosis in biopsies from

the other 5 patients, although these were taken at a later time (50).

4.2.4. Intracavitary Use of TK/GCV

Malignant mesothelioma and ovarian carcinoma present models of localized malignancy such that

regional delivery of treatment may provide a potential pharmacokinetic advantage (see Section 2.).

Similarly, intracavitary gene delivery may achieve extensive transduction of tumor cells. To this end,

clinical trials using adenovirus vectors encoding the HSV-TK gene delivered by intrapleural and

intraperitoneal instillation have been conducted.

In a phase I trial, 21 patients with malignant mesothelioma were treated with RAd-HSV-TK at 1 �

10
9
 to 1 � 10

12
 pfu into the pleural space, followed by intravenous GCV. Toxicity was minimal, with

fever, anemia, and transient elevation of liver transaminases. A strong intrapleural and intratumoral

inflammatory infiltrate was reported. Evidence of HSV-TK gene transfer was seen in 11 of 20 eval-

uable patients on pleural biopsy, increasing in a dose-dependent manner, although this was confined

to superficial layers of tumor. No formal assessment of objective responses was made (51).

A further trial examined the safety and feasibility of intraperitoneal instillation of an RAd-HSV-

TK vector in patients with recurrent ovarian cancer. Ten patients, having undergone debulking sur-

gery, were given the vector at 2 � 10
10

 to 2 � 10
13

 virus particles, followed by valacyclovir or acylovir

and intravenous topotecan. The treatment was well tolerated with no dose-limiting toxicity reported.

Myelosuppression occurred commonly, but was independent of virus dose and most likely chemo-

therapy related (52).

4.2.5. Summary

In summary, the HSV-TK/GCV combination has been widely investigated in clinical trials using

both retrovirus and adenovirus vectors administered by direct intratumoral or intracavitary routes in

a variety of tumor types. These trials confirmed the safety of the reagents. However, significant ther-

apeutic benefit has yet to be demonstrated. This is most likely limited by inefficient gene delivery.

Other limiting factors may include development of GCV resistance in transduced cells, poor bystander

effects between cells lacking gap junction communication, the high fraction of tumor cells in the G
0

phase of the cell cycle, and difficulty in achieving effective concentrations of GCV at the tumor site

without prodrug-related systemic toxicity.

Promising preclinical developments are being made to overcome some of these obstacles. For

example, cotransfection of gap junctional proteins dramatically increases local bystander killing in

vitro (53,54). Further, gap junctions can be upregulated by lovastatin and other drugs (55).

Other studies have demonstrated that activated GCV induces mostly apoptotic cell death, which

may not be optimal in generating immune responses to tumor-associated antigens. So, immune-medi-

ated bystander killing may be enhanced by combining TK/GCV with immunostimulatory molecules.

Other groups have attempted to improve the enzymic activity of TK. This may be done by utiliz-

ing the TK gene from other herpes viruses, for example, from equine HSV or human herpes virus 8,

which are reported to catalyze the phosphorylation of GCV more rapidly than HSV-TK (56,57). Alter-

natively, attempts to improve the catalytic activity of HSV-TK by random and site-directed mutagene-

sis have generated mutants with markedly increased activity compared to the wild-type enzyme (58,59).
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Improvements in enzymic activity may allow the use of lower, less-toxic doses of GCV or the use

of other prodrugs such as acyclovir or famcyclovir. Because these drugs can be administered orally,

this may allow more prolonged treatment than is possible with GCV so that a greater proportion of

tumor cells may enter the S phase and therefore be sensitive to the activated drug.

Other future directions for the development of the HSV-TK system include its use in combination

with other enzyme/prodrug combinations and with conventional therapies such as chemotherapy and

radiotherapy.

4.3. Cytosine Deaminase/5-Fluorocytosine

The cytosine deaminase/5-fluorocytosine (CD/5-FC) system, like TK/GCV, is based on the pro-

duction of a toxic nucleoside analogue. The CD enzyme is found in certain bacteria and fungi, but not

in mammalian cells. CD catalyses the hydrolytic deamination of cytosine to uracil. Thus, the nontoxic

antifungal drug 5-FC is converted to 5-FU by CD. 5-FU is widely used in the treatment of gastrointes-

tinal and other malignancies.

5-FU is further metabolized in a series of reactions to 5-fluoro-2'-deoxyiridine-5'-monophosphate,

which inhibits the enzyme thymidylate synthase to inhibit DNA and ribonucleic acid (RNA) synthe-

sis in an S-phase-specific manner. This presents a potential limitation to the success of CD/5-FC

given that only a fraction of tumor cells are in the appropriate phase of the cell cycle at a certain time.

In vitro studies demonstrated that expression of the CD gene via transfection or retroviral transduc-

tion results in up to 2000-fold sensitization to 5-FC in a range of cell lines compared to the parental

cells (60,61). Further, in vivo studies have demonstrated activity in several animal models, including

carcinomas, fibrosarcoma, and glioma (61–64).

Significantly, a profound bystander effect is seen both in vitro and in vivo. In vitro, this effect is

independent of cell–cell contact, suggesting an ability of 5-FU to diffuse out of and into cells. Indeed,

significant concentrations of 5-FU can be detected in the supernatant of CD-expressing cells treated

with 5-FC (62). Further, a bystander effect is observed in cell lines lacking gap junctions (65). In

murine xenograft models, significant tumor regression is observed when only 2% of cells express CD,

and very high intratumoral concentrations of 5-FU (>400 µM) are generated with few systemic side

effects. This compares to no tumor shrinkage in response to MTDs of systemic 5-FU in similar models

(62). Further, an immune-mediated distant bystander effect is observed; immunocompetent mice pre-

treated with CD/5-FC demonstrated significant resistance to rechallenge with wild-type tumor (63,66).

Several clinical trial protocols utilizing CD/5-FC have been approved. The first reported study

utilized direct injection of plasmid DNA encoding the Escherichia coli CD gene under the control of

the c-erbB-2 promoter into cutaneous recurrent c-erbB-2-positive breast cancer nodules. In the study,

12 women received CD-plasmid DNA into one nodule along with control plasmid DNA and mock

injection into two further nodules, followed (in 8 cases) by systemic 5-FC. Treated nodules were

biopsied 1 and 7 days later and analyzed for CD expression by immunohistochemistry and messen-

ger RNA in situ hybridization. The treatment was safe and well tolerated. Specifically, there was no

evidence of anti-DNA antibody formation. Tumor-selective CD expression was detected in 11 of 12

patients. In all cases, this was restricted to tumor cells with no detectable expression in surrounding

stroma, lymphocytes, or endothelium. Four patients showed evidence of tumor shrinkage. In 1 of

these patients, this was restricted to the CD-injected lesion and followed 5-FC treatment. In another,

there was regression also in the control lesions. In 2 patients, there was regression in the CD-injected

lesions even without exposure to 5-FC. These responses may reflect the immunogenicity of CD itself.

However, because spontaneous regression of cutaneous breast cancer nodules is not uncommon, inter-

pretation must be made with caution (67).

A phase I trial of a replication-defective adenovirus carrying the E. coli CD gene (Ad-GVCD-10)

given intratumorally followed by oral 5-FC to patients with hepatic metastatic colorectal cancer is

under way. Dose escalation to a maximum of 2 � 10
9
 pfu is planned. The trial has two arms, one of
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which is treated with vector and prodrug only; in the other, the tumor is excised after treatment so

that histological and molecular analyses can be undertaken. Results are awaited (68).

A genetically modified Salmonella typhimurium with deletions of msbB and purl genes, altering

the bacterial lipopolysaccharide to attenuate its pathogenicity can preferentially colonize, replicate

in, and lyse tumor cells up to 1000-fold more readily than in normal tissue. A phase I trial with this

bacterium (VNP20009) delivered by direct intratumoral or intravenous injection demonstrated it is

safe and well tolerated. A further modification has been made to VNP20009 with the insertion of the

E. coli CD gene so that it acts as a prodrug-activating gene therapy vector. Preclinical studies have

verified that this vector (TAPET-CD) is safe and can result in generation of high levels of 5-FU

exclusively in the tumor following 5-FC treatment. A phase I trial is under way (69).

In summary, the efficacy of the CD/5-FC combination, with a profound bystander effect, has been

confirmed in vitro and in vivo. Early phase clinical trials are in progress, although as yet most remain

unreported.

In common with TK/GCV, CD/5-FC generates an immune-mediated distant bystander effect, sug-

gesting a potential role for combining this system with immunotherapy. Indeed, the combined use of

adenovirus-delivered CD and granulocyte-macrophage colony-stimulating factor in immunocompe-

tent mouse tumor models is reported to result in enhanced tumor shrinkage and greater immunity to

tumor rechallenge than from adenovirus-delivered CD alone (70).

Conventional 5-FU chemotherapy is frequently used as a radiosensitizing agent. In vitro and in

vivo studies suggested that CD/5-FC may have a similar favorable interaction with radiotherapy, and

this may present a fruitful combination in future clinical trials (71,72). Similarly, additive or even

synergistic interactions with conventional chemotherapy or other enzyme-prodrug systems may be

seen (73). Combination of the pyrimidine salvage pathway enzyme uracil phosphoribosyl transferase

with CD has been shown to enhance the antitumoral effect in vitro, probably by increasing the turn-

over of 5-FU to 5-fluoro-2'-deoxyiridine-5'-monophosphate, thereby accelerating a rate-limiting step

in the conversion of 5-FU to its cytotoxic metabolite. An adenovirus vector encoding a CD/uracil

phosphoribosyl transferase fusion gene has been constructed and may aid the clinical development of

the CD/5-FC system (74).

Although the use of direct intratumoral gene transfer to well-defined hepatic colorectal metastases

provides a useful demonstration of in vivo gene transfer, its clinical utility is limited. A more useful

scenario might be in the adjuvant setting and the treatment of hepatic micrometastases. This requires

regional delivery of the CD gene via the hepatic blood supply so that 5-FC is converted to 5-FU at

high concentration in the liver, where it can diffuse locally to suppress the growth of cancer cells.

Because 5-FU is cell cycle specific, toxicity to noncycling hepatocytes should be minimal. The safety

and feasibility of this approach have been demonstrated in preclinical studies using adenovirus-deliv-

ered CD, so clinical trials are warranted (75).

4.4. Nitroreductase/CB1954

CB1954 [5-(aziridin-1-yl)-2,4-dinitrobenzamide] first stimulated interest when it was found to be

highly active against Walker rat 256 tumor xenografts, mediated by DT-diaphorase, which is able to

convert CB1954 from a weak monofunctional alkylating agent to a highly potent bifunctional cyto-

toxic agent that is up to 100,000 times more potent than the prodrug (76). Further, CB1954 is a poor

substrate for human DT-diaphorase, which differs from its rat counterpart with a glycine for tyrosine

substitution at residue 104, so it is not converted to the active species in human tissues (77). Subse-

quent studies have demonstrated that the enzyme nitroreductase (NTR), encoded by the nfsB gene of

E. coli B, can perform this bioreduction 100-fold more efficiently than rat DT-diaphorase (78). These

properties make the combination of NTR/CB1954 exploitable by a VDEPT gene therapy approach.

A replication-defective adenovirus vector encoding the bacterial ntr gene under the control of the

strong CMV immediate early promoter (CTL102) has been constructed. Preclinical studies have shown
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that adenoviral delivery of NTR to a range of human cancer cell lines sensitizes them to CB1954 by

500- to 2000-fold compared to the parental cell line (79). Further, in an in vivo xenograft model of

peritoneal pancreatic cancer (Suit-2), a doubling in median survival was seen in mice treated with

virus and CB1954 compared to controls (p < 0.0001).

In vitro cell-mixing experiments using unmodified and NTR-expressing tumor cell lines have

demonstrated significant sensitization of the total cell population to CB1954 when only 5% of cells

express NTR (80). Similarly, in vivo murine xenograft models show a significant antitumor effect and

prolonged survival in which only 5% of cells express NTR, confirming a significant bystander effect

(81). Unlike GCV, activated CB1954 transfers to adjacent cells via a gap junction-independent mech-

anism. This may be clinically relevant because human tumors frequently lack functional gap junctions.

Activated CB1954 forms a relatively high proportion of interstrand DNA crosslinks compared to

other alkylating agents (82). This lesion is reported to be a unique C8–O6 DNA crosslink that is

poorly repaired, which may explain the marked toxicity of CB1954 and its lack of cross-resistance

with other cytotoxic agents (83).

Unlike the active species generated by TK/GCV and CD/5-FC systems, which are both antimetab-

olites and are therefore cell cycle specific, activated CB1954 has the potential advantage of being non-

phase specific and can kill noncycling cells (84). Further, conversion of CB1954 to the active species

relies on an intracellular cofactor NADH (nicotinamide adenine dinucleotide phosphate), increasing

safety because no extracellular activation can occur.

The use of the prodrugs GCV and 5-FC is well characterized from their extensive use as antiviral

and antifungal drugs, respectively. This is not the case for the prodrug CB1954. Because VDEPT has

three potential sources of toxicity (prodrug alone, vector alone, and prodrug-vector combination), a

phase I and pharmacokinetic study of CB1954 has been undertaken. Dose-limiting toxicity consisted

of asymptomatic transaminitis and diarrhea. However, a dose of 24 mg/m
2
 could be administered

intravenously without significant side effects. The mean peak serum concentration of CB1954 at this

dose was 6.3 µM. Preclinical data have demonstrated IC
50

’s for CB1954 in the range 0.5–5 µM, sug-

gesting that delivery of prodrug should not be the dose-limiting component of this system (85).

A further study addressed the safety and feasibility of intratumoral administration of the adenovi-

rus-NTR vector CTL102. In this phase I dose escalation study, patients with primary or secondary

(hepatic metastatic colorectal) liver cancer were treated with CTL102 prior to surgical resection so

that efficiency of transgene expression could be assessed in the entire resected tumor (86).

A single dose of 1 � 10
8
 to 5 � 10

11
 virus particles was given to 18 patients. Grade 1 pyrexia (<38.5°C)

was observed in 4 patients between 4 and 8 hours postinoculation, unrelated to dose received. No

dose-limiting toxicity was observed. In common with similar trials using replication-defective ade-

noviruses, vector DNA was detectable only transiently in patient blood, and robust antivector anti-

body responses were mounted. Immunohistochemical staining for NTR in resected tumors confirmed

transgene expression increasing in a dose-dependent manner. NTR was clearly present in tumor

cells, and fibroblasts and lymphoid cells within the tumor mass. Staining for the coxsackie and adeno-

virus receptor (CAR) showed that expression was high throughout the tumor, so that uptake of virus

was unlikely to be limited by a lack of primary virus receptor. The high level of tumoral NTR expres-

sion seen in this study has prompted further studies in patients with nonresectable tumors, who will

receive CTL102 followed by intravenous CB1954 to look for evidence of antitumor efficacy. Identi-

cal studies are under way in patients with prostate cancer and head and neck cancer.

It is widely reported that other VDEPT systems (TK/GCV and CD/5-FC) can generate an immune-

mediated bystander effect. Data suggest that the same may occur in response to NTR/CB1954. The

use of an adenovirus vector encoding NTR and granulocyte-macrophage colony-stimulating factor

in a murine colorectal cancer model showed an improved antitumor response compared to either

modality alone, suggesting this is a potentially useful approach for future clinical trials (87). Fur-

ther, in vitro data showed a potentially synergistic interaction between CB1954 and 5-FU, so that the
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combination of NTR/CB1954 with CD/5-FC or with conventional chemotherapy may be clinically

useful (87a).

4.5. Other Enzyme/Prodrug Combinations

Ongoing research on other enzyme/prodrug systems is still in the preclinical stage, including cyto-

chrome P450/cyclophosphamide, carboxypeptidase G2/4-[(2-mesyloxyethyl)(2-chloroethyl)amino]-

benzoyl-L-glutamic acid, and carboxylestease/irinotecan. These are reviewed in detail in Chapter 7.

A phase I/II clinical trial in patients with inoperable pancreatic cancer used modified allogeneic

cells expressing a cytochrome P450 enzyme delivered angiographically to the tumor vasculature to

activate systemically administered ifosfamide. In 4 of 14 patients, there was evidence of tumor regres-

sion; in the other 10 patients, disease was stabilized. Median survival was doubled compared to his-

torical controls. Based on these results, further studies are warranted (88).

Another study utilized a retroviral vector encoding cytochrome P450 injected directly into cutane-

ous metastatic nodules of breast cancer or melanoma to activate systemically administered cyclo-

phosphamide. There were 12 patients treated with vector 5 � 10
5
 to 5 � 10

7
 pfu/mL. Treatment was

safe and well tolerated. Gene transfer was detected in biopsies at all dose levels. One patient had a

partial response, and 2 patients achieved disease stability (89).

5. THE USE OF ENZYME/PRODRUG THERAPY IN OTHER SETTINGS

As well as extensive investigation of enzyme/prodrug therapy in the treatment of a variety of human

cancers, the attributes of this system may also be exploited for benefit in other clinical settings.

5.1. Prevention of Graft-vs-Host Disease in Allogeneic Bone Marrow Transplant

A common complication of allogeneic bone marrow transplantation (BMT) is graft-vs-host disease

(GVHD) mediated by alloreactive T cells in the donor marrow. However, depletion of donor T cells

results in immune impairment and loss of graft-vs-leukemia effect.

In a model in which transgenic mice express HSV-TK in T cells, it has been shown that GCV can

selectively eliminate dividing T cells. Immediately post-BMT, most activated T cells are alloreactive

and, because they are dividing, should be susceptible to cell cycle-specific activated GCV. TK expres-

sion in donor T cells, followed by early, transient treatment with GCV may therefore allow elimina-

tion of T cells mediating GVHD while preserving an otherwise normal T-cell pool (90).

This approach has been investigated in clinical trials. For example, eight recipients of T-cell-depleted

BMT were then treated with donor T cells transduced ex vivo to express HSV-TK. Significant graft-

vs-leukemia effect was seen in five patients, indicating functional T cells. Three patients developed

GVHD, which was successfully controlled by GCV (91).

5.2. Purging Bone Marrow of Tumor Cells Prior to Autologous BMT

Contaminating tumor cells in hemopoietic cell preparations contribute to the failure of autologous

stem cell rescue in patients with neuroblastoma. Preclinical studies using an adenovirus vector to

deliver the carboxylesterase gene to a mixed cell population demonstrated sensitization of the neuro-

blastoma cells to the prodrug irinotecan with sparing of hemopoietic progenitor cells. Interestingly,

no bystander killing of these progenitors was observed. This method may therefore offer a novel

protocol for purging tumor cells prior to bone marrow autograft (92,93). Assessment of purging effi-

cacy in bone marrow samples from patients with neuroblastoma is under way.

5.3. Treatment of HIV Infection

In vitro studies demonstrate that CD4-positive T cells expressing HSV-TK under control of HIV-1

long terminal repeat (LTR) are protected from HIV in the presence of acyclovir because active metabo-
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lites inhibit HIV reverse transcriptase and mediate cell death. There may be scope, therefore, for appli-

cation of this treatment for HIV-limiting therapy (94).

5.4. Treatment of Vascular Pathology

Arterial injury, such as following angioplasty, may be complicated by vascular proliferative dis-

orders mediated by accumulation of vascular smooth muscle cells, resulting in restenosis. Studies

have shown that infection of smooth muscle cells by a recombinant adenovirus encoding the TK

gene can sensitize them to GCV. Porcine studies have shown this to be a safe and feasible treatment

capable of reducing intimal hyperplasia in response to vascular injury (95).

Similarly encouraging results have been reported with the use of adenovirus-delivered cytosine

deaminase, followed by exposure to 5-FC (96).

6. FUTURE DIRECTIONS FOR ENZYME/PRODRUG THERAPY

Clinical experience in the use of enzyme/prodrug gene therapy is expanding. Several enzyme/pro-

drug combinations have been investigated using a variety of gene delivery vectors. In general, these

studies have confirmed the safety of this approach, although evidence of antitumor responses is, so far,

sparse. Current strategies require further refinement to achieve clinically significant efficacy. This

may be achieved by several means.

6.1. Improving the Low Efficiency of Gene Transfer

The major limitation of current enzyme/prodrug strategies is the low level of transgene expression

achieved using current vector technology. Genetically modified oncolytic viruses, including ade-

noviruses, herpes simplex virus, and reovirus, have been developed and tested. These viruses require

key tumorigenic pathways to be mutated for viral replication and hence can selectively replicate in

and lyse tumor cells while sparing normal cells. Clinical trials are under way. These vectors are

described more fully in Chapters 13–16. Replicating virus vectors may have the potential to improve

on the disappointingly low gene transfer efficiency seen in clinical trials to date given their potential

to infect a greater proportion of tumor cells. It is attractive, therefore, to combine such viruses with

prodrug-activating enzymes by inserting the appropriate complementary DNA into the vector.

Preclinical studies using the combination of a replicating HSV vector encoding the TK gene have

been performed. In a colorectal cancer model, the addition of GCV actually reduced the cytotoxic

effect of the oncolytic vector, probably because of the antiviral activity of the activated drug (97).

More encouraging results have been reported with E1B-attenuated adenovirus vectors encoding a

combination of CD and TK. Data showed that the vector alone was cytotoxic, but the addition of both

5-FC and GCV did further enhance cell killing (98). Similar data are emerging with the combination of

a replicating adenovirus vector and NTR/CB1954 (Ming-Jen Chen, 2003, personal communication).

Future clinical studies will address the optimum combination of replicating vector and prodrug-

activating gene insert to maximize therapeutic potential.

6.2. Improving the Potency of Antitumor Effect

One of the approaches to improve the potency of antitumor effect is to combine enzyme/prodrug

therapy with conventional chemotherapy and radiotherapy. A synergistic antitumor effect has been

reported between HV-TK/GCV and the topoisomerase I inhibitor topotecan. Similarly, oncolytic ade-

novirus encoding prodrug-activating enzymes used in conjunction with radiotherapy show a syner-

gistic interaction, with evidence that radiotherapy may enhance viral replication within tumors (99).

Another way to augment the antitumor effect is to enhance the bystander killing. This may be done

using measures to increase cell–cell communications or to provoke cell-mediated immunity to tumor

cells (100).
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6.3. Specific Gene Expression

at the Tumor Site to Avoid Toxicity to Normal Tissue

To limit specific enzyme expression to the tumor site, tumor- or tissue-specific promoters such as

carcinoembryonic antigen, prostate-specific antigen, or �-fetoprotein can be used. Also, the use of

replicating virus vectors, which exploit differences in tumor cell biology for their selective replica-

tion, may facilitate gene delivery to the tumor.

6.4. Systemic Targeting of Gene Transfer to Multiple Tumor Sites

Virus vectors may be retargeted to specific tumor receptors to allow systemic targeting of gene

transfer. Adenovirus fiber may be modified to block its interaction with CAR and to introduce a novel

receptor interaction. For example, a bispecific antibody that at one end binds to and blocks fiber and

at the other end interacts with cell surface folate receptor has been shown to retarget adenovirus to a

range of tumor cell lines that overexpress this receptor. Importantly, because the folate receptor is

internalized following ligation, virus internalization is maintained (101,102). This approach is cur-

rently limited by rapid sequestration by the reticuloendothelial system before vectors reach their tar-

gets. A further problem is that viral vectors can be immunogenic, which may prevent their repeated

administration. A novel way to circumvent these problems is to coat adenovirus with an inert polymer

such as N-(2-hydroxypropyl)methacrylamide. As well as reducing antiadenovirus immune responses,

the polymer coat prevents interaction with CAR, thus inhibiting virus infection. The incorporation of

specific ligands into the polymer could then facilitate retargeting to specific tumor receptors (103).

6.5. Safety of Viral Vectors: Avoiding Overwhelming Virus Infection

Safety of gene therapy vectors remains a concern, especially when viral vectors are used. For adeno-

virus, viral clearance is dependent on the immune system. Therefore, in screening patients for these

clinical trials, those who are immunocompromised should be excluded. Safety may potentially be

improved by the development of “gutless” or helper-dependent virus (104), chimeric virus (105),

minivirus (106), or complementary oncolytic virus (107).

6.6. Noninvasive Monitoring of Transgene Expression

It is critical that noninvasive imaging systems are developed that can detect transgene expression

in vivo and evaluate the pharmacokinetics of gene therapy vectors to allow thorough pharmacological

studies. Through such analysis, gene therapy efficacy may be better quantified and evaluated (108)

(see Chapter 27).

7. CONCLUSIONS

Although preclinical results of enzyme/prodrug gene therapy have been promising, obstacles remain

in the path of its clinical development. To fulfill its potential, there are several innovative develop-

ments that will improve results.

It is likely that gene therapy will be integrated with existing treatment modalities. The envisaged

future practice for cancer treatment may involve a multimodality approach, integrating curative or

debulking resection, followed by adjuvant therapies, including concurrent or sequential gene therapy,

chemotherapy, and radiotherapy.
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1. INTRODUCTION

The idea of exploiting the immune system to treat tumors (cancer immunotherapy) is at least a

century old. Immunotherapy is generally classified into two functional approaches: Passive immuno-

therapy administers preformed elements of the immune system (tumor-reactive antibodies, antitumor

cytokines, or tumoricidal effector cells) to patients with the intent that these agents will directly attack

the cancer cells. Active immunotherapy (including tumor vaccines and immunostimulatory cytokines)

is intended to stimulate the patients’ immune system to generate effective antitumor immunity. Both

passive and active immunotherapies are integral parts of modern medical practice for problems as

diverse as the treatment of snakebites and the prevention of infectious diseases. Yet, for cancer, the

role of the immune system and immunotherapy has been a topic of spirited debate for the last 50

years (1). Major points of contention have been whether tumor cells are immunogenic in their host of

origin and whether the immune system is capable of controlling or eradicating malignant cells.

At present, the argument seems to have swung in favor of cancer immunotherapy, partly because

of better understanding of tumor biology as well as the mechanisms operating to regulate effective anti-

tumor immune responses (2). Indeed, it has been proposed that the immune system exerts a selective

pressure that shapes the characteristics of tumors that “evolve” into clinical problems in much the same

way that host immune responses are believed to influence evolution of microbial pathogens (1,3,4).

If cancer cells are susceptible to control by the immune system, then the success of cancer immuno-

therapy may simply be a matter of getting a jump on tumor “escape” from immunosurveillance.

Credit for the first active immunotherapy trial is generally given to Coley (5), who injected tumors

with killed bacteria in the late 19th and early 20th centuries. Later trials injected tumors with other

agents that induce general inflammatory responses (such as the BCG strain of Mycobacterium bovis or

viruses) or vaccinated cancer patients with whole-tumor cell preparations (6). Although some patients

appeared to benefit from these early immunotherapies, overall success rates were disappointing.

Following the development of B-cell hybridoma and monoclonal antibody technology in the late

1970s, patients were treated by passive immunotherapy with purified mouse monoclonal antibodies

reactive with defined tumor antigens. About the same time, the immunostimulatory lymphokine inter-

leukin-2 (IL-2) was cloned, leading to the first clinical trials of immunotherapy with a recombinant

cytokine (7). Recombinant deoxyribonucleic acid (DNA) technology led rapidly to trials of other

cytokines that promote immune antitumor activity or mediate direct antitumor effects (6). The same

technology led to the production of recombinant tumor antigen proteins for tumor-specific vaccines.

Yet, despite the increasing sophistication of immunotherapy strategies based on administration of

recombinant proteins, successes as judged by tumor control are relatively few. More important, admin-

istration of some recombinant cytokines in clinical trials has been accompanied by severe, even life-

threatening, toxicities (8).
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Gene therapy has the potential to deliver immunotherapeutic modalities in both a more effective

and a less-dangerous manner. The administration of genes encoding therapeutic proteins can allow

for more “natural” sustained protein levels in vivo, reducing problems with cytokines that are toxic at

high concentrations but exhibit short circulating half-lives. Genetic immunotherapy also circumvents

the need to produce and purify large amounts of recombinant proteins, a process that can impede

initiation of human trials. For tumor vaccines, genetic delivery also can result in immune recognition

of antigens in a manner more conducive for initiating the effective antitumor immune responses.

These are some of the reasons that gene therapy approaches have been enthusiastically embraced in

the development of contemporary immunotherapy strategies.

This chapter provides an overview of the immune system as it relates to cancer and then briefly

introduces some of the genetic immunotherapy approaches investigated in animal models and human

trials to date. Table 1 presents a few examples of genetic immunotherapy in contemporary human

clinical trials. Other chapters in this book provide more detailed discussions of the vectors and spe-

cific therapeutic strategies developed and tested to date.

2. TUMOR IMMUNOLOGY

2.1. Immune Effector Mechanisms

Elements of the immune response are classified in two basic ways: innate and adaptive (acquired).

In simplified terms, adaptive immune responses result from antigen “education” of the immune sys-

tem, whereas for innate responses the knowledge is “inherited.” In innate immune responses, effector

activity is triggered via ligation of receptors encoded by germline genes. Adaptive immune responses

depend on the diverse variable antigen receptors expressed by T and B cells, which are assembled by

somatic recombination of germline gene elements. The innate immune response can be envisioned as

a frontline immune defense mechanism that has evolved by “profiling” suspect antigens, whereas

acquired immunity is a delayed response tailored to a particular encountered antigen. Both innate and

adaptive arms of the immune responses have been implicated in cancer immunosurveillance. Fur-

thermore, each may influence the response of the other arm (1). Table 2 lists the effectors of each

type thought to be involved in tumor immunity.

Table 1

Examples of Clinical Trials Using Genetic Immunotherapy in Cancer Patients

Nonspecific immune stimulation

Immune stimulatory cytokines Intratumoral injection of the gene encoding IL-12

Immune costimulatory receptors/ligands Intralesional recombinant fowlpox encoding

costimulatory molecules ICAM-1, LFA-3, and B7.1

Genetic vaccines

Vector-encoded tumor antigen genes Recombinant vaccinia virus expressing HPV 16 and 18

E6 and E7 genes

Gene-modified dendritic cell vaccines Autologous DCs transduced with adenovirus expressing

MART-1

Gene-modified whole-tumor cell vaccines Autologous tumor cells modified with the CD80 (B7.1)

costimulatory molecule gene

Modified immune effector cells

Gene-modified T cells Allogeneic lymphocytes transduced with gene encoding

a chimeric TCR reactive with folate-binding protein

Trials listed on the NCI Clinical Trials PDQ
®

 website (http://www.cancer.gov/clinicaltrials/) on December 6, 2002.
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2.1.1. Innate Immunity

The innate immune response has had a somewhat controversial history with respect to effective

antitumor immunity. Natural killer (NK) cells were first described as lymphoidlike cells that mediate

killing of some tumor cells in a major histocompatibility complex (MHC)-unrestricted manner (mean-

ing that classical T-cell receptors [TCRs] were not implicated in the cytotoxicity). NK cell cultures

treated with the immunostimulatory cytokine IL-2 (termed lymphokine-activated killer cells, LAK)

generated cytolytic effector cells capable of killing an even wider variety of tumor cell targets, again

in an MHC-unrestricted manner.

There are at least three classifications of lymphoid cells that have been shown to be capable of

MHC-unrestricted tumor cell killing in various experimental systems: NK cells, which do not express

TCR; natural killer T (NKT) cells, which express restricted repertoires of ��-TCRs; and the relatively

rare ��-TCR lymphocytes (1,2,9,10). Each of these lymphoid effectors can be distinguished by cell sur-

face phenotypes, mechanisms of tumor cell recognition and killing, and phenotypes of tumor cell tar-

gets susceptible to attack. In addition to innate tumor cytolytic activity mediated by direct cell–cell

interactions, these lymphoid innate immune effectors may affect tumor growth by secretion of cyto-

kines (such as interferon-�) that either directly inhibit tumor cell proliferation or modulate tumor cell

MHC and antigen expression to enhance adaptive immune responses.

Immune cells of the myeloid lineage, monocytes/macrophages and neutrophils/granulocytes, also

have a long history of study as mediators of tumor control and tumor cell killing. Both of these effec-

tor cell types express receptors for immunoglobulin G and are capable of mediating antibody-depen-

dent cellular cytotoxicity against tumor cells opsonized with antibodies (see Section 2.1.2.). However,

some experiments suggest that these myeloid effector cells can also mediate “innate” antitumor sup-

pressive activities, either by direct cell–cell contact-dependent cytolytic mechanisms or by secretion

of tumor-suppressive factors (10). On the other hand, there is evidence that tumor-associated macro-

phages may suppress the development of adaptive antitumor immune responses.

As discussed above, one aspect of the innate immune response to tumors is the induction of tumor-

suppressive cytokines. For example, interferons (IFNs) of both type I (IFN-� and IFN-�) and type II

(IFN-�) can directly inhibit tumor cell growth in experimental models (6), and specific interferon ther-

apies have been approved by the Food and Drug Administration for some malignancies (Roferon
®

,

Intron
®

). But, perhaps more important is the induction of cytokines and chemokines that promote the

activation of adaptive immune responses to tumors (1).

Table 2

Effectors of Antitumor Immune Responses

Innate immunity

NK cells

LAK cells

NKT cells

��-T cells

Monocytes/macrophages

Neutrophils/granulocytes

Cytokines

Adaptive immunity

B cells

��-T cells

Cytokines
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2.1.2. Adaptive Immunity

Adaptive (or acquired) immune responses are dependent on ��T- and B-cell antigen receptors

(��-TCRs and BCRs, respectively). TCRs and BCRs are generated by somatic recombination of mul-

tiple possible germline gene elements (V, D, J, C). Diversity of antigen specificity is provided by the

large numbers of receptor variable region gene elements available for recombination and by somatic

mutations and joining region degeneracy, which create additional unique receptor sequences. The

adaptive response is established by antigen-driven clonal selection of cells expressing receptors with

appropriate affinity for antigen, by costimulation with necessary second signals, and usually by the

generation of memory B or T cells.

The BCR is a membrane-bound form of the secreted antibody, which is the effector arm of the B-

cell adaptive response. Antibodies can mediate at least three types of effector activity against tumor

cells. Complement-dependent cytolysis (CDC) is effected by activation of the complement cascade by

antibody bound to the target cell surface. The role of CDC in tumor immunity is controversial; although

tumor CDC can be demonstrated by in vitro experiments, it is less certain that effective CDC operates

in vivo, and most cells (including tumor cells) express membrane regulators of complement that inhibit

efficient complement lysis (10). Antibody-dependent cell-mediated cytolysis is mediated by immune

effector cells that express receptors for the Fc portion of immunoglobulin G antibodies (Fc�R), includ-

ing NK cells, macrophages/monocytes, and granulocytes. Antibodies to certain tumor cell antigens

may also directly mediate antitumor effects in the absence of complement or Fc�R effector cells. This

has been demonstrated for certain antibodies specific for receptors involved in growth or prolifera-

tion or cell survival, including the Her2/neu/erbB2 epidermal growth factor family receptor expressed

by several solid tumors (11) and the CD20 molecule expressed by many B-cell lymphomas (12).

The ��-TCR participates in multiple pathways of the adaptive immune response (13). CD4
+
 T-

helper cells, which recognize peptide antigens presented in the context of MHC class II molecules,

are important in the amplification and regulation of antigen-specific immune responses initiated by

antigen-presenting cells. The nature of the T-helper cell response modulates the relative response of

B cells (antibody production) and cytotoxic T lymphocytes (CTLs) to a given antigen. Classical CTLs

are CD8
+
 CD3

+
 T cells that recognize antigen peptides in the context of MHC class I. Tumor cells

frequently express MHC class I, but not class II; however, participation of appropriate MHC class II-

recognizing T-helper cells may be necessary to generate a robust CTL antitumor response (10).

The balance between MHC class I and class II presentation to ��-T cells in part directs the bal-

ance between antibody and CTL responses to a given antigen. This is influenced by the manner in

which T or B lymphocytes interact with the antigen-presenting cell (APC). APCs in which the anti-

gen is endogenously expressed (such as tumor cells expressing their own antigens) favor MHC class

I peptide presentation, which in turn can promote activation of antigen-specific CTLs. APCs in which

the antigen is exogenously taken up (such as by macrophage phagocytosis) favor MHC class II pep-

tide presentation, which in turn favors activation of antigen-specific CD4
+
 T cells, which may pro-

mote antigen-specific B-cell antibody responses, CTLs, or even immune suppressor T cells.

The final outcome of either BCR or ��-TCR antigen recognition depends in part on ancillary

stimuli, including cytokines and costimulatory molecule engagement between APCs and the respond-

ing B or T cells. It is experimentally suggested that certain strategies for tumor antigen immunization

promote B-cell antibody responses to the detriment of CTL responses and vice versa. Genetic immu-

notherapy allows for latitude in tumor antigen expression mechanisms to investigate such differences

and to translate them into clinical trials for effective tumor immunity.

2.1.3. Dendritic Cells

Dendritic cells (DCs) are potent regulators of both innate and adaptive immune responses (14–16).

In the adaptive immune response, DCs represent the most effective type of APC for MHC class I and

class II peptide antigen presentation to lymphocytes. In the innate immune system, DCs respond

directly to microbial products and other inflammatory stimuli to secrete immune-enhancing cytokines
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and to activate effectors such as NK and NKT cells. Although DCs have been most studied as initia-

tors of immune responses, there is also accumulated evidence that these cells can directly participate

in the induction of immune tolerance, which should be avoided for most cancer immunotherapies,

but may be desirable for immunotherapies directed at autoimmune syndromes or allergies.

2.2. Tumor Antigens

There is much accumulated evidence that most tumors are immunogenic. In animal models, this

can be readily demonstrated by the development of tumor-specific immunity to syngeneic experimen-

tal tumors. In humans, cancer patients frequently develop spontaneous immunity to their own tumors

(17). This immunogenicity has facilitated the identification of tumor antigens that may be suitable

for targeted immunotherapy.

2.2.1. Self- vs Non-Self-Antigens

Although the majority of tumor antigens identified to date are “self-antigens,” some malignancies

are known to express antigens that should be recognized as “foreign” by the host (18,19). One cate-

gory of foreign antigens expressed by cancer cells is viral antigens. These are frequently the products

of agents thought to initiate malignant transformation, such as Epstein-Barr virus in some B-cell

lymphomas, human papilloma virus (HPV) in cervical carcinoma, and hepatitis C virus in hepatocel-

lular carcinoma. Other virus-derived tumor antigens are products of endogenous retroviruses such

as murine leukemia virus (MuLV) in mice (20) and human endogenous retrovirus (HERV)-K10 in

humans (21,22), although it is debatable that these represent true “foreign” antigens considering that

the proviral sequences have been present in the host genomes for millions of years.

A second category of non-self-antigens includes neoantigens created by acquired point mutations

or chromosomal translocations in tumor cells (18,19). Common examples include mutations in the

tumor suppressor p53 or the proto-oncogene RAS, which frequently occur in multiple types of cancer,

and the oncogenic fusion protein created by the BCR/ABL translocation, which is characteristic of

chronic myeloid leukemia.

However, most tumor antigens are products of unmutated host genes (self-antigens), and their utility

as immunotherapy targets resides primarily in the fact that they are aberrantly expressed by tumor

cells. For some antigens, aberrant expression has been shown to provide a growth advantage for the

malignant cells, such as Her2/neu/erbB-2 overexpression in breast, ovarian, and other carcinomas

(11). For other antigens, biological advantages of expression are less clear, but nonetheless distinct

from that of normal tissues. Carcinoembryonic antigen is an example of an oncofetal antigen normally

expressed during fetal development and by a restricted set of normal adult cells, but overexpressed

by many adenocarcinomas (23). Similarly, differentiation or lineage-restricted antigens are expressed

by normal terminally differentiated cells, but aberrantly expressed by tumors, such as the MART-1

and gp100 antigens in normal melanocytes as well as malignant melanoma (18). A recently recog-

nized type of unmutated tumor antigen is the cancer-testis antigen, which has expression that is

normally restricted to the testis or sperm, but like the NY-ESO-1 antigen in melanoma, is expressed

by malignancies of seemingly unrelated lineages (18).

The distinction between self- and non-self-antigens has significance for the design of tumor vac-

cines (active specific immunotherapy) as well as passive immunotherapies. First, immune responses

to non-self- (foreign) antigens like viral products or mutated proteins are generally easier to elicit.

However, the delineation between self- and non-self-antigen is not absolute, as evidenced by the

common expression of spontaneous immune responses to unmutated “self” tumor antigens in cancer

patients. Second, the induction of robust immune responses to tumor antigens expressed by normal

tissues can potentially lead to pathological autoimmunity. For example, some melanoma vaccine trials

have resulted in vitiligo, the autoimmune destruction of normal melanocytes (18). To date, serious auto-

immune reactions have not been reported in cancer vaccine trials, but severe toxicities to nontargeted
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normal tissues have been observed in passive immunotherapy trials using tumor antigen-specific

monoclonal antibodies conjugated to toxins or radiochemicals (24).

2.2.2. B-Cell vs T-Cell Antigens

Another way to classify tumor antigens is based on the type of adaptive immune responses elic-

ited, that is, either antibodies (produced by B cells) or CTLs. Antibodies recognize a wide variety of

antigens and epitopes, including both contiguous and noncontiguous peptide domains, carbohydrates,

gangliosides, and modified peptides such as phosphorylated amino acids. By contrast, classical CTLs

recognize linear peptides (8–12 residues) generated by proteolytic processing of antigens. This fun-

damental difference is explained by the nature of antigen receptors expressed by B cells and T cells.

The BCR is a membrane-bound version of the antibody that can bind to and respond to unprocessed

antigens of almost any chemical composition. In contrast, classical ��-TCRs recognize antigens as

processed peptides presented in association with MHC class I or II molecules on the surface of APCs

and ultimately the target tumor cells. Whereas the repertoire of potential tumor antigen targets for

antibodies is much larger than that for CTLs, the antitumor activity of CTL responses is generally

regarded as more potent for cancer control than antibody.

2.3. Tumor Escape Mechanisms

It is evident that tumors develop and expand even in the presence of measurable host antitumor

immune responses. Multiple mechanisms have been implicated in the ability of tumors to escape or

evade what might otherwise be effective immunity (1,2,4,10,25). One is the loss of MHC class I anti-

gen expression, which would preclude antitumor CTL activity. Another is loss of tumor antigen expres-

sion, which would circumvent both antibody and CTL arms of the adaptive immune response. Many

tumors have also been shown to produce cytokines and other mediators that are immunosuppressive

(including IL-4, IL-10, transforming growth factor-�, vascular endothelial growth factor, ganglio-

sides) and could either prevent initiation of the antitumor immune response or thwart an established

response. Tumors have also been reported to acquire resistance to apoptosis through defective death

receptor signaling, as well as to induce apoptosis of tumor antigen-activated T cells. Design of novel

cancer immunotherapy strategies must take these tumor escape mechanisms into account.

3. GENETIC IMMUNOTHERAPY

BY NONSPECIFIC IMMUNE STIMULATION

The term nonspecific immunotherapy is frequently applied to strategies that do not employ a pre-

defined tumor antigen target. The goals are to provide immune factors that directly affect tumor cell

survival or promote host immunity. The latter goal is particularly relevant with respect to host immu-

nosuppression or immunodeficiency associated with malignant diseases (26). Such “nonspecific”

therapies often promote antigen-specific adaptive immune responses to tumors, similar to true vac-

cines. However, nonspecific immunotherapy has several advantages over conventional vaccines: (1)

It is not limited by the requirement for prior identification and characterization of tumor antigens,

and (2) it may enhance both adaptive and innate arms of the antitumor immune response.

3.1. Immune-Stimulatory Cytokines and Chemokines

Many soluble factors have been described with properties of enhancing immune responses in gen-

eral, and more specifically to tumor cells, and are under exploration as targets for genetic immuno-

therapy. Cancer patients are generally described as exhibiting immunosuppression of some degree,

including abnormal patterns of immune cytokine production (26), that might be offset by immuno-

therapy with the deficient factors. For factors that can function systemically by activating immune

effector cells, such as interferons and certain interleukins (IL-2, IL-12), gene transfer to any conve-

nient tissue may be effective as long as sufficient concentrations of the circulating cytokine activate

sufficient numbers of immune effector cells (6,8,26,27).
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However, in most cases to date, gene delivery has been directly into tumors, a route particularly

preferred for chemokines and cytokines such as granulocyte-macrophage colony-stimulating factor

(GM-CSF) that are chemotactic for specific immune cell types. The choice of vectors for these appli-

cations should take into consideration the duration of transgene expression desired (either prolonged

or brief, depending on the specific cytokine or chemokine) and the types of host cells targeted for

transduction.

A major limitation is that intratumoral gene vector injection is not possible for many types of

cancer and cancer patients. However, recent attempts to design retargeted gene vectors that selec-

tively transduce specific types of host immune or malignant cells or that will be selectively expressed

in restricted cell types because of the engineering of lineage-restricted transgene promoters have the

potential to obviate requirements for intratumoral injection of gene vectors.

3.2. Immune Costimulatory Receptors/Ligands

One general mechanism by which tumors may evade immune control is the lack of tumor cell

expression of MHC molecules, costimulatory molecules, and other ligands required to induce and

sustain an effective immune response. Thus, gene therapy has been used to introduce such deficient

receptors and ligands into tumors to enhance host immune system recognition and antitumor activity.

In addition to MHC molecules, a variety of molecules involved in both innate and adaptive immune

effector cell recognition have been tested for sensitization of tumor cells to immune effectors, includ-

ing CD54 (ICAM-1), CD58 (LFA-3), CD80 (B7.1), and CD40 (28).

The intent is to render some tumor cells susceptible to immune recognition and attack and thereby

amplify a more generalized immune response to unmodified tumor cells. Vectors for gene delivery

should be selected for the ability to transduce tumor cells efficiently, and both short- and long-term

transgene expression may be effective. As mentioned in Section 3.1., the types of cancer patients in

whom direct intratumoral injection of gene vectors is applicable are limited, but cell-targeted genetic

vectors have the potential to overcome this limitation as well as restrictions of the native vector’s cell

tropism.

4. GENETIC VACCINES (ACTIVE SPECIFIC IMMUNOTHERAPY)

Tumor vaccines of various types have been extensively studied in animal models, and many have

been used in clinical trials for cancer treatment and prevention (6). A clinical trial of an HPV type 16

viruslike particle vaccine to prevent HPV-associated cervical cancer (29) ranks as one of the most

encouraging accomplishments in the field of tumor vaccines. This and multiple other completed

tumor vaccine trials use inoculation with the antigen itself, often in combination with immune adju-

vants. Genetic vaccines have the advantage over these types of vaccines in that the antigens them-

selves do not have to be prepared, purified, and formulated—only genes are required. Another advantage

is that immune adjuvants may not be required because of the nature of the vector and host cell expres-

sion of the transgene; alternatively, adjuvants can be coadministered by genetic transfer of immuno-

stimulatory factors.

Considerations in the design of both genetic and conventional (nongenetic) tumor vaccines are

similar: (1) an appropriate tumor antigen target; (2) duration and extent of host immune system expo-

sure to tumor antigen, dependent on dose and schedule of inoculations for nongenetic vaccines, but

in part determined by the choice of vector for genetic vaccines; (3) host cell types encountering or

expressing the antigen; and (4) incorporation of immune adjuvants. An additional consideration spe-

cific for genetic vaccines is whether the encoded antigen will be primarily secreted or cell associated.

Each of these considerations can affect the overall nature of the immune response, including the

balance between innate and adaptive responses and that between antibody and CTL adaptive immu-

nity. For example, a vaccine that elicits predominantly antibody responses is applicable to tumor anti-

gens expressed on the tumor cell surface (such as Her2/neu/erbB2), in contrast to a vaccine targeting
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an intracellular antigen (such as mutated p53), which should elicit strong MHC class I restricted CTL

responses. Design considerations also affect the ability of the vaccine to break immunologic tolerance,

which is less of a factor for preventive vaccines targeting viral proteins (such as HPV) compared to

unmutated self-antigens (such as Her2/neu/erbB2 and the majority of identified tumor antigens).

In general, genetic vaccines offer greater flexibility and ease in the construction of formulations

with the desired characteristics of antigen delivery and the elicited immune responses compared to

conventional vaccines. The following sections outline strategies most frequently exploited for gene-

tic cancer vaccine development; most of these subjects are covered in greater detail in other chapters

of this book.

4.1. Vector-Encoded Tumor Antigen Genes

The simplest approach to genetic vaccines is to inoculate patients directly with a recombinant

vector that encodes a tumor antigen. The intent is to induce host cells to express the tumor antigen

transgene (with or without immune costimulatory factors), which in theory should promote effective

tumor-specific adaptive immune responses similar to the robust immunity elicited by host infection

with common viral or bacterial pathogens. A major advantage is that host cells will express the vector-

encoded genes, thus promoting MHC class I receptor presentation of transgene products favorable for

development of CTL responses believed important for effective antitumor immunity. These approaches

facilitate efficient utilization of recombinant DNA technology to create artificial genes encoding

defined immunogenic portions of tumor antigens, immunogenic variants of the tumor antigen, tumor

antigen fusions with highly immunogenic peptides from other proteins, or tumor antigen fusions

with ligands targeting them to receptor-specific uptake by host antigen-presenting cells (30). In addi-

tion, each of the vaccine approaches described below has potential intrinsic adjuvant activity because

of the host’s innate immune response to the gene delivery vector.

4.1.1. Polynucleotide Vectors

Since the initial report of polynucleotide vaccination (31), innumerable published studies have dem-

onstrated the vaccine efficacy of plasmid DNA, messenger ribonucleic acid (mRNA), or viral DNA/

RNA genomes encoding target antigens in animal models following polynucleotide injection via intra-

muscular, intradermal, and subcutaneous routes, as well as following mucosal surface (nasal, gastro-

intestinal, vaginal) administration (30). Safety of polynucleotide vaccination has been documented

by several reported clinical trials (32–34). Polynucleotide vectors may exhibit additional intrinsic

immune adjuvant activities, such as the toll-like receptor recognition of bacterial plasmid unmethy-

lated CpG motifs and the innate cellular responses to viral RNA transcription. Furthermore, the immune

potency of “naked” polynucleotide vaccines may be enhanced by polynucleotide encapsulation or

conjugation using a variety of biocompatible polymers. The inherent simplicity of constructing poly-

nucleotide vaccines has promoted their use as vectors in preclinical and clinical studies of genetic

tumor vaccines, especially for those employing antigens altered by genetic manipulations to enhance

immunity.

4.1.2.Viral Vectors

Attenuated live virus vaccines have proven successful for infectious diseases such as smallpox,

polio, and influenza. A major factor in efficacy of live attenuated virus vaccines is that they mimic

actual viral infections. Virus uptake and gene expression by host cells elicits both innate and adaptive

immune responses, including antigen-specific antibodies and MHC class I-restricted CTLs. These prop-

erties make recombinant viruses highly attractive as genetic vectors for tumor vaccines, and multiple

viruses expressing tumor antigens have been tested in preclinical models as well as in a more limited

number of clinical trials.

A major consideration for viral vectors used as genetic vaccines is that they have minimal intrinsic

pathogenicity; that is, the viral vector should not be capable of causing significant disease in the vac-
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cinated host, and the virus should not be capable of infectious spread to other individuals. These

conditions are most commonly accomplished by ensuring that the virus strain used for vaccine con-

struction is severely “crippled” (defective) in its ability to produce progeny virus in normal human

cells. Safety may also be provided by robust virus-neutralizing immune responses in “healthy” humans,

with the caveat that patients with advanced cancer are frequently immunocompromised. Viruses that

have been pursued as genetic vectors for vaccines include poxviruses (cowpox and fowlpox strains),

adenovirus, adeno-associated virus, and influenza virus (28,35–38).

Vaccinia (the cowpox virus used in smallpox vaccines) has a fairly good safety record and was

one of the first viral vectors used in clinical trials for tumor vaccines (39). Routine smallpox vaccina-

tions were discontinued in most developed countries in the 1970s and 1980s, primarily because of

eradication of smallpox as a natural infection in major parts of the world and secondarily because of

the risks of vaccinia pathogenicity revealed by universal smallpox vaccination. In early 2003, large

numbers of previously unvaccinated military and health care personnel in the United States received

the smallpox vaccine, and cases of vaccinia pathogenicity, including person-to-person transmission

of symptomatic vaccinia infections, were documented (40). This example serves as a cautionary tale

for plans to exploit presumed “nonpathogenic” viruses as gene vectors for tumor vaccines.

Beyond issues of safety, viral vectors considered for use as genetic vaccines should be evaluated

for several additional criteria. First, the virus should efficiently infect host cells that potently promote

the desired immune response (e.g., professional APCs). If the virus does not exhibit natural tropism

for APCs, this can sometimes be overcome by appropriate selection of the route, dose, and schedule of

virus vaccine administration. In other cases, modifications of recombinant virus particles can “retarget”

the genetic vector to the desired APC.

Second, preexisting virus-neutralizing antibodies and T-cell responses, including the reactivation

of memory immune responses, against viruses must be considered. This is most important with vectors

based on common human infectious viruses (e.g., wild-type adenovirus serotype 5), but may also

present problems for any viral vector that elicits strong primary host immune responses because effec-

tive tumor vaccines are currently thought to require a schedule of repeated administration for antitumor

efficacy (28,37,41,42). If host immune responses are sufficient to prevent primary viral vector infec-

tion of host cells or to rapidly eliminate host cells expressing early viral gene products, then vaccine

efficacy may be severely compromised. Again, careful selection of vaccine dose and schedule may

circumvent some of these concerns.

Third, time-course and duration of virally encoded transgene expression by transduced host cells

can influence the strength and the nature of the immune response (antibody vs CTL vs suppressor) to

virally encoded tumor antigens. Although current evidence suggests that sustained expression of virus

transgene expression may be most beneficial for eliciting effective antitumor immunity, definitive con-

clusions await additional experimental data.

4.2. Gene-Modified DC Vaccines

Another approach for genetic vaccines is to directly modify potent antigen-presenting cells (espe-

cially DCs) by genetic modification in vitro and then to administer modified APCs or DCs as a vac-

cine. The ability to generate both immature and mature DCs of different phenotypes from readily

accessible progenitors in human subjects or experimental animals has promoted numerous studies of

genetically altered DCs as tumor vaccines (6,15,18,43). Cultured DCs can be modified to present

tumor antigens by nongenetic approaches, including in vitro “pulsing” with tumor proteins or cellular

fusions between DCs and tumor cells, but a common approach has been to genetically modify the APCs

or DCs in vitro using polynucleotide transfection or viral transduction. Advantages of this approach

include the ability to deliver tumor antigen genes efficiently to DCs in vitro and the potential to

further modify activation status of the cultured DC prior to vaccination. Disadvantages include the

need to harvest, culture, and modify cells from patients prior to delivery of the tumor vaccine, which
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limits widespread clinical application of this approach to patient treatment centers with approved ex

vivo culture facilities.

4.3. Gene-Modified Whole-Tumor Cell Vaccines

Autologous or homologous tumor cell preparations comprised some of the earliest tumor vaccines

tested in clinical trials. Similarly, cultured tumor cells genetically modified in vitro to express immune-

activating cytokines were among the first genetic vaccines tested experimentally (6). More recently,

cultured tumor cells genetically modified to express GM-CSF as immune adjuvant have exhibited

encouraging antitumor vaccine activity in clinical trials (44). One advantage of this approach is that

whole-tumor cell vaccines target the immune response to a cell that resembles the patient’s tumor using

genetic manipulation to enhance immune activation and potentially counteract tumor cell “immune

escape” mechanisms exhibited by the endogenous tumor. A disadvantage is that the approach requires

in vitro culture and gene modification of the vaccine tumor cells, with the same limitations mentioned

for conduct of clinical trials.

4.4. Combination Vaccine Strategies

An increasing number of experimental active immunotherapies utilize combination strategies. In

some cases, these combine “conventional” with “genetic” approaches, as with viral vectors encoding

tumor antigen administered with recombinant GM-CSF protein as an immune adjuvant (45). In other

cases, different genetic approaches may be combined, such as in diversified prime-boost vaccine strat-

egies using plasmid DNA as primary immunizations and recombinant adenovirus as the boosting

immunization (35,36,46). The intent in the combination protocols is to take full advantage of the desir-

able properties of each component and to devise a schedule of combined administration that efficiently

promotes the desired effective immune response. Combination approaches will probably require longer

times for development and testing because of the increased number of variables (timing of coadmi-

nistration), but seem likely to constitute a continuing strategy for novel genetic vaccine research.

5. MODIFIED IMMUNE EFFECTOR CELLS

(ADOPTIVE SPECIFIC IMMUNOTHERAPY)

5.1. Gene-Modified T Cells

CTLs (MHC class I-restricted ��-T cells) have long been considered the most potent immune effec-

tors for tumor control. Gene therapy provides the opportunity to redirect CTL activity by providing

“artificial” TCRs that directly target tumor cells. The artificial TCRs may be conventional TCRs

specific for tumor antigen peptides presented classically in MHC class I molecules. But, more power-

fully, they may also be “chimeric” receptors that recognize tumor cells in an MHC-unrestricted man-

ner. Thus, genetic constructs encoding chimeric receptors with antibody-binding domains as the

antigen-binding portion of the TCR have been generated and shown experimentally to redirect trans-

fected T-cell cytotoxicity to tumor cells expressing the cognate antigen on their cell surface (47–50).

The potential of this general approach for adoptive immunotherapy is limited only by the state of

current knowledge regarding the precise mechanisms of CTL recognition and killing of tumor cells.

5.2. Gene-Modified NK/NKT Cells

Similar to CTLs, the ever-expanding understanding of molecular recognition and signaling events

that lead to NK and NKT cell killing of tumor cells provides opportunities for ex vivo genetic modi-

fications of these effectors for more efficient tumor cytotoxicity. The potential in vivo longevity and

proliferative capacity of adoptively transferred NK cells support future applications of gene-modi-

fied NK or NKT cells in cancer immunotherapy (51,52). Also, for these cell types, it may be possible

to design gene vectors for in vivo modulation of NK cell antitumor activity.
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6. FUTURE DIRECTIONS

The scope and nature of genetic immunotherapy approaches are continuously expanding in response

to (1) new knowledge about the effector mechanisms and regulating factors in tumor immunity and

(2) advances in the development of novel gene therapy vectors. Thus, the future should show new

cytokines, chemokines, costimulatory receptors, and even intracellular signaling molecules incorpo-

rated into genetic immunotherapy. Identification of novel tumor antigens as well as better delinea-

tion of the nature of antigens and antigenic determinants that elicit the most effective antitumor

immune responses will particularly impact the development of genetic vaccines. In addition, novel

recombinant genetic vectors with targeted host cell infectivity or with selective transgene expression

can be exploited to enhance the effectiveness of genetic immunotherapy.

Another area likely to be investigated intensely in the coming years is the combination of genetic

immunotherapy with established “conventional” tumor therapies, such as chemotherapy or radiation.

Experiments in animals as well as clinical trials have suggested beneficial results from combining

some chemotherapy regimens with immunotherapy (53–56), and the intrinsic advantages of genetic

immunotherapy ensure that it will be used in increasing numbers and types of combination regimens.
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1. DENDRITIC CELLS AS THE BODY’S SENTINELS

Dendritic cells (DCs) have become the “bright new hope” of immunotherapists. DCs are the most

powerful antigen-presenting cells (APCs) identified to date, with the unique ability to prime naïve T

cells and thus initiate immune responses. Essentially, they provide the crucial link between the innate

and the adaptive immune system and as such have proven to be operating at the most fundamental

levels of regulation in numerous immune processes (1,2).

DCs stem from a common CD34
+
 bone marrow (BM)-derived precursor and can differentiate into

various subsets, which can be myeloid or lymphoid in nature. From the blood, DC precursors seed

peripheral tissues, where they develop into so-called immature or quiescent DCs. In truth, immature

DCs are not so much quiescent as constantly active: They continuously sample their surroundings

and monitor the well-being of the peripheral tissues through multiple contacts with adjacent cells. It

is because of this need to maintain simultaneous contact with numerous cells that DCs adopt their

characteristic dendritic morphology that lends them their name.

Excessive tissue damage or signs of microbial invasion can prompt maturation (i.e., terminal differ-

entiation) and migration of the DCs to draining lymph nodes (LNs), where they can alert the immune

system to any threatening situation. Thus, DCs have an important sentinel function and serve as the

body’s security system. Usually, this security system is very efficient and activates appropriate effec-

tor cells to combat bacterial or viral infections. DCs communicate with and regulate activation of a

number of immune effector cells, such as T-helper (Th) cells, cytotoxic T lymphocytes (CTLs), B cells,

natural killer (NK) cells, and natural killer T (NKT) cells (1). Through a sophisticated system of pre-

cisely orchestrated expression patterns of cytokines, chemokines (and their respective receptors), as

well as costimulatory and adhesion molecules and, ultimately, immune effector molecules (e.g., anti-

bodies, granzymes, cytokines, FasL), DCs, and the various effector cells activated by them can take

appropriate measures to handle any outside threats to the body. Clearly, the ability to harness the

capacity of the DCs for immune regulation is a very attractive proposition in the fight against any

disease with an immunological basis. It is therefore not surprising that tremendous effort has gone

into exploring ways to target DCs for gene therapeutic modulation of their functions.

1.1. Generating Cancer Immunity: Triggering Through Trickery

“Danger” is an important concept in DC biology. Indeed, since Polly Matzinger proposed her

danger model a number of years ago, danger has become a fashionable and much used designation for

the force generally driving the activation of DCs (3). Whereas T-cell immunity was previously believed
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determined by the distinction between self and nonself, the danger model suggested that signals in

peripheral tissues were the determining factor in T-cell activation: proinflammatory signals associated

with microbial infections would lead to DC activation, empowering the DCs to migrate to LNs and

activate specific T cells. In contrast, in steady-state conditions, a lack of DC activation (i.e., matura-

tion) would maintain a state of peripheral tolerance. Much evidence has been gathered to support this

model, and tumor immunologists in particular have been much encouraged by it.

In general, the tumor milieu lacks danger signals: The immune system does not perceive the tumor

as a possible threat (4). Instead, the microenvironment of burgeoning tumors for the most part resem-

bles a steady-state situation in which DCs are not activated. At later stages of tumor development,

DC differentiation and activation may even be suppressed. As a result, peripheral T-cell tolerance is

maintained.

As tumor-associated antigens (TAAs) often are self-antigens, the generation of antitumor immu-

nity in essence requires the induction of autoimmunity. Inherent to the danger concept is the possibility

to break peripheral tolerance to self-antigens through the delivery of sufficient danger signals. In other

words, if the immune system could be tricked into perceiving tumors as an outside microbial threat

rather than a part of the self, intratumoral DCs might become activated and stimulate T-cell immunity.

The validity of this concept has now been confirmed by a large and ever-growing number of tumor

rejection studies in mouse models and holds great promise for the future of cancer immunotherapy.

1.2. Targeting DCs for the Immunogene Therapy of Cancer

The identification of an ever-growing number of TAAs opens the door to the targeted immuno-

therapy of cancer (5). TAA genes can be divided into different categories, such as mutated oncogenes

(e.g., ras) or tumor-suppressor genes (e.g., p53), deregulated developmental or embryonic genes (e.g.,

carcinoembryonic antigen), growth factor (receptor) genes (e.g., ErbB2), tissue-specific genes (e.g.,

tyrosinase), cancer-testis genes (e.g., mage), or oncovirus-derived genes (e.g., HPV-16 E7).

To be suitable candidates for vaccination, TAAs should only be expressed in tumor tissue or at

least be overexpressed there to allow for a window in which T-cell-mediated tumor eradication can

occur without concomitant destruction of normal tissue. Ideally, TAAs are essential to the oncogenic

process, so they are a permanent fixture of the malignant phenotype. This will prevent the outgrowth

of CTL-escape variants through the downregulation of the targeted TAA.

Numerous clinical trials are under way to study the effect of DC-based vaccination with specific

TAAs. A common strategy is the ex vivo generation of autologous DCs from blood-derived DC precur-

sors, which are then loaded with TAA proteins or TAA-derived peptides, carrying known CTL and/or

Th epitopes, and subsequently readministered to the patient (6). Alternatively, TAA-encoding genes

can be transferred to DCs.

Genetic modification of DCs for immunotherapy may carry certain advantages (7). In contrast to

the use of proteins, a genetic TAA vaccine provides a long-lived continuous source of antigen and

will lead to relatively protracted presentation of TAA by the transduced DCs. Moreover, endogenous

TAA expression resulting from gene transfer ensures access to the major histocompatibility complex

(MHC) class I processing pathway, which is essential for subsequent activation of specific CTLs.

With the wide array of molecular recombinant techniques and a rapidly growing knowledge of DC

biology, it has now become possible to modify vaccines genetically to target them specifically to

DCs in vivo and at the same time achieve DC activation. Not only is this an intellectually satisfying

vaccination strategy, it may ultimately obviate the need for costly, time-consuming, and laborious

approaches involving the generation and loading of autologous DCs ex vivo.

In this chapter, an overview is given of current knowledge concerning the phenotypic and func-

tional state of DCs in tumor-conditioned environments and ways in which DCs residing in tumor

milieus can be modulated and targeted by immunogene therapy to raise the chances of clinical suc-

cess. Currently applied ex vivo approaches are contrasted with possible in vivo approaches.
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2. DC ORIGINS AND SUBSETS

Various DC subsets can be discerned, each of which may have specialized regulatory immune

functions. Clearly, if DC-targeted therapies are to be effective, it is important to know which of these

subsets to target. Below, a brief overview is given of the major human DC precursors and subsets

identified to date. It is important to realize that, in many cases, it is not absolutely clear if these are

actual distinct subsets or merely DCs from the same subset with different phenotypes dictated by

microenvironmental factors. Study of this matter is ongoing, but is complicated by the extremely low

numbers of DCs in vivo.

2.1. DC Precursor Cells

In this section a brief overview is given of the different DC precursor cells (identified either in vitro

or in vivo) for a better understanding of their possible significance and uses in therapeutic settings.

2.1.1. Monocytes

CD14
+
 blood-derived monocytes are the most commonly used precursors to generate DCs in vitro,

both for research and for clinical uses (1,6). Relatively large numbers of monocytes can be isolated

from peripheral blood (e.g., by plastic adherence) and differentiated into CD1a
+
CD14

�
 immature DCs

over the course of 5–7 days through culture in the presence of granulocyte-macrophage colony-stim-

ulating factor (GM-CSF) and interleukin 4 (IL-4). DC cells like Langerhans cells (LCs, which are the

specialized DCs of the epidermis; see Section 2.2.1), characterized by the expression of the lectin lan-

gerin, can also be generated from monocytes by the inclusion of transforming growth factor-� (TGF-�)

or IL-15 in the DC cultures (8,9). These monocyte-derived DCs (MoDCs) can be further matured in the

presence of commonly used maturation-inducing agents such as tumor necrosis factor-� (TNF-�),

lipopolysaccharides (LPS), or monocyte-conditioned medium.

On maturation, MoDCs express CD83, a member of the immunoglobulin family and the hallmark

of DC maturation, and can readily be used to activate tumor-specific CTLs (1,10). Monocytes repre-

sent a heterogeneous precursor population from which both DCs and macrophages can develop.

CD2
+
 monocytes were previously identified as a monocyte subset from which MoDCs preferentially

differentiate (11).

Monocytes were also shown to differentiate into fully mature DCs through the process of reverse

transmigration over endothelial cell layers (12). This interesting observation suggests that mono-

cytes or macrophages in peripheral tissues, in the presence of appropriate danger signals (phagocyto-

sis has also been implicated in this process), may migrate into lymphatic vessels (from the basal to

the apical side; i.e., reverse transmigration) and instantly mature into T-cell-stimulatory DCs. Target-

ing CD14
+
 monocytes/macrophages in vivo may thus be an interesting option for cancer immuno-

therapy, on the condition that their subsequent reverse transmigration into lymph vessels and maturation

to DCs can somehow be enforced.

2.1.2. CD34
+
 Stem Cells

CD1a
+
 DCs can be differentiated from BM-derived proliferative CD34

+
 stem cells recirculating in

peripheral blood by in vitro culture for 2–3 weeks in the presence of GM-CSF, IL-4, and TNF-� (here-

after referred to as CD34-DCs) (13). Addition of TGF-� to these cultures will result in the generation of

langerin
+
 LCs. The resulting DCs can be further matured and used for T-cell activation (14). Indeed,

there is evidence to suggest that CD34-DCs may be more efficient in CTL priming than MoDCs (15).

However, despite their proliferative potential, the extremely low frequencies at which CD34
+
 cells

are found in peripheral blood (typically <0.1%) are prohibitive for clinical use and would require their

enhanced mobilization to the blood through prior systemic treatment with hematopoietic growth fac-

tors, such as granulocyte colony-stimulating factor (G-CSF), GM-CSF, or Fms-like tyrosine kinase 3

ligand (FLT3L) (1). Alternatively, isolated CD34
+
 cells can be expanded in vitro by cytokine cocktails
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comprising FLT3L, stem cell factor, IL-3, thrombopoietin, and IL-6 prior to their differentiation into

functional DCs (16).

2.1.3. CD11c
+
 Myeloid Peripheral Blood DCs

A subset of CD11c
hi

CD14
lo

CD33
+
 cells has been identified as direct precursors of myeloid DCs

(17–21). Through short-term in vitro culture (1–2 days) with or without DC-differentiating cytokines,

these peripheral blood DC precursors (PBDCs) can be turned into fully differentiated DCs, express-

ing costimulatory molecules, high levels of HLA-DR, and the DC-specific markers CMRF-56 and

CMRF-44 (17,19,22). PBDCs are believed to derive from earlier CD34
+
 precursors and generally

make up less than 1% of the total PBMC population.

Different subsets within this myeloid PBDC population can now be identified by differential expres-

sion of the markers CD1c, BDCA-3, and M-DC8 (i.e., 6-sulfo LacNac, a carbohydrate modification

of the P-selectin glycoprotein ligand-1) (21,23–25). It is still unclear which particular tissue DC

equivalents may derive from the CD1c
+
 and BDCA-3

+
 PBDC subsets, but it has been suggested that

LCs may differentiate from the CD1c
+
 PBDC subset (21).

M-DC8
+
CD16

+
CD14

lo
 PBDCs were identified as a preferential migratory DC population in a skin

equivalent model and were suggested to represent a proinflammatory DC subset that can be rapidly

recruited to sites of infection through their expression of Fc�R III (CD16) and complement receptors

(C5aR and C3aR) (25,26). CD11c
+
 PBDCs, once activated in vitro, are superior T-cell stimulators

with the ability to prime allogeneic T cells and specific CTLs (23,27). This indicates their utility for

the generation of autologous DCs for vaccination purposes in the treatment of cancer (28). However,

this may not be feasible because of their reduced frequency and impaired phenotypic and functional

activation state in cancer patients. Tumor-derived suppressive factors (e.g., vascular endothelial growth

factor [VEGF]) have been implicated in this phenomenon of cancer-associated DC suppression (see

also Section 4).

2.1.4. CD11c
�
 Plasmacytoid PBDCs

A novel PBDC subset has been identified and is characterized by a lack of CD11c expression and

high expression levels of the IL-3 receptor CD123 (17,21,29). Based on their morphological appear-

ance, these cells were designated plasmacytoid DCs (PDCs). Unlike their CD11c
+
 counterparts, plas-

macytoid PBDCs display certain lymphoid characteristics, such as the expression of CD4 and the

messenger ribonucleic acid (mRNA) for germline immunoglobulin K and the pre-T-cell receptor

(30,31). Plasmacytoid PBDCs home directly to LNs through L-selectin, in which they may serve a

sentinel function similar to myeloid DCs in peripheral tissues (29,32). Beside their characteristic

CD123
hi

CD11c
�
phenotype, plasmacytoid PBDCs can be further discerned and easily isolated by

their expression of BDCA-2 (recently identified as a C-type lectin (33) and BDCA-4 (neutropilin).

On culture in IL-3, plasmacytoid PBDCs terminally differentiate into PDCs with the ability to skew

T cells to a type 2 response or, on CD40L and/or viral stimulation, to boost NK cell and CTL immu-

nity (29,32,34,35).

2.1.5. Leukemic DC Precursors and DC Precursor Cell Lines

A special kind of DC precursor that deserves mention here is the myeloid leukemia cell, derived

from either chronic or acute myeloid leukemia (36–38). These leukemic cells can be regarded as pluri-

potent myeloid precursor cells. On culture with GM-CSF and IL-4, with or without TNF-�, they acquire

phenotypic and functional DC characteristics. Because these acute myeloid leukemia- or chronic

myeloid leukemia-derived DCs still express TAA (most notably the bcr-abl fusion oncoprotein),

they make a convenient and suitable autologous tumor vaccine.

Finally, some cell lines derived from these malignancies have been reported to have maintained

the ability to differentiate into immature DCs in a cytokine-dependent manner (38,39). These imma-

ture DCs could be loaded with immunogenic proteins or peptides or infected by antigen-encoding

adenoviral vectors and on maturation were shown to activate T cells in an antigen-specific manner.
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These cell lines may provide an attractive research tool as a constant and easy supply of DC pre-

cursors as well as prove useful in (semi)allogeneic vaccine approaches. Moreover, stable transfectants

of DC cell lines may provide ready-made tools for a variety of immunogene therapy approaches.

2.2. DC Subsets

The main DC subsets and their possible roles in the generation and regulation of specific T-cell

responses are discussed in this section as well as the possibility to target each specifically for thera-

peutic manipulation. There has been much debate whether each subset has a specialized regulatory

function or whether the various subsets all have similar regulatory functions that largely depend on

the state of DC maturation (31). Most likely, the final immunological outcome is intimately linked to

the maturation state of each of these subsets, but their different anatomical localizations will translate

into certain specialized functions.

2.2.1. Langerhans Cells

LCs are the DCs of the epidermis and were the first DCs described. They are still regarded as the

prototype DC and as such are the subject of intense study (40). LCs are found in the basal and supra-

basal layers of the epidermis and in the immature state are characterized by high expression levels of

CD1a and the C-type lectin langerin.

Langerin is involved in antigen capture and has been shown to induce the formation and to be an

integral part of the LC-specific cytoplasmic Birbeck granules (41). Birbeck granules are membrane-

bound, tubule-shaped organelles believed to constitute a specialized intracellular compartment for

the channeling of antigens into specific processing pathways. Immature LCs and their precursors are

further characterized by their expression of cutaneous leukocyte antigen and E-cadherin, both adhe-

sion molecules involved in the respective homing to the skin and the epidermis (31).

Its localization in the outer reaches of the body means that, in many instances, the dense and

widely branched network of LCs in the epidermis forms the first line of defense against any outside

threats. There is evidence to suggest that, on their activation and migration to LNs, LCs preferentially

bind and activate T cells (as opposed to B cells). As a consequence, they would be responsible for the

initiation of type 1 cell-mediated immunity rather than type 2 humoral immunity (30). In keeping

with this, LC-like cells generated from monocytes were shown to be superior CTL activators (9). As

cell-mediated immunity is generally believed to be crucial in tumor eradication, it may be beneficial

to specifically target LCs and their precursors for tumor immunotherapy (42); their specific expres-

sion of E-cadherin, langerin, and high levels of CD1a may allow for this.

2.2.2. Interstitial or Dermal DCs

In contrast to LCs, dermal DCs (DDCs) do not express langerin and only intermediate-to-low levels

of CD1a. Instead, DDCs express an alternative set of lectins, including the mannose receptor (MR),

DEC-205, and DC-SIGN, as well as factor XIIIa and CD68 (43). Myeloid DCs in nonepithelial tis-

sues throughout the body resemble DDCs in phenotype and are also known as interstitial DCs. The

differential expression pattern of antigen capture receptors between LCs and DDCs should enable the

specific targeting of each subset.

Unlike LCs, DDCs have been shown to produce IL-10 and to be able to direct the generation of

type 2 antibody responses (30). However, the T-cell skewing abilities of interstitial DCs/DDCs are

not fixed, but rather dictated by a balance of factors in the microenvironment. The presence of LPS,

interferon-� (IFN-�), IL-15, or IL-4 may increase the propensity of DDCs to release IL-12 on CD40L

stimulation and thus stimulate the activation of Th1 cells and CTL; TNF-�, IL-10, and PGE2 stimu-

late production of IL-10, resulting in the suppression of cell-mediated immunity, the activation of

Th2 cells, and the generation of humoral responses (44–47).

The ability to modulate this balance may be crucially important for the successful immunotherapy

of cancer. As MoDCs phenotypically resemble interstitial DCs/DDCs, they provide an easily accessible
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in vitro model to study and fine-tune these processes, although ultimately the wide variety of stromal

and extracellular matrix elements present in vivo are bound to be of influence and should also be

taken into account.

2.2.3. Plasmacytoid DCs

Although originally believed to contribute to skewing of immunity toward type 2 humoral responses,

PDCs were recently described to release large amounts of IFN-� on stimulation by CD40L and viruses

and thereby to boost NK cell and CTL responses (32,34,35). The last characteristic may be harnessed to

enhance the efficacy of tumor vaccination. PDCs seed LNs, straight from the blood, through L-selec-

tin-mediated homing. They may reside in LNs in the steady state, constantly screening the surround-

ings for signs of bacterial or viral infection. Alternatively, they may be recruited to LNs, draining a

site of inflammation, through CXCR3 (35). CXCR3 is expressed on the surface of the PDCs and binds

the effector cell-attracting chemokines IP-10 and Mig.

PDCs “sense” the presence of microbes through specific receptors, such as the toll-like receptor 9

(TLR9). TLR9 binds unmethylated CpG sequences derived from bacterial deoxyribonucleic acid

(DNA) and subsequently activates the PDC, which then releases IFN-� and possibly IL-12 (48). CD40L

stimulation may also induce PDCs to release IL-12 (32,35,48). The combined action of IL-12 and

IFN-� will result in the activation of CTL and NK cells; IFN-� will also promote the maturation of

neighboring myeloid DCs and thus further stimulate T-cell activation (49).

The use of CpG DNA as an adjuvant for tumor vaccination is under investigation. CpG has a strong

type 1 T-cell-skewing ability, which in murine studies was shown to be of great benefit for tumor

rejection (49). Ongoing studies will show whether this is also the case in humans and how PDCs may

be involved.

A distinct pattern of TLR expression was reported on PDCs and myeloid DCs: TLR9 expression

in humans appears to be PDC specific, whereas the expression of the LPS-binding TLR4 is restricted

to myeloid DCs (50). Differential TLR expression may thus allow for the specific targeting and acti-

vation of PDCs and myeloid DCs for immunotherapy.

3. DCs IN THE REGULATION

OF IMMUNE ACTIVATION AND TOLERIZATION

Appropriate T-cell priming and activation is needed for a successful antitumor effector response,

and DCs play a crucial role in this process. Insufficient immune activation in cancer may be overcome

by improving DC functions in both the afferent and the efferent phases of the immune response.

3.1. Danger: T-Cell Activation

Immature DCs are in intimate contact with their surrounding cells and are constantly on the look-

out for danger in their immediate vicinity. Potentially dangerous situations that can be recognized by

DCs are microbial invasion and tissue stress or damage, resulting in abnormal cell death. DCs express

an impressive arsenal of receptors to aid them in this function: Fc receptors (FcRs), microbial pattern

recognition receptors (e.g., lectins and TLR), heat shock protein receptors (e.g., CD91), and scavenger

receptors that can bind necrotic or apoptotic bodies (e.g., CD36 and �
v
�

3
- and �

v
�

5
-integrins) (1,2).

On engagement of these receptors and antigen uptake, DCs become activated, release their hold on their

surroundings, and start to migrate out of the peripheral tissue. Local factors important in the induction

of this process are TNF-�, IL-1�, GM-CSF, IL-18, and PGE2, and they are released at elevated levels

under proinflammatory conditions by tissue-resident cells as well as by DCs themselves (51,52).

Activated DCs downregulate molecules involved in antigen capture, upregulate MHC molecules,

and start to express maturation markers (CD83, CMRF-44) and adhesion and costimulatory mole-

cules needed for the optimal activation of T cells (CD40, CD54, CD80, CD86, 4-1BBL) (1,2). Prop-

erly activated DCs downregulate expression of CCR5 and CCR6 (chemokine receptors involved in
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homing to peripheral nonlymphoid tissues) and instead upregulate expression of CCR7, which binds

the LN-derived chemokines CCL19 and CCL21 and facilitates homing through afferent lymph to the

paracortical T-cell areas inside LNs (53). There, the DCs can interact with a constantly recirculating

pool of naïve and memory Th cells and CTLs.

DCs have the unique capacity to take up antigens and process them not only for MHC class II-

mediated presentation, but also for presentation to CD8
+
 CTLs in the context of MHC class I. This

process of exogenous antigen uptake and processing for specific CTL activation is known as cross-

priming (54). DCs will activate T cells on antigen-specific recognition, which further enforces the

DC/T-cell binding.

CD40L on T cells “superactivates” the DCs and enables further upregulation of CD86 and the

production of IL-12, which are essential conditions for the optimal activation of CTLs. Migration to

the LNs is optimal by day 2, and DCs inside LNs have a reported turnover rate of 3–5 days (55). DCs

do not leave the LNs, but are believed to undergo apoptosis, triggered by interactions with CTLs or

NK cells. Activated effector CTLs leave the LNs via efferent vessels and home to and infiltrate sites

of inflammation to eradicate infected cells or tumor cells, as the case may be.

DCs are believed to also play a role in the efferent phase of the immune response by interacting

with effector T cells to sustain their activation and prevent their premature apoptosis. In tumor situ-

ations, this may be particularly pertinent. Whereas T cells are sensitive to Fas-mediated apoptosis

(induced by FasL expressed on tumor cells, a process known as counterattack), DCs are resistant and

can even become activated through engagement of Fas on their cell surface, thus facilitating their T-cell-

protective function (56,57).

Various DC-targeted approaches of cancer gene therapy can be envisioned to modulate DC func-

tions at every stage of the antitumor immune response. Therapeutic genetic modification of DCs (or

their neighboring cells) should aim to increase antigen uptake, DC maturation, DC migration and LN

homing, the strength and duration of DC/T-cell interactions, T-cell activation, and DC infiltration of

the tumor (effector) site.

3.2. Cancer: Tolerance, Suppression, and Ignorance

Tumor-specific immune responses are often not detectable until advanced disease stages have set

in, and by then they are usually powerless to control tumor growth because of the high tumor burden:

Tumor proliferation is out of control, and immune effector cells simply cannot catch up. Moreover,

high systemic levels of tumor-derived suppressive cytokines, usually associated with advanced can-

cer, will downmodulate immune effector functions and effectively suppress antitumor immunity.

Why do the DCs not behave properly and alert the immune system to the tumor danger in time for it

to act? A number of possible causes may exist:

1. The tumor tissue does not provide the necessary danger signals and is merely perceived by DCs as a

normal steady-state tissue against which the usual self-tolerance needs to be maintained (4). Only when

tumors reach a certain size, at which angiogenic processes become inadequate and ensuing hypoxia may

eventually result in increased (abnormal) levels of apoptosis and necrosis, may scavenging DCs finally

sense danger and become activated. Unfortunately, by that time it may be too late for immune effector

cells to keep up with the rapidly proliferating tumor cells.

2. Another explanation may be provided by a phenomenon known as immunological ignorance. Many solid

tumors are encapsulated and resist infiltration by DCs. DCs may thus not have access to shed TAA or to

any tumor-associated danger signals and are consequently unable to transport TAA to tumor-draining

LNs to start an immune response. The immune system is kept in a state of ignorance regarding the tumor

until its boundary is broken, and metastasis occurs (58). Again, by this time, it may be too late for the

immune system to take effective action.

3. Finally, DC maturation may be actively suppressed by tumor-derived factors, and proper T-cell activation

is consequently sabotaged. High levels of IL-10, usually associated with tumor milieus, may be the princi-

pal culprit. IL-10-conditioned immature DCs were previously shown to be stinted in their maturation and

to secrete IL-10 rather than IL-12. The upshot of these characteristics is the induction of antigen-specific



150 de Gruijl, Pinedo, and Scheper

T-cell anergy. IL-10 was also shown to interfere with proper DC migration to the LNs through

downregulation of CCR7 and the induction of CCR5 and CCR6 (59). Finally, contact with IL-10-modu-

lated DCs has also been reported to interfere with T-cell effector functions (60). In tumor environments,

all these processes may act in concert to support immune suppression and tumor progression.

To be effective, immunogene therapy will have to force contact between tumor and the immune sys-

tem in a proinflammatory context to ensure proper DC- and TAA-specific T-cell activation. Moreover,

the immunosuppressive effects of tumor-derived factors will have to be counteracted.

4. DCs IN CANCER

Hampered DC differentiation and maturation has been reported in many tumors, and decreased

tumor infiltration by DCs has been identified as a generally poor prognostic factor (reviewed in ref.

61). Faulty DC development and functioning should be remedied before in vivo DC-targeted cancer

therapies can succeed. In this section, the various mechanisms are discussed by which tumors inter-

fere with DC differentiation and maturation.

4.1. Disturbed DC Differentiation

Reduced frequencies of PBDCs with decreased levels of costimulatory molecules have been reported

in patients with advanced breast cancer (62,63). Moreover, the remaining PBDCs were shown to be

functionally impaired, with poor T-cell stimulatory abilities (62). In a group of patients with head and

neck tumors, non-small cell lung cancer, or breast cancer, an increase was observed in the number of

immature CD11c
�
 myeloid PBDC precursors, suggesting inhibited myeloid DC differentiation in early

stages of development (64). Different tumor-derived factors have been implicated in inhibited DC

differentiation:

VEGF: Both in vitro CD34- DC differentiation models and in vivo tumor models have shown VEGF

to block DC differentiation in early stages of development (65,66). Increased numbers of immature

CD11c
�
 PBDCs were shown to correlate to increased plasma levels of VEGF (67). A study suggested

that the underlying molecular mechanism of VEGF-induced inhibition of DC differentiation might

be the inhibition of the NF-�B-dependent expression of H1° histones (68). H1° histones appear to be

specifically involved in the transcriptional regulation of DC differentiation-related genes. H1° tran-

scription could be blocked in differentiating DCs by supernatants derived from tumor cell lines.

IL-6: The differentiation of CD34-DCs, but not of MoDCs, could be inhibited in vitro by IL-6

present in supernatants derived either from tumor cell lines or from primary tumors (33,69). IL-4 was

shown to counteract this suppressive effect of IL-6 and might therefore be an attractive cytokine to

use in immunotherapeutic protocols aiming at the improvement of DC functions in tumor environ-

ments (70).

M-CSF: Macrophage colony-stimulating factor (M-CSF) was also shown to inhibit DC differen-

tiation. Indeed, at least part of the IL-6-induced DC suppressive effect observed for tumor cell line-

derived supernatants was ascribed to secondarily induced expression of M-CSF (71). IL-4 could coun-

teract this suppressive effect, which in part may explain the inability of IL-6 and M-CSF to inhibit

MoDC differentiation because this process is absolutely dependent on IL-4 (70).

Gangliosides: Gangliosides are neuron-derived lipids. They were reported to be released at high

levels from neuroblastoma cells. Neuroblastoma cell line-derived gangliosides were shown to inhibit

DC differentiation from CD34
+
 progenitor cells (72).

IL-10: Both in vitro and in vivo IL-10 have been reported to seriously hamper DC differentiation

(73,74). Impaired DC differentiation with reduced CD40 expression was demonstrated in a murine

tumor model (74). These suppressed DCs released significantly reduced amounts of IL-12 on CD40L

stimulation. The tumor-induced inhibition of DC functions and phenotype could be reversed by sys-

temic treatment with anti-IL-10 antibodies or with FLT3L and/or CD40L.
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Prostaglandins: Cyclooxygenase-2-regulated prostaglandins were reported to be the major DC

differentiation inhibitory factor in 24-hour supernatants of primary melanoma, colon, breast, and renal

cell cancer cultures (69). Tumor-derived prostaglandins were solely responsible for the observed

tumor-induced inhibition of MoDC differentiation and, together with IL-6, for the inhibition of CD34-

DC differentiation. Besides frustrating their differentiation, tumor-derived prostaglandins skewed the

DCs toward the preferential release of IL-10 (rather than IL-12) on CD40L stimulation. Treatment with

specific cyclooxygenase-2 inhibitors, currently intensively studied for their antitumor and antiangio-

genic effects, may be expected to alleviate these DC differentiation-inhibitory effects of prostaglandins.

4.2. Disturbed DC Maturation

In breast tumors CD83
+
 mature DCs were found to surround and immature CD1a

+
 DCs were found

to infiltrate the tumor fields (75). This strongly suggests a tumor-mediated inhibition of DC matura-

tion. In line with this, DCs isolated from melanoma metastases were reported to display an immature

DC phenotype and to induce T-cell tolerance (76). DCs in tumor-draining LNs were similarly reported

to display immature characteristics (77,78). IL-10 seems to be the most likely tumor-derived perpe-

trator of this maturation inhibition (79). Although PGE2 can induce expression of IL-10 and so affect

DC maturation, it does not directly block DC maturation (80). In fact, PGE2 can enhance the effects

of other DC-maturing agents and lead to the upregulation of CD83 and CD86, although it may skew

thus matured DCs toward an IL-10-producing and T-cell-tolerizing phenotype (81). The overall

effects of tumor-derived soluble factors on DC maturation may thus be dominated by IL-10, inhibiting

the expression of CD83 and costimulatory markers, disturbing migration to LNs, decreasing IL-12

and increasing IL-10 release, and eventually leading to the induction of T-cell anergy or the activa-

tion of regulatory T cells. These IL-10-mediated effects may be counteracted by CD40L and/or GM-

CSF administration (74).

4.3. Tumor-Induced DC Apoptosis

DCs will eventually undergo apoptosis in LNs after they have presented antigens in the paracortical

T-cell zones. Indeed, DCs may undergo apoptosis induced by the actual CTL they activate (82,83).

Thus, apoptosis is a natural part of the DC life cycle. However, premature apoptosis of DCs may

interfere with proper T-cell activation. Indeed, a certain minimal duration of the DC/T-cell interac-

tion is required for the generation of optimal effector CTL responses (84,85). Although DCs have a

natural resistance to Fas-induced apoptosis, soluble tumor-derived factors such as ceramides and

cyclopentenone prostaglandins can induce premature apoptosis in DCs and thus interfere with their

T-cell-activating functions (56,86,87).

Apoptosis resistance can be enhanced by treatment of DCs with GM-CSF, CD40L, TNF-�, or LPS,

which upregulate bcl-2 or blc-X(L) (88–90). CD40L and LPS can also enhance expression of caspase

inhibitors, known to confer resistance to granzyme-induced apoptosis (serpins; e.g., murine SPI-6 or

human PI-9) (84). Alternatively, DCs could be genetically modified to induce the expression of apop-

tosis resistance molecules and thus prolong and enhance their T-cell-stimulatory functions.

5. IMMUNOTHERAPY OF CANCER

THROUGH GENETIC MODULATION OF DC FUNCTIONS

In this section, different strategies are discussed to target DCs and modulate their immune functions

for the immunogene therapy of cancer.

5.1. DC-Stimulatory Cytokines: Improving the Odds

Cytokine (gene) therapy may aid in counteracting the DC-suppressive effects of tumors by increas-

ing (systemic or intratumoral) DC numbers, their differentiation and activation, and their overall

functioning. In doing so, cytokine therapy may effectively convert cross-priming events in tumors
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from T-cell tolerization to activation. In an adjuvant setting, it will improve the odds on the success

of any form of cancer immunotherapy and of in vivo DC-targeted approaches in particular. By admin-

istering cytokine genes rather than proteins, the desired DC-stimulatory effects may be maintained in

vivo over protracted periods of time and in some instances have been shown to be more effective.

Cytokines can affect different stages in the differentiation and maturation process of DCs. FLT3L,

IL-3, G-CSF, and GM-CSF can act as growth factors, increasing the overall numbers of DC precur-

sors. Whereas FLT3L, IL-3, and G-CSF increase the numbers of both myeloid DCs and PDC precur-

sors, GM-CSF may specifically promote the proliferation of myeloid DC precursors (34,91–93).

Importantly, G-CSF-mobilized DC precursors have been reported to differentiate into DCs that prefer-

entially enhance type 2 immunity, whereas GM-CSF-mobilized DC precursors differentiate into DCs

that enhance type 1 cell-mediated immunity (34). GM-CSF, IL-4, IFN-�, IFN-�, TGF-�, and IL-3

can further advance the differentiation of DCs, with different combinations of these cytokines result-

ing in the differentiation of functionally and phenotypically different DC subsets (14,94–96). GM-

CSF, IL-4, IFN-�, IFN-�, IFN-�, TNF-�, IL-1�, and IL-18 can all enhance DC maturation in vivo

and facilitate migration of mature DCs to secondary lymphoid organs (97,98).

The route of administration and dosing of cytokines is highly dependent on the targeted stage of

DC development: Relatively high doses at sites that provide access to the circulation will be required

for systemic effects on the proliferation and differentiation of DC precursors; local administration of

lower doses may be more appropriate for the maturation of DCs and the stimulation of T-cell activa-

tion in the direct vicinity of tumors or at vaccination sites. For the treatment of cancer in preclinical

in vivo models and in clinical settings, DC-stimulatory cytokine genes have been transferred using

naked DNA plasmids or viral vectors, most commonly adenovirus or vaccinia virus (VV).

To enhance DC functions and stimulate tumor-specific T-cell immunity, vectors carrying cytokine

genes have been injected directly into tumors or have been transferred to autologous tumor cells or

allogeneic tumor cell lines in vitro and (re)administered as a biologically enhanced tumor vaccine.

Alternatively, autologous DCs generated in vitro have been transduced with cytokine genes (often in

combination with TAA genes) and injected either distant from the tumor (usually intradermally) or

straight into the tumor.

GM-CSF: GM-CSF is the most commonly used cytokine to boost antitumor immunity. It is known

to stimulate DCs at virtually all stages of their development and activation by mobilizing DC precur-

sors to the blood and differentiated DCs to the site of administration by activating them, by stimulating

their migration to LNs, and by endowing them with an increased resistance to apoptosis (99). Vectors

carrying the GM-CSF gene have been used to transduce tumor cells and DCs for adoptive transfer, but

have also been directly injected (with or without TAA genes) in vivo. All these approaches resulted

in effective and powerful antitumor immunity in murine models (100–105). GM-CSF can act as a

danger signal and is frequently used as an adjuvant in tumor vaccination protocols (99). Combina-

tions with other cytokines (e.g., IL-4 and FLT3L) or maturational agents (e.g., CD40L) can further

enhance its efficacy as an immune adjuvant.

IL-4: IL-4-transduced tumor cell lines or autologous fibroblasts have been fused or admixed with

autologous DCs to achieve enhanced antitumor immunity (106,107). IL-4 coadministered with granu-

locyte-macrophage colony-stimulating factor (GM-CSF) has been shown to confer additional DC

maturation both systemically and locally (108,109). In addition, IL-4 can protect DC differentiation

from the detrimental effects of tumor-derived IL-6 and/or M-CSF (70).

TNF-�: TNF-� is a potent DC maturation inducer and a critical mediator of DC migration. Cotrans-

duction of DCs with adenoviruses encoding Her-2/neu and TNF-� resulted in their enhanced matura-

tion and a more efficient induction of antitumor immunity subsequent to subcutaneous administration

in a murine colon tumor mode (110).

IFN-�: IFN-� is up and coming as a candidate cytokine for adjuvant use in cancer immuno-

therapy (111). It has strong DC-maturing effects, both in vitro and in vivo, and enhances DC migra-
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tion from skin (97). Vaccination with IFN-�-transduced tumor cells resulted in increased DC infiltra-

tion and the rejection of established tumors in a murine colon cancer model (112).

IL-18: To stimulate effective cell-mediated antitumor immunity, DCs are often transduced by

genes encoding Th1/CTL-stimulating cytokines such as IL-12, IL-15, and IL-18 (113). In a mouse

sarcoma model, adenovirus-mediated transfer of IL-18 was shown to enhance DC maturation spe-

cifically and, after single peptide vaccination, to induce a wider effective T-cell repertoire through

the DC-driven process of epitope spreading (114).

CCL21: An exciting development in the immunogene therapy of cancer is the transduction of

autologous DCs with the CCR7-ligand CCL21/SLC. Intratumoral injection of CCL21-transduced

DCs resulted in the recruitment of both T cells and DCs and in subsequent CTL-mediated tumor

rejection (115). In effect, the CCL21 provides the DCs with a suitable microenvironment to generate

an antitumor immune response extranodally, with ready access to TAA and the activation of effector

CTLs in the exact place they need to be (116).

5.2. Genetic Modification of DCs to Express TAA

Instead of improving the likelihood of successful DC-mediated antitumor CTL cross-priming by

the in vivo transfer of stimulatory cytokine genes, DCs can be directly transduced to express TAA.

For successful CTL activation by TAA-transduced DCs, at least two conditions need to be met: (1)

sufficient numbers of DCs with high enough expression levels of the targeted TAA antigen (i.e.,

adequate DC transduction efficiency) and (2) appropriate and sufficient activation (maturation) of

the transduced DCs.

5.2.1. Choosing Vectors

The choice of vector for the transduction of DCs is crucial: Some (viral) vectors can influence DC

activation either by inhibiting it or by stimulating it, and transducibility of DCs (precursors) can vary.

Characteristics of the various viral and nonviral vectors pertinent to effective DC transduction for

subsequent immune activation are listed in Table 1.

The youngest generations of attenuated viral vectors designed for gene therapeutic purposes are

replication deficient and less immunogenic because of the deletion of structural proteins (117,118).

Infection of DCs with viral vectors yields considerably higher DC transduction efficiencies com-

pared to transfection with naked DNA or RNA. This makes viruses very attractive gene transfer

vehicles for DCs (117). Major drawbacks of the use of viral vectors are preexistent immunity, which

might interfere with infection efficiency and longevity of the transduced DC, and the possibility that

viruses have developed ways to sabotage DC functions by way of immune escape. In contrast, naked

DNA and RNA vaccines will not interfere with DC maturation, are not immunogenic in themselves,

and are very easy and cheap to produce. Results obtained so far for DC transduction with the differ-

ent available vector systems are discussed next.

5.2.1.1. DNA VIRUSES

Adenovirus: One of the most commonly used gene transfer vectors for DCs is the adenovirus type

5 (Ad5). Adenoviruses are easily grown to high titers and are highly efficient in gene transfer indepen-

dent of host cell replication. This is important because fully differentiated DCs and their direct precur-

sors have lost their proliferative potential. In addition, DCs infected by TAA-encoding Ad5 vectors

have been used successfully to generate antitumor T-cell responses, both in vitro and in vivo, and vac-

cination with Ad-transduced DCs has been shown to lead to tumor rejection in mouse models (119–127).

Despite these advantages, DCs show a relative resistance to Ad5 infection. In vitro studies with

MoDCs have shown varying, but generally low to intermediate, Ad5 transduction efficiencies (20–

30% at multiplicity of infection [MOI] 100) (128–131). This is likely because of the absence of the

primary Ad5 receptor coxsackie and adenovirus receptor (CAR) on the DC surface, although integrins

needed for endocytosis of the virus are expressed (129,130).
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Table 1

Characteristics of Viral and Nonviral Vectors for Gene Transfer to DCs

Herpes

Adeno- simples Alpha

associated Vaccinia virus virus

Adenovirus virus virus amplicon Retrovius Lentivirus replicon DNA RNA

Transduction efficiency
a
 (%) 15–80, 2–50, 80–100, 25–100, 20–70 25–90, 80 <20

b
60

c

MOI 100 MOI 100 MOI 2.5 MOI 1 MOI 100

In vitro use + + + + + + + + +

In vivo use + ND + + + ND + + +

DC cytopathic + – + – – – + –
d

–
d

Cell division dependent – – – – + – – – –

Integrating – + – + + + – ND –

DC activating +
e

+
f

– + – – + –
g

–

DC activation inhibiting –
h

– + –
i

– – – – –

CD4
+
 T-cell activating + + + ND + ND ND – +

CD8
+
 T cell activating + + + + + + + + +

Cross-priming + + + + ND ND + + +

Tumor protection + ND + + + ND + + +

Reference 119–135,210 136–140, 141–150, 151–156 157–163 164–171 172–178 179–189 190–199

211,212 213

ND, not determined.

a
A range or the highest reported transduction efficiencies are indicated, as are the corresponding multiplicities of infection (MOIs), if provided.

b
Achieved either by liposome- or cationic peptide-mediated transfection or by electroporation.

c
By square-wave electroporation.

d
Target cell viability can be reduced by electroporation.

e
Conflicting reports exist, but MHC class II and CD86 upregulation are commonly found.

f
CD80 and CD83 upregulation are reported, but accompanied by CD86 downregulation.

g
Can activate certain DC subsets when immunogenic CpG sequences are included.

h
One study reported reduced allogeneic T-cell stimulation after adenoviral infection of MoDCs.

i
HSV has strong DC suppressive capacity; this is abrogated by using its amplicon.

1
5

4
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Only at extremely high virus titers (MOI > 1000; i.e., 1000 plaque-forming units [pfu] per cell),

by protracted in vitro infection periods (>1 hour), or in combination with liposomes, this relative

resistance to Ad5 infection can be overcome (129,131,132). Replacement of the Ad5 fiber knob by the

Ad35 fiber knob (the receptor of which does appear to be expressed on DCs) significantly increased

DC transduction efficiency, as did the incorporation of Arg-Gly-Asp (RGD) sequences (which can

bind �
v
�

3
 and �

v
�

5
 integrins expressed on immature DCs) into the HI loop of the Ad5 fiber knob (122,

133). Retargeting of Ad5 to CD40 using a bispecific antibody conjugate, binding both the Ad5 fiber

knob and CD40 on the DC surface, increased the DC transduction efficiency to 95% at MOI 100 (130).

Conflicting reports exist regarding the ability of adenovirus vectors to activate immature DCs. Some

have reported a full maturation induction (upregulated costimulatory molecules, induction of IL-12

production); some observed partial phenotypic maturation (upregulation of HLA-DR and CD86);

others did not observe any effects (124,128–130,132,134). Finally, one group reported an immuno-

suppressive effect of adenovirus transduction on mature DCs (135). These different observations

may be explained by differences in adenovirus types, infection methods, and sources of the DCs used.

Adeno-associated virus (AAV): AAVs are small, nonpathogenic parvoviruses that are dependent

on larger helper viruses such as adenoviruses for their replication. They can integrate into the host

genome, but do not depend on replication for infection (136,137). AAVs infect DCs at a transduction

rate of about 50% at MOI 100, rising to 90% at MOI 300 (137,138). AAV infection does not interfere

with T-cell-stimulatory abilities of DCs and does not prevent subsequent maturation induction (137,

139). AAV infection has been reported to enhance CD80 and CD83 expression, but to inhibit CD86

expression (137). AAV-transduced DCs can induce antigen-specific Th and CTL responses, but their

in vivo tumor therapeutic effect remains to be demonstrated (137,138,140).

VV: VV is a member of the orthopox virus family. VV can infect DCs very efficiently at low MOIs

(60% transduction efficiency of mature DCs at MOI 2.5) (117,141). VVs are lytic viruses, which makes

them relatively safe for in vivo use, and VV-based tumor vaccination is currently under clinical inves-

tigation. VV-transduced DCs can induce both TAA-specific Th and CTL responses, leading to in vivo

tumor rejection (142–147). However, VV infection interferes with proper DC maturation, downmod-

ulating CD83 and various costimulatory molecules and hampering T-cell stimulation (147–150). To

circumvent this problem, DCs are matured prior to their in vitro transduction with VVs. To facilitate

postmaturational MHC class II processing and presentation of the transgene, VV vectors have been

designed to express the transgene in conjunction with the lysosomal-associated membrane protein-1

targeting sequence (147). Mature DCs infected with these vectors were shown to activate both Th

cells and CTL efficiently.

Herpes simplex virus (HSV): HSVs are large, linear DNA viruses, of which HSV type 1 (HSV-1)

can infect DCs with intermediate to high efficiency (118,151). Replication-defective HSVs or HSVs

that can undergo one additional infectious cycle (recombinant disabled infectious single-cycle HSV-1)

are cytopathic and interfere with DC maturation, leading to downregulated CD83 and CD86 expres-

sion and hampered DC migration (151–153). Moreover, helperviruses that can contaminate such HSV

stocks can also have considerable immunosuppressive effects (118). HSV amplicons are plasmid-

based viral vectors, packaged into HSV-1 capsids, that are generated in helpervirus-free systems and

therefore preferred for DC infection.

HSV-1 amplicons transduce mature DCs at high efficiencies (70–90% at MOI 1), are noncyto-

pathic, and enhance CD80, CD86, and CD40 levels on immature DCs (154). DCs transduced by HSV

amplicons induce tumor-specific CTLs and mediate tumor rejection in vivo (155,156). In addition,

the large HSV genome allows for the inclusion of multiple genes that can further modulate immunity

(e.g., CD40L, GM-CSF, and CCL21) (155,156).

5.2.1.2. RNA VIRUSES

Retroviruses: Retroviruses commonly used for DC transduction are recombinant replication-defec-

tive murine leukemia viruses (117). The major disadvantage of these vectors is their inability to
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transduce nondividing cells. This makes them unsuitable for the transduction of MoDCs, but they

can infect proliferating CD34
+
 DC precursors, which can subsequently be differentiated to DCs (157–

159). Relatively low DC transduction efficiencies of 10–20% have thus been achieved (157–159).

Improved protocols, including the use of retronectin, centrifuging, and repeated infection cycles,

have raised transduction efficiencies to 70% (160). Retroviral transduction of DCs does not interfere

with subsequent maturation and can lead to the activation of both Th and CTL responses (157,160,

161). Adoptive transfer of DCs, transduced by TAA-encoding retroviruses, can induce tumor rejec-

tion in vivo (160,162,163).

Lentiviruses: DCs are natural targets for the lentiviruses human immunodeficiency virus and sim-

ian immunodeficiency virus. Naturally, safety concerns are a major issue in the development of lenti-

viral vectors for immunogene therapy, but third-generation minimal and self-inactivating lentiviral

vectors meet clinical safety constraints and transduce DCs at high efficiencies (85–90% at MOI < 10)

(164–168). Lentiviruses can transduce nondividing cells; therefore, they are suitable for MoDC trans-

duction and do not inhibit DC maturation (164,167). Lentivirally transduced DCs can efficiently

activate CTLs, but as yet no in vivo tumor rejection studies have been performed to show their thera-

peutic efficacy (169–171).

Alpha viruses: Alpha viruses are a group of single-stranded RNA viruses comprising, among

others, Semliki Forest virus (SFV), Venezuelan equine encephalitis virus, and Sindbis virus. Alpha

virus-derived vectors for gene transfer do not encode structural proteins and undergo only one round

of infection. They do encode the viral RNA replicase, which allows for cytoplasmic amplification of

the RNA vector, thus enhancing transgene expression. These vectors are known as RNA replicons or

self-replicating RNA vaccines and are very effective in the induction of CTL-mediated tumor rejection

in vivo (172–175). They can be used as naked RNA or complementary DNA, or they can be incorpo-

rated into viral capsids. Alpha virus replicon particles can infect nondividing cells, their RNA repli-

cons cannot be integrated into the host genome, and they are lytic, allowing for further cross-priming

(172–174). SFV replicons can efficiently transduce DCs (at a reported transduction efficiency of 80%)

and have been shown to induce LC maturation with upregulated expression levels of MHC class I and

II, CD54, and CD80 (176,177). Interestingly, Venezuelan equine encephalitis virus replicons seem

able to target LCs specifically in vivo (178).

5.2.1.3. NAKED DNA AND RNA

DNA: DCs are transfected by naked DNA at extremely low rates in vitro. Electroporation, com-

plexation with cationic peptides, and liposome-mediated transfer can increase transfection efficien-

cies up to 10–20%, usually at the expense of DC viability (179,180). DNA is not DC activating of

itself, but the inclusion of unmethylated CpG sequences can enhance the immunogenicity of DNA

vaccines, possibly by the activation of PDCs and LCs in vivo (181,182). Mechanical stress, associ-

ated with DNA administration via the ballistic gene gun method, has also been shown to induce DC

maturation (183).

DNA vaccination has been reported to lead to TAA-specific CTL activation in vivo (184–187).

Additional Th activation after in vivo DNA vaccination is most likely because of cross-priming events

(188). The transfection of very low numbers of DCs in vivo (intradermally or intramuscularly) has

been sufficient for CTL-mediated tumor rejection (183,189).

RNA: TAA-encoding mRNA can be used to transfect DCs in vitro. In combination with square-

wave electroporation, high transfection efficiencies (50–60%) of MoDCs and CD34-DCs have been

reported (190,191). Immunogenic sequences may be incorporated into RNA vaccines to enhance

immune activation (192–194). RNA-transduced DCs can efficiently prime TAA-specific CTLs in

vitro; administered in vivo, they can induce tumor rejection (195).

Based on these encouraging results and in view of the relative safety inherent with the use of RNA,

clinical trials with autologous MoDCs transfected with TAA-encoding RNA are under way (196).

Another attractive approach may be the amplification of total tumor mRNA and its use to transfect
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autologous DC. In vivo studies revealed total tumor mRNA-transfected DCs to constitute an effica-

cious cancer vaccine (197–199).

5.2.2. The Need for Danger

Numerous studies have pointed to the importance of proper DC activation to obtain long-lasting

CTL memory responsiveness in vivo. As outlined in Section 3.1, optimal activation of DCs is abso-

lutely essential for the generation of an effective antitumor T-cell response. If the employed vector

for gene transfer to DCs does not achieve this by itself, additional danger signals will be required.

Ligation of CD40 molecules on the surface of DCs has been identified as a critical signal for the

effective priming of CTLs and the generation of protective antitumor immunity. CD40 triggering

induces phenotypic and functional maturation of DCs and renders them capable of activating CTLs,

in effect providing the CTLs with “a license to kill” (200,201). The importance of this phenomenon

for efficient tumor rejection has been confirmed by in vivo studies and was shown to depend in large

part on the production of IL-12 and on the upregulation of a broad range of costimulatory molecules

(e.g., CD86) (56). CD40L is therefore an important candidate to include as a DC-maturational agent

in any tumor vaccination approach involving genetically modified DCs.

Other agents that alone or in combination with CD40L have been shown to induce adequate DC

maturation for subsequent antitumor CTL activation are CpG, GM-CSF, IL-4, double-stranded RNA

poly(I:C), LPS, IFN-�, and TNF-� (1,202). Combinations of danger signals often have additive or

synergistic effects on the efficacy of tumor vaccines in murine tumor rejection models. Multiple

danger signals should therefore be considered for application in genetic vaccine formulations. Their

genes could be included in the employed TAA-encoding vector. This would guarantee coexpression

of TAA and danger signals, both in time and localization.

6. DC-BASED VACCINATION: AN IMMUNOTHERAPEUTIC BYPASS

The DC-inhibitory effects of tumors frustrate effective immune activation, but may be bypassed

by vaccine formulations involving autologous, fully mature DCs, which can present relevant TAA

and activate tumor-specific T cells. Two possible approaches can be taken to achieve this: (1) the ex

vivo generation, TAA loading, and maturation of autologous DCs, followed by readministration; and

(2) the in vivo targeting, TAA loading, and activation of tissue-resident DCs. The advantages and

disadvantages of both approaches in TAA gene-based DC vaccination are discussed in this section.

6.1. Ex Vivo or In Vivo: The Case for In Vivo DC-Targeted Genetic Vaccines

The most common approach to DC-based tumor vaccination is the generation of autologous DCs

in vitro, usually from monocytes; this can be followed by in vitro TAA gene transduction, maturation

induction, and adoptive transfer (see Fig. 1A). The ex vivo approach has certain advantages: It allows

for the control of the transduction efficiency and the maturation state of the DCs before they are

administered, benefiting qualitative uniformity of the vaccines. In vitro transduction may also be a

way to circumvent any preexisting antibody responses that in vivo might interfere with infection of

DCs by viral vectors.

On the down side, ex vivo generation of DC-based vaccines for clinical application is an extre-

mely laborious and costly affair. Good manufacturing practices need to be observed, which often

proves prohibitive for rapid clinical implementation. The culture of autologous DCs should ideally

be performed in serum-free media to avoid infectious risks and the possibility of anaphylactic reac-

tions to bovine serum components (203). Serum-free generation of DCs often results in less-than-

optimal DC differentiation characterized by a lack of CD1a expression, which is associated with

reduced T-cell stimulatory capacity. In addition, because 1–10 million DCs usually are administered

per vaccination and multiple vaccinations are required for the generation and boosting of effective

immunity, large numbers of autologous DCs need to be cultured.
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A less-laborious and more easily applicable alternative would be the direct in vivo immunization

of patients with TAA-encoding viral or nonviral vectors. The feasibility of this approach has been

demonstrated by in vivo tumor rejection studies in mice (145,183–185,204). Vaccines based on tis-

sue-resident DCs exploit the physiological processes already in place to facilitate DC activation,

migration, LN homing, and subsequent T-cell activation. To home to draining LNs and subsequently

activate specific T cells, DCs have to reach the correct level of activation and display the correct set

of chemokine receptors, expression of which should be precisely orchestrated, both spatially and

chronologically. DCs generated and readministered in vitro may not fulfill all these requirements.

How these DCs are to be activated for optimal results is still a matter of debate and largely unknown.

The route of administration should also be carefully considered. Intradermal injection may be the

most optimal route for DC transfer, but even then very low numbers of injected DCs (typically <1%)

actually reach the draining LNs (205,206). By targeting and triggering DCs in situ, their physiological

characteristics are exploited to carry out their natural functions (i.e., homing to the LNs to meet and acti-

vate specific T cells and enhance antitumor immunity through the additional recruitment of other

effector cells of the innate immune system). Direct in vivo administration of TAA-encoding vectors

may thus present a more attractive and standardized “off-the-shelf” alternative for tumor vaccination.

Fig. 1. Theory of dendritic cell (DC)-targeted gene transfer for tumor vaccination. Tumor-associated anti-

gens (TAAs) are encoded by a viral vector (the presented schemes can also be applied to nonviral vectors), which

can deliver TAA to DCs (A) in vitro or (B) and (C) in vivo. (A) In vitro DC transduction: DC precursors (e.g.,

CD14
+
 monocytes) are isolated from peripheral blood and cultured to DCs. DCs are infected by a TAA-encod-

ing viral vector and subsequently matured by addition of danger signals. The resulting mature and TAA-pre-

senting DCs are readministered to the patient. (B) In vivo DC targeting through cross-priming: TAA-encoding,

untargeted viral vectors are intradermally injected and will mosly infect skin-resident fibroblasts. Transduced

fibroblasts release TAA, fused to a DC-targeting motif, and danger-signaling proteins (i.e., virally encoded

transgene products). Immature DCs selectively take up the targeted TAA and, under influence of the danger

signals, start to mature. (C) Direct DC targeting in vivo: Alternatively, molecularly altered viral vectors, directly

targeting DC, are intradermally injected and selectively transduce immature DCs. The virus–target molecule

interaction may be selected to lead to immediate maturation of the bound DCs without addition of further

danger signals. TAA-presenting, mature DCs will migrate to draining lymph nodes and activate TAA-specific

cytotoxic T lymphocytes.
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6.2. Selective Transduction of DCs In Vivo

The efficacy of in vivo genetic immunization depends on DC-mediated activation of CTLs. Theo-

retically, this can result both from the direct transduction of DCs or from cross-priming after trans-

duction of myocytes, keratinocytes, or fibroblasts. Both mechanisms have been shown to occur

subsequent to genetic vaccination, but there is evidence to suggest that the directly transduced DCs

are mainly responsible for CTL priming (183,204,207,208). Massive uptake of the injected TAA-

encoding vectors by tissue-resident cells other than DCs, which is usually the case, will interfere with

DC transduction efficiency and effective CTL activation. Moreover, cross-priming under steady-

state tumor conditions would result in T-cell tolerance induction, with detrimental effects on the

vaccination efficacy.

It is therefore desirable to develop methods to target DCs selectively in vivo, which will reduce any

cytopathic effects on bystander cells and allow increased control over the type of response that will

result from vaccination. There are a number of approaches to achieve DC-targeted TAA expression:

1. TAA genes in the employed transfer vectors may be placed under the control of DC-specific promoters or

enhancers, ensuring selective transcription in DCs. An example of this is the use of the dectin-2 promoter

for LC-targeted gene therapy (209). Although this approach will favor DC-specific transgene expression,

it will not enhance the in situ transduction efficiency of DCs.

2. Vectors can be designed to encode TAA fused to natural ligands of DC-specific receptors. This would

significantly enhance TAA uptake by DCs for cross-priming (outlined in Fig. 1B). The choice of vector

for this particular application should take into account the facilitation of cross-priming (143,210–213; see

Table 1). In taking this approach, it is essential that the vaccine formulation also provide danger signals to

avoid cross tolerization. This may be achieved through simultaneous, but separate, administration of

proinflammatory agents or by the inclusion of danger genes (e.g., CD40L or GM-CSF) in the vector.

Antigens have previously been fused to CTLA-4, CCL21, Fc fragments, or mannosylated residues to

target them to receptors on DCs (214–216). DNA plasmids encoding antigens fused to CTLA-4 or FLT3L

and CD40L were described to enhance antibody- and CTL-mediated immunity (216–218).

3. Alternatively, DC-targeted vectors may be employed, which will increase direct DC transduction effi-

ciency in situ. Some viral vectors (e.g., lentiviral vectors or SFV) have a natural DC-targeting ability, but

most do not and will have to be either genetically altered or complexed to (immuno)conjugates to achieve

selective DC targeting (Fig. 1C). Targeting can be mediated by natural ligands of DC-associated receptors

or by DC-specific antibodies. Both viral and nonviral vectors may be targeted to DCs by complexation

with antibody or mannose polyethylenimine conjugates (109,134,219,220). Immunotargeting of protein

antigens to APCs without further need for adjuvants to induce humoral immune responses in vivo was

described using such targeting molecules as MHC-II and FcR (214,221,222). Targeting to more DC-

restricted markers (e.g., CD11c) was shown to induce even stronger responses (223,224).

It is important to keep in mind that DC targeting alone may not be enough; additional activation may be

required. Hawiger et al. showed that targeting of a model antigen to the DEC-205 receptor on murine DCs

led to specific T-cell unresponsiveness within 7 days after immunization. This unresponsiveness was only

overcome after the coinjection of a CD40 agonistic antibody (225). Adenovirus vectors were successfully

retargeted to DCs through a CD40-binding immunoconjugate, resulting in enhanced and selective trans-

duction of cutaneous DCs in situ and simultaneous maturation induction (109). Such targeting strategies

may ensure both DC-specific transduction and appropriate DC activation for the priming of antitumor

immunity (Fig. 1C).

6.3. Target Molecules for In Situ DC Transduction and Activation

Which molecules are viable targets for DC-specific gene transfer? The answer to this question is

closely related to the subset, the maturation state, and the anatomical location of the DCs to be targeted.

A number of possible candidates are listed here. The most attractive targets would (1) be only expressed

on DCs, (2) be rapidly internalized on binding, (3) route internalized antigens into MHC class I and

II processing pathways, and (4) induce DC maturation and migration on binding to allow for optimal

CTL activation.
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1. Pattern recognition and antigen capture receptors are attractive targets because it is their natural function

to internalize antigens and mediate their routing to antigen-processing pathways. In addition, their differ-

ential expression on different DC subsets may allow for subset-specific targeting, such as the following:

LCs to Langerin; DDCs to MR, DEC-205, TLR2, TLR4, DC-SIGN; PDCs to BDCA-2, TLR7, and TLR9

(31,43,50). Antigens internalized by MR, DEC-205, and DC-SIGN have been shown to be presented to

CD4
+
 T cells in the context of MHC class II molecules (226–229). �2-Defensin, a peptide ligand of TLR4,

was successfully fused to antigens to target DCs and elicit enhanced type-1 T cell immunity (215,230).

2. CD1 molecules, involved in the antigen presentation of glycolipids, may also be suitable targets for spe-

cific targeting to LCs (CD1a) or DDCs (CD1b and CD1d) because of their differential expression in these

subsets (231,232).

3. Although their expression is not DC restricted, FcR make interesting candidates because they can efficiently

channel antigens to both MHC class I and II processing pathways (233,234). FcR expression can differ

between DC subsets and maturation states (233,235). FcR-mediated DC maturation has been reported and

may further benefit vaccine efficacy (234,235).

4. Members of the TNF and TNFR superfamilies are particularly attractive DC-targeting candidates. By ago-

nistic binding and crosslinking, they can activate intracellular signaling pathways in DCs, leading to NF-

�B-dependent maturation induction (e.g., CD40, Fas, Decoy rector-3 [i.e., LIGHT ligand], and 4-1BB)

(236–239), migration to LNs (CD40L and RANK) (232,240), and increased survival (RANK) (241). Fas-

mediated TAA uptake from FasL
+
 tumors was suggested, and CD40-mediated adenovirus transduction

was shown to result in enhanced DC maturation and transgene-specific CTL activation (109,242). Although

the expression of TNF and TNFR superfamily members is not restricted to DCs, in peripheral nonlymphoid

tissues their expression on DCs can be sufficiently high and specific to allow DC transduction with increased

selectivity (109).

5. HSP receptors (CD91) and receptors binding apoptotic fragments (�
v
�

3
 and �

v
�

5
 integrins) may also be

useful targeting motifs with DC activational potential (122,243). Indeed, RGD motifs targeting Ad vectors

to �
v
�

3
 and �

v
�

5
 integrins enhanced DC activation; apoptotic bodies were identified as suitable antigen

vehicles for the targeting of DCs in vivo (122,244).

6. CD72, the ligand for the semaphorin CD100, may also serve as an antigen-targeting motif with DC-acti-

vational properties because soluble CD100 can induce DC maturation and enhance subsequent DC-medi-

ated T-cell priming (245).

7. CD83, CCR7, and CMRF-44 may provide motifs to specifically target mature DCs. However, vector inter-

nalization may be impaired in fully mature DC as well as their ability to process antigens for presentation

to T cells (215).

8. Because of their disturbed differentiation in cancer, DCs may be most efficiently in vivo targeted for

tumor immunotherapy through precursor markers such as CD14, CD1c, BDCA-3, and CD11c (21,23). An

integral part of this particular approach should then be the inclusion of cytokines (or vectors carrying their

genetic codes) to stimulate differentiation and maturation of the transduced DC precursors.

Expression of these targeting molecules on DCs may differ between subsets, developmental stages,

tissue types, and disease states, but may be modulated by cytokine treatment. For instance, CD40-

targeted adenovirus delivery to cutaneous DCs in situ required prior maturation induction by intrader-

mal injection of GM-CSF and/or interleukin (109). Care should be taken that such modulation of the

DC activation state will not interfere with the ability of the DCs to take up and process antigens for

subsequent T-cell activation. The kinetics of vector binding, uptake, TAA expression and processing,

and DC activation and migration need to be timed carefully to allow for the optimal generation of

TAA-specific T-cell responses (215).

7. CLINICAL ADVANCES: SMALL STEPS

In vitro-generated autologous MoDCs, loaded with TAA-derived peptides, proteins, or tumor lysates,

have been successfully used in clinical trials and shown to be safe. No toxicities or severe side effects

were observed, and some clinical responses were reported in selected vaccinated patients in advanced

stages of cancer (246). Phase III trials to firmly demonstrate clinical efficacy of these DC-based vac-

cine strategies are being planned, but approaches with genetically modified DCs are lagging. Increased

efficacy over protein-loaded DCs will have to be demonstrated, and safety issues will have to be resolved

before DC-based immunogene therapy of cancer can move forward into the clinic.
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7.1. Clinical Trials Past and Present

Reports on clinical trials involving the use of genetically modified DCs with cancer patients are

rare. Although a number of phase I/II trials have been carried out exploring VV-based TAA vaccina-

tion, this has always been through direct in vivo administration of VV through skin scarification or

intradermal, subcutaneous, or intramuscular injection and never through the in vitro transduction of

autologous DCs. Patients with advanced cancer have thus been vaccinated with VV or avipox vectors

(sometimes with both in a prime/boost protocol) encoding carcinoembryonic antigen, mucin 1, pros-

tate-specific antigen (PSA), or HPV E6 and E7 (247–252). Although no serious toxicity or safety

issues emerged, the effects on TAA-specific antibody and CTL responses were very weak or absent,

and no objective clinical responses were observed. This may be because of either strong tolerance or

preexistent antibody responses to VV (which, incidentally, were clearly boosted by the vaccination)

(247). Inclusion of GM-CSF and B7.1 in the vaccine formulation could only slightly increase TAA-

specific immune reactivity (253,254).

An elegant confocal microscopy in vivo imaging system showed infected DCs were responsible

for CTL priming in draining LNs subsequent to VV administration (255). However, because VVs are

known to interfere with DC maturation, this may not be very effective (148–150). The induction of

DC maturation prior to transduction (either in vivo or in vitro) may improve the efficacy of VV-based

tumor vaccines (147).

Clinical studies of the vaccination of patients with metastatic cancer with adenovirus vectors encod-

ing p53, MART-1, or GP100 failed to induce specific immune responses or clinical responses (256,

257). Again, prohibitive neutralizing antibody responses were offered as an explanation for the poor

vaccine efficacy (256). Clinical trials are currently under way to study the efficacy of vaccination with

autologous adenovirus-infected MoDCs.

Although DNA vaccination should not be impeded by preexistent immunity, it was found to be

equally ineffective in generating antigen-specific immunity, possibly because of poor in vivo trans-

duction efficiency of DCs (258,259). However, an increased CTL and delayed-type hypersensitivity

reactivity was reported following vaccination with MoDCs that were in vitro transfected with MUC1

encoding complementary DNA (260).

A most promising report came from Heiser et al., which showed consistently increased specific

T-cell responsiveness after vaccination with autologous DCs transfected with mRNA encoding PSA

(261). Antitumor efficacy was strongly suggested by a decrease in the rate at which plasma PSA levels

rose and a temporary decline in molecularly detected circulating tumor cells. The same group is cur-

rently testing the use of total tumor RNA for DC transfection and subsequent vaccination of renal cell

cancer (RCC) patients with metastatic disease. Promising first data indicated the postvaccination gener-

ation of T-cell responses against various TAAs (262).

Considerably more clinical trials have investigated the possibility of vaccinating cancer patients

with autologous or allogeneic tumor cells expressing DC-stimulatory cytokines, such as IL-4 (263)

and, most commonly, GM-CSF. Cells from autologous melanoma, prostate cancer, RCC, or pancreas

tumors were transduced by viral vectors (adeno- or retroviral) or transfected by DNA plasmids to

express GM-CSF prior to their (re)administration to cancer patients (264–268). This approach was

shown in some isolated cases to increase tumor-specific CTL and delayed-type hypersensitivity responses

and disease-free survival and to result in partial clinical responses (264–266). Similar observations for

allogeneic GM-CSF-transduced tumor vaccines point to a major role for cross-priming by (autologous)

DCs in the effectiveness of this approach (265). These encouraging data from phase I/II trials cer-

tainly warrant further clinical studies.

7.2. Remaining Issues and Future Directions

Although vaccination with TAA-gene-modified DCs holds great promise, certain hurdles will need

to be overcome before this therapeutic approach can be widely applied in the clinic. Considering obvious
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safety issues, the use of genetically modified DCs will have to be justified by proving its superior effi-

cacy over the use of protein-pulsed DCs. Direct comparisons between different DC vaccination method-

ologies will have to be performed more rigorously in a preclinical setting before the most promising

methods can be tested in clinical trials.

Similarly, the candidate viral vectors for DC transduction should be more carefully compared in

vitro and in vivo in terms of their ability to induce antitumor T-cell responses and tumor rejection.

The problem of preexistent, immunodominant responses against viral vectors, which may interfere

with viral infection and the efficient priming of TAA-specific immunity, will need to be solved, either

by advanced-generation, poorly immunogenic vectors or by optimized prime/boost protocols with

different vector systems.

Another important question that is being addressed is which TAA genes to select for transfer to

DCs. To avoid outgrowth of tumor escape variants, multiple TAA genes should be targeted. Ideally,

a standard panel of common TAAs, expressed by a vast majority of tumors but not by normal tissues,

should eventually be developed for genetic DC-based vaccination.

If TAA gene transfer is to be achieved by in vivo targeting, many more issues deserve careful

consideration, such as which DC subsets to target and in which body compartment, which targeting

molecules to select and which additional immunoadjuvants, which antigen processing routes to tar-

get, and the optimal timing of DC activation and vector delivery for efficient CTL activation. Finally,

there is a general consensus that, for immunotherapy to be effective, it will have to be applied in an

adjuvant setting. Optimized treatment protocols are needed to ensure that the traits of immunogene

therapy and other therapeutic approaches combine to achieve synergistic antitumor effects.

The major item that remains on the immuno(gene) therapist’s troubleshooting list, and that in one

way or another relates to all the above-listed items, is how to break the strong tumor-related immune

tolerance; in other words, how best to deploy DCs in the struggle against cancer so that they can serve

as the definitive wake-up call to all the required components, both innate and adaptive, for a concerted

and effective antitumor immune response. At the moment, all seem to agree, DCs may be our best shot.
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Dendritic Cells

Weiping Zou, Shuang Wei, and Tyler J. Curiel

1. INTRODUCTION

Dendritic cells (DCs) are the principal immune cells priming naïve T lymphocytes to initiate adap-

tive immunity. DCs have been referred to as “nature’s adjuvant” owing to their potency in igniting

immune responses (1). They originate from proliferating hematopoietic progenitor cells in bone

marrow and enter blood as nonproliferating precursor cells. These precursor cells then seed all tissues,

in which they differentiate into immature DCs that sample the environment for “danger” or foreign

antigens. If such is encountered, they migrate to locally draining lymph nodes, during which transit

they undergo a process of maturation. In maturation, their capacity to acquire antigen is lost simulta-

neous with their acquisition of an enormous capacity to prime naïve T cells.

In the following sections, all major aspects of DCs are discussed in much greater detail, and issues

of particular relevance to gene therapy are addressed.

2. HISTORICAL ASPECTS

Paul Langerhans originally described immune DCs in skin in 1868. He thought they were neural

cells and failed to make the link between them and immune responses. Studies of DCs languished for

almost a century until Ralph Steinman and his colleagues at the Rockefeller University rediscovered

them in 1972. Links to immunity were quickly made, but progress in understanding the function of these

cells was hampered by their scarcity in vivo and a lack of adequate means to propagate them in vitro.

Progress in understanding the function of DCs was boosted tremendously by the discovery that bone

marrow cells and blood monocytes differentiated into DCs in vitro when cultured with recombinant

cytokines including granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin 4 (IL-

4), or tumor necrosis factor-� (TNF-�). Details of these in vitro systems are described in Section 10.

3. DC DIFFERENTIATION

Bone marrow contains a population of proliferating CD34
+
 progenitor cells that give rise to the

cellular elements of blood, including DCs. As these progenitor cells differentiate, they exit marrow

and enter blood as nonproliferating DC precursor cells (1). Two principal DC precursor cells circu-

late in human blood, giving rise to apparently distinct DC lineages. Myeloid DCs (MDCs) arise from

lineage-negative precursor cells expressing human leukocyte antigen (HLA)-DR and CD11c, and

plasmacytoid DCs (PDCs) arise from lineage-negative precursor cells expressing HLA-DR, but lack-

ing CD11c (2,3). Figure 1 provides a graphic depiction. A hallmark of PDC precursor cells is their

striking production of type I interferons following viral infection (3,4), which is used to confirm

functional identity in vitro. Although there are clear functional differences between MDCs and PDCs,

these lineage distinctions are still controversial and are likely to be modified as new data emerge.
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4. DC MATURATION AND ACTIVATION

Nonproliferating DC precursor cells exit blood to seed essentially all lymphoid and nonlymphoid

tissues, in which they remain in a nonmigratory, immature form, poised to sample the environment for

signs of danger or foreign antigens. Proinflammatory signals such as interleukin (IL)-1� and TNF-�,

viral and bacterial products such as CpG, and bacterial cell wall components such as lipopolysaccharide

enhance DC maturation. For complete DC activation/maturation, a CD40 signal (usually delivered

through T-cell CD40L) is also required. Following activation through CD40, DCs acquire a signifi-

cant capacity to activate cytotoxic T lymphocytes (5,6).

Immature DCs are highly specialized to capture antigens, but are poor at priming naïve T cells. As

DCs mature, they lose their capacity to capture antigen and simultaneously acquire an extraordinary

capacity to prime naïve T cells. Mechanisms to capture antigen include pinocytosis, phagocytosis,

and receptor-mediated mechanisms.

Immature DCs are highly migratory cells, although factors controlling their mobilization are

poorly understood. Migration is dictated by expression of chemokine receptors, integrins, and selec-

tins (7,8). Migration signals in human cancers may differ compared to homeostatic signals (7). DC

migration likely also depends on the tissue origin of the DCs, local factors, and specific characteristics

of the mobilizing/migratory signals. Figure 2 provides a depiction of critical events in DC migration.

5. DC MOBILIZATION

Granulocyte colony-stimulating factor (G-CSF), GM-CSF and Fms-like tyrosine kinase 3 ligand

(FLT3L) are growth factors developed to help mobilize granulocytes and myeloid cells to combat

infection in patients with low peripheral blood white cell counts, such as following cytotoxic chemo-

Fig. 1. Dendritic cells arise from proliferating CD34
+
 bone marrow progenitor cells. They seed blood as

nonproliferating precursor cells that are categorized as CD11c
+
 (giving rise to MDCs and Langerhans DCs) or

CD11c
�
 (giving rise to PDCs). Various cytokines as indicated can be added to these cells to induce terminal

differentiation of the various dendritic cell subsets.
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therapy. Recent work demonstrated that these growth factors also mobilize circulating DCs. For

example, G-CSF preferentially mobilizes CD11c
�
 PDC precursor cells (although it also mobilizes

CD11c
+
 DC precursor cells). GM-CSF preferentially mobilizes CD11c

+
 MDCs and their precursor

cells, whereas FLT3L mobilizes large numbers of both PDCs and MDCs in humans following exog-

enous administration (9).

6. MYELOID DC

MDCs appear as either interstitial DCs in the dermal layers of skin and most organs or as Langer-

hans DCs, which populate and survey the epidermal layer of skin (10). Interstitial DCs are equivalent

to the well-known in vitro monocyte-derived DCs (1). Initiation of humoral responses might prefer-

entially be regulated by interstitial DCs. Langerhans DCs are poor at pinocytosis and apoptotic body

capture, but excellent in elicitation of cytotoxic T lymphocytes and induction of CD4
+
 and CD8

+
 T-cell

proliferation. Interstitial DCs may preferentially elicit cellular immunity. Experimental evidence also

suggests that Langerhans DCs are better than interstitial DCs in elicitation of cytotoxic T lympho-

cytes (11,12).

Fig. 2. Immature dendritic cells reside in peripheral tissue, in which they are attracted by local MIP3�

expression. Immature dendritic cells are poised to capture antigen and continuously sample the environment.

Following exposure to foreign antigens or proinflammatory danger signals, dendritic cells undergo a remarkable

maturation process by which they exit into lymph channels to migrate to local draining lymph nodes. During

maturation, antigen capture capacity is lost in place of strong T- or B-cell-stimulating capacity. In lymph nodes,

these matured/activated dendritic cells instruct antigen-specific cells, which then exit and return to the original

site of inflammation to execute their specific effector functions. Mature dendritic cells die by apoptosis in

lymph nodes. M-CSF, macrophage colony-stimulating factor; MIP3�, macrophage inflammatory protein 3�;

GCDC, germinal center dendritic cell.
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7. PLASMACYTOID DC

Human PDCs arise from circulating cells lacking lineage markers and CD11c, but expressing

HLA-DR, and are further identified phenotypically by expression of CD123, the IL-3R� chain (3).

PDC precursor cells are the principal circulating cell of the PDC lineage and were identified as high

type I interferon-producing cells following virus infection (13). This type I interferon induces sig-

nificant Th1 polarization (14). When activated through CD40 or CpG motifs, PDCs may also induce

T-cell interferon-� through IL-12 secretion (14,15). PDCs may also mediate antigen-specific tolerance

(16). The mouse equivalent of human PDCs was described (17), which may help allow more detailed

studies of this rare and little-known DC subset.

8. T-CELL ACTIVATION

Immature MDCs express few T-cell costimulatory molecules, such as CD40, CD54, CD80, CD86,

major histocompatibility complex (MHC) classes I and II. Following maturation, through a variety of

mechanisms, MDCs greatly increase all of these T-cell costimulatory molecules and also express

CD83, a molecule with a function that is incompletely understood, but that is a hallmark of mature

MDCs. PDCs express these molecules as well and upregulate them following maturation, but expres-

sion levels are generally lower in the immature and mature states compared to MDCs, and they are

less potent in priming naïve T cells. The capacity of MDCs or PDCs to prime naïve T lymphocytes

forms the basis of the standard mixed lymphocyte reaction.

Immature MDCs are poor at inducing naïve CD4
+
 T-cell proliferation and induce T-cell IL-4 and

interferon-�, but no significant T-cell IL-10. Following maturation, their capacity to induce T-cell

interferon-� increases substantially. Immature MDCs secrete little IL-12 and IL-10. Following matu-

ration, they greatly increase IL-12 secretion, which is critical to their capacity to induce Th1 polariza-

tion and T-cell interferon-� secretion, and increase IL-10 secretion, but to a much lesser degree. Mature

MDCs also secrete a variety of other soluble factors, such as IL-6, IL-18, TNF-�, and chemokines. The

immunobiological roles of all of these factors remain to be fully defined. The murine counterparts of

human MDCs are similar in most of these important aspects.

Immature (precursor) PDCs secrete few type I interferons, but secrete enormous quantities fol-

lowing virus infection and other triggers, including CD40 ligation, immune complex engagement,

and CpG motifs. These type I interferons induce Th1 polarization of T cells. Human PDCs do not

generally secrete significant IL-12, although this may occur in virus infection through CpG stimula-

tion (15). The capacity of PDCs to secrete type I interferons following viral infections may be ex-

ploited in particular gene therapy strategies, although little published work in this regard exists.

Mature PDCs also secrete the chemokines IP-10 and IL-8 and the cytokines TNF-� and IL-6. Murine

PDCs are similar to human PDCs in many regards, but do express CD11c and, more important, do

secrete significant IL-12 (17,18).

9. ANTIGEN PROCESSING

DCs prime or activate a variety of antigen-specific immune cells through presentation of antigen

in the context of both MHC class I and class II. Thus, DCs possess a variety of mechanisms by which

antigen is introduced into the MHC class I or II pathways for eventual presentation to antigen-speci-

fic cells. DCs use classic antigen-processing pathways for processing exogenous antigen into MHC

class II and endogenous antigen into class I. Further, they may capture apoptotic bodies through the

surface receptors CD36 or �
v
�

5
 integrins for processing and presentation in the MHC class I pathway

(19,20). Several DC-specific antigen capture receptors or processing mechanisms have been identi-

fied, including DC-LAMP (21) and DC-SIGN (22). These relatively DC-specific molecules may

make rational targets for DC-targeting gene therapy strategies.
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The ultimate differentiation potential and effector function of MDCs or PDCs is dictated by micro-

environmental conditions and signals. For example, MDCs differentiating and maturing under homeo-

static conditions generally induce potent Th1 polarization. However, when matured in the presence

of prostaglandins, they may induce Th2 polarization (23). MDCs subjected to IL-10 may induce T-

cell anergy or tolerance, which can impede tumor-specific immunity (24,25). T cells repeatedly stimu-

lated with immature, rather than mature, MDCs may induce IL-10-secreting regulatory T cells (26)

and can induce antigen-specific tolerance in humans (27).

Immature PDCs in blood may induce a Th0 phenotype characterized by T-cell secretion of both inter-

feron-� and IL-4. However, following activation by virus infection, they induce potent Th1 polarization

through interferon-� secretion. In tumors, PDCs may induce T-cell IL-10, contributing to tumor-medi-

ated immune suppression (7). The roles of PDCs in maintaining tolerance (16,28), mediating allergic

airway disease (29), and other functions remains poorly defined, but are under active investigation (30).

10. IN VITRO GENERATION OF DCs

Study of DCs was hampered for decades by lack of sufficient numbers owing to their scarcity in

vivo. It is now possible to generate large numbers of DCs in vitro using techniques that have revolu-

tionized their study. Generally, the easiest way to generate DCs in vitro is to culture precursor cells in

recombinant GM-SCF plus IL-4. R&D Systems (Minneapolis, MN) produces a variety of high-qual-

ity mouse and human cytokines for this purpose (we have no financial interest in this company).

Different cytokine manufacturers may use different units to measure potency, so care should be

taken to ensure that correct concentrations of cytokines are used if products are purchased from

vendors with methods that differ from those cited in published methods.

DCs may routinely be cultured from human, mouse, or rhesus monkey cells (31–34). DCs may also

be cultivated from chimpanzees (35–37), rats (37,38), and pigs (40), affording may potential applica-

tions in gene therapy studies. DC phenotype and function can be affected by the precursor cells from

which they are derived, by any growth factors used to mobilize precursor cells, differentiation or

maturation factors, or the anatomic location from which the DC or its precursor cell was recovered

(1). All these factors must be considered when choosing a DC system for a specific gene therapy (or

other) application.

Monocytes can be induced to differentiate into DCs in the absence of exogenous cytokines. For

example, mouse anti-CD40 agonist antibody induces monocytes to differentiate into DCs in a pro-

cess augmented by addition of GM-CSF plus IL-4 (41). Monocytes may differentiate into cells with

many features of MDCs following exposure to specific calcium ionophores (42). Monocytes reverse

transmigrating across endothelial surfaces will differentiate into MDCs in the absence of exogenous

cytokines (43,44), which may be a mechanism by which DC precursor cells differentiate into DCs in

vivo. Gene therapy vectors themselves have been reported to induce MDC differentiation in mono-

cytes, which is addressed in detail in Section 11.

10.1. Cultivation of Mouse DCs

Inaba and associates (45) described a novel in vitro technique that has been modified over the years.

Marrow cells are recovered from the femur and tibia, purified, and cultured with recombinant murine

GM-CSF to induce DC differentiation. These DCs can be matured by lipopolysaccaride (LPS) or TNF-�

treatment or other means. CD34
+
 cells obtained from mouse bone marrow will also differentiate into

DCs when cultured with GM-CSF plus FLT3L (46) or GM-CSF, TNF-�, and stem cell factor (SCF)

(47). Addition of transforming growth factor-� drives precursor cells down a Langerhans DC differen-

tiation pathway (48). Mouse skin is a significant source of Langerhans DCs (from epidermis) and inter-

stitial DCs (from dermis) (49). Macrophages of mouse (50) or human (51) origin also serve as DC

precursor cells, with properties that may differ from typical monocyte-derived MDCs (51). DCs may
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be isolated directly from mouse (52,53) or human (7) tumors for studies as desired. Several murine DC

lines are available, some of which have many features typical of primary DCs (54,55).

10.2. Cultivation of Human DCs

The best-studied human DCs are those monocyte-derived DCs (MDDCs) (56–60). For most DC-

generation purposes, monocytes may be isolated from peripheral blood mononuclear cells by simple

plastic adherence. To produce immature MDDCs, monocytes are cultured with recombinant human

GM-CSF plus IL-4 for 5 to 7 days. Reported amounts of GM-CSF and IL-4 used to differentiate MDDCs

vary considerably. Some investigators use serum-free medium or autologous plasma instead of fetal

calf serum as fetal calf serum may contain trace amounts of endotoxin, transforming growth factor-

�, or other factors (61). Maturation can be effected by an additional culture with Escherichia coli

lipopolysaccharide or by a variety of other agents, well-described elsewhere, including TNF-� plus

IL-1�, monocyte-conditioned medium, type I interferons, and more elaborate cocktails (1,62,63).

Culture conditions other than GM-CSF plus IL-4 will also effect monocyte-to-MDDC differentia-

tion. Advantages of one culture system over another may not always be clear, aside from cost consid-

erations and from using what may not be considered “standard conditions.” Investigators should give

considerations to experimental conditions, desired results, and other factors when deciding on a spe-

cific DC culture method. Although Langerhans DCs may be derived from CD34
+
 precursor cells or

monocytes, they were originally described following isolation from skin (64).

DC progenitor cells differ from precursor cells in that they proliferate. Thus, DC yields can be

increased if the progenitor pool is first expanded prior to differentiation into DCs. In this regard, CD34
+

cells from leukopheresis or marrow serve as an excellent source of proliferating DC progenitor cells

for DC generation. The yield of CD34
+
 cells in blood can be increased greatly by treating donors with

factors such as FLT3L or G-CSF prior to leukopheresis. Umbilical cord blood contains many more

CD34
+
 cells than normal adult blood. Cord blood CD34

+
 cells can be obtained using paramagnetic

beads (Miltenyi or Dynal) with equivalent yields (65–67) or can be obtained by flow cytometry.

If human DCs grown ex vivo are to be transfused adoptively back into human subjects, special

attention must be paid to the nature of the cell collection, culture conditions, differentiation agents,

maturation agents, and antigens used. In the United States, the Food and Drug Administration closely

scrutinizes human trials involving transfused, manipulated cells, particularly when gene therapy is

involved, and usually must approve such trials before they can be effected. Cells and viruses must be

cultivated and prepared in specialized good laboratory practice facilities, which are loosely defined

and not as stringently controlled as good manufacturing process facilities used in manufacture of

drugs and biologics by pharmaceutical and biotechnology companies.

11. DCs AND GENE THERAPY

DCs are highly efficient in priming naïve T lymphocytes. Thus, the majority of reported gene ther-

apy studies involving DCs capitalize on this role and are designed to induce antigen-specific T cells

for a variety of purposes. MDCs are transducible by standard retroviral and adenovirus (68) agents

with variable degrees of success, although adenoviruses are probably superior in many instances

(69). Adenoviruses require coxsackie and adenovirus receptor for optimal transduction. Thus, MDC

transfection may be improved using tropism-modified adenoviruses. Adenovirus genetically modi-

fied to express coxsackie and adenovirus receptor-binding motifs are improved in their capacity to

transduce human and rhesus monkey MDCs (70). CD40-conjugated adenovirus is more efficient in

MDC transduction compared to parental virus and has the additional benefit of effecting MDC matu-

ration through the CD40 signal (71,72).

Other DC-targeting strategies for viral vectors have also been successful (73). Bystander MDCs

infused into animals treated with gene therapy agents to induce local TNF-� (74,75) or IL-18 (74,75)

expression enhances tumor immunity. Repeated treatments with virus-transduced MDCs paradoxi-
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cally may decrease protective antitumor immunity in some mouse strains (76), although the implica-

tions for human trials remain unknown.

Because of the inherent difficulties in transducing DCs with lentiviral or retroviral vectors, improved

vectors with enhanced DC gene transfer capacity have been proposed (77,78), some with a claim of

superiority to adenovirus vectors in DC transduction efficiency (79). Murine leukemia virus (MLV),

human immunodeficiency virus-based, and other retroviral or lentiviral vectors have also been used

to improve DC transduction efficiency (80–82). High tumor antigen expression and immunity may be

achieved by fusion of DCs to live tumors (83). A final variation on these themes of improved cell trans-

duction and antigen presentation is to construct an artificial DC based on a cell type that is highly amen-

able to virus-driven gene expression, which has been done using engineered mouse fibroblasts (84).

Mature CD83
+
 MDCs are also susceptible to adenovirus-mediated gene transfer, although such con-

structs may be immunosuppressive rather than stimulatory (85). Adenoviruses may be encapsulated

in liposomes further to enhance MDC transfection (86). Adenovirus also transduces PDCs and induces

secretion of PDC type I interferons in the process (87), although specific gene therapy strategies in

this regard have not been reported. Adeno-associated viruses also transduce DCs (88). Nonvirologic

methods to transduce DCs have also been successful (89). Although DCs transduced with viral vectors

may also induce immunity to the vector as well as the gene product, clinically significant tumor-spe-

cific immunity may nonetheless be effected (90). Such approaches are discussed in much greater detail

elsewhere in this textbook.

DCs can also be modified by gene therapy to mediate tolerance (91,92) or immune suppression

(93) instead of active immunity, which may be clinically useful in a variety of settings, including trans-

plant acceptance (94).

Frustratingly, there are no single, DC-specific markers available for DC-targeted vector development.

Nonetheless, DCs may be preferentially targeted through their high expression of class II molecules.

12. ADENOVIRUS-TRANSDUCED DCs IN HUMAN CLINICAL TRIALS

It is well established that adenoviruses can be modified to effect high-efficiency transfection of

human DCs, and that this transduction induces DC maturation, augmenting T-cell-activating capacity

(72,86,95,96). Adenovirus-mediated gene transduction enhances vaccine-induced tumor immunity

in mouse models (68,71). Further, human DCs transduced with specific melanoma antigens using

recombinant adenoviruses induce melanoma tumor antigen-specific CD8
+
 cytotoxic T lymphocytes

in vitro (97). Vaccination of melanoma patients with their autologous tumor cells engineered to secrete

GM-CSF using recombinant adenovirus vectors induces specific antitumor immunity and measura-

ble clinical responses. These responses may be caused in part by attraction of DCs to the tumor through

expression of GM-CSF (98,99).

13. MISCELLANEOUS DC GENE THERAPY CONSIDERATIONS

DCs can be genetically modified to enhance accumulation of bystander DCs to improve tumor-spe-

cific immunity (100). GM-CSF-modified MDCs attracted abundant MDCs in vivo that were signifi-

cantly more immunostimulatory compared to endogenous MDCs and had phenotypic and functional

differences, suggesting that they were a distinct MDC subset (101). The Th2-polarizing and humoral

immune-inducing capacity of MDCs can be enhanced by transducing various factors, including macro-

phage-derived chemokines (102). The trafficking patterns of DCs can be altered through gene therapy-

mediated expression of chemokine receptors (103).

Transduced DCs can be cryopreserved for later infusions (104), which can increase efficiency of

human clinical trials. Further, non-transduced MDCs can be cryopreserved and transduced with adeno-

virus at a later date, although at lower efficiency compared to MDCs not previously cryopreserved

(105). Adenovirus infection of monocytes is reported to induce MDC differentiation (106). Modifi-

cation of MDCs through gene therapy for use in antitumor immunity was reviewed (107,108).
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Polynucleotide Immunization for Cancer Therapy

Theresa V. Strong

1. INTRODUCTION

The limitations of conventional cancer therapy (surgery, radiation, and chemotherapy) combined

with a better understanding of the molecular mechanisms regulating the immune system have led to

increasing attention focused on the development of immunotherapies for cancer. Active immunother-

apy approaches seek to eliminate tumor cells by eliciting immune responses directed against tumor-

associated antigens. Gene transfer techniques have expanded the potential opportunities in this area

by providing new methods for stimulating the immune response. Among the array of techniques

under development for clinical application, nucleic acid or polynucleotide vaccines have emerged as

a novel and effective method of inducing tumor antigen-specific immune responses.

Rather than immunizing with a protein, polynucleotide immunization (PNI) relies on delivery of

deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) molecules encoding an antigen of interest.

There are several advantages to this mode of delivery. Perhaps most important, both antibody and

cellular immune responses are elicited following PNI. The in vivo synthesis of the encoded antigen

allows the protein to be processed for presentation on the major histocompatibility complex (MHC)

class I complex, promoting the generation of class I-restricted cytotoxic T lymphocytes (CTLs). Because

CTLs are known to be important mediators of the antitumor immune response, their activation against

tumor antigens is critical to the success of cancer vaccine approaches. Furthermore, and in contrast to

protein vaccines prepared in nonmammalian hosts, synthesis of the antigen in vivo allows appropri-

ate folding and posttranslational modification of the protein.

DNA-based vaccines also direct antigen expression for extended periods, supporting persistent

antitumor immune responses that should theoretically protect a patient from relapse. Additional factors

favoring the development of plasmid DNA-based immunization strategies include the relative ease

and inexpensive nature of vaccine preparation, as well as its stability. As discussed in more detail in

Section 4, DNA vaccines prepared in bacterial hosts are inherently immunostimulatory because of the

presence of unmethylated CpG dinucleotides. These sequences stimulate a nonspecific immune re-

sponse that does not interfere with repeated delivery of the vaccine. This contrasts with viral-based

vaccines, for which preexisting or vector-induced immune responses can strongly compromise the

effectiveness of the vaccine (1,2). Safety considerations also favor polynucleotide vaccines com-

pared to viral vaccines because there is no risk for recombination with wild-type viruses, and the risk

of insertional mutagenesis is quite low. Finally, DNA and RNA vaccines have the potential to readily

deliver multiple epitopes, and even multiple antigens, in a single injection, an important consider-

ation given the propensity of tumors to escape immune detection by antigen loss variants (3).

Despite these potential advantages and encouraging preclinical studies, polynucleotide vaccines for

cancer have thus far shown only minimal activity in the clinical setting. Many tumor antigens are not
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mutated, and therefore induction of an immune response to these antigens requires that the immune

system be able to recognize and mount an effective response to a “self-antigen.” Initial studies suggest

that this will be difficult to achieve in the setting of human cancer. Therefore, improving the potency,

and thereby the clinical efficacy, of polynucleotide vaccines has become the major focus of research

in the field. This chapter delineates some of the approaches currently under evaluation in preclinical

models designed to address this limitation.

The versatility of DNA- and RNA-based vaccines has led to the development of a number of delivery

approaches to accomplish cancer immunotherapy. Whereas DNA or messenger RNA (mRNA) can

be used to modify cells ex vivo, as in the case of transfected dendritic cells or irradiated tumor cells

for vaccine therapy, this chapter focuses specifically on in vivo delivery of DNA or RNA for cancer

immunotherapy.

2. GENE TRANSFER OF NUCLEIC ACIDS FOR IMMUNIZATION

The development of nucleic acid vaccines was sparked by the observation by Wolff and colleagues

that intramuscular injection of naked DNA led to the expression of the encoded gene by myofiber

cells (4). Subsequent studies demonstrated the general applicability of this approach for the expres-

sion of foreign genes in a variety of species, from fish (5) to nonhuman primates (6). Although an

inefficient process, the transferred DNA appears to enter the myofibers via the myocyte caveolae and

T tubules (7,8). The DNA is maintained in an extrachromosomal form in the nucleus, but expression

can be detected for a prolonged period (9), depending on the immunogenicity of the encoded protein.

Ulmer and coworkers first demonstrated the ability of intramuscular delivery of DNA encoding a

viral antigen to elicit a CD8
+
 T cell, MHC class I-restricted immune response protective against infec-

tion, using a plasmid encoding the influenza protein nucleoprotein A (10). This study provided the

rationale to develop polynucleotide vaccines for therapy of diseases, including cancer, previously not

amenable to traditional vaccine approaches that rely primarily on humoral immune responses. Rather

than preventing disease, therapeutic immunization against chronic disease became a possibility.

Induction of cellular and humoral immune responses following delivery of nucleic acids is not

limited to intramuscular delivery. The skin is rich in antigen-presenting cells (APCs), such as immature

Langerhans cells in the epidermis and mature dendritic cells (DCs) in the dermis. Tang and coworkers

demonstrated the ability of DNA delivered to the skin to elicit a humoral immune response to the

encoded gene (11). In this method, the DNA is delivered following precipitation onto gold micropar-

ticles (12). The gold particles are delivered to the skin under pressure by a ballistic delivery device. The

process, commonly referred to as gene gun delivery, does not produce traumatic injury and requires

much less DNA to achieve comparable humoral immune response to intramuscular delivery (13,14).

Induction of effector CTLs capable of mediating tumor rejection was subsequently demonstrated in

a mouse model of transplantable tumors (15).

Intradermal immunization can also be accomplished by injection of naked DNA or by a needle-

free jet injection system delivering DNA-coated nanoparticles (16). Mucosal administration of DNA

vaccines has also been explored primarily for immunization against infectious disease (17), but may

also be applicable for cancer therapy (18).

In addition to naked DNA delivery to mucosal surfaces, plasmids can be delivered orally by employ-

ing bacteria as carriers, including attenuated Salmonella (19–21), Shigella (22), or Listeria (23) strains.

Administration via bacteria may also contribute to the effectiveness of the vaccine by stimulating the

innate immune response. Finally, despite a relatively short half-life in the circulation, studies of the

intrasplenic administration of a DNA vaccine (24) demonstrated that strategies to promote uptake of

DNA by splenocytes following intravenous administration might lead to induction of humoral and

cellular immune responses.

The fact that all of these delivery routes results in antigen synthesis and induction of antigen-speci-

fic immune responses attests to the flexibility of PNI. It is important to note that these different routes
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of administration may lead to qualitatively different immune responses (25,26), and the relative effi-

cacy in humans remains to be determined.

Although typically composed of plasmid DNA encoding a defined tumor antigen, vaccine strategies

using mRNA have also been developed. One potential disadvantage of RNA-based vaccines compared

to DNA vaccines is the considerably shorter half-life of mRNA. Nevertheless, the use of mRNA in

vivo may be advantageous for immunization against oncogenic antigens such as that encoded by the

HER-2/neu gene because the theoretical risk of transgene integration into the genome is eliminated.

Qiu et al (27) used gene gun delivery of mRNA to demonstrate expression of the encoded genes in

the mouse epidermis and induction of antigen-specific antibodies. Intramuscular delivery of mRNA

encoding carcinoembryonic antigen (CEA) also led to detectable anti-CEA antibodies and partial pro-

tection against challenge with CEA-expressing tumor cells (28).

The immune response elicited by mRNA-based vaccines is generally of lower magnitude than for

DNA-based strategies, presumably because of the instability of the mRNA following delivery. To

address this limitation, the use of self-replicating RNAs has emerged as a means to augment the effi-

cacy of RNA-based immunization (29–31). These vectors incorporate sequences into the RNA tran-

script that encode the RNA replicase polyprotein derived from alpha viruses (e.g., Sindbis or Semliki

Forest virus). The replicase activity directs cytoplasmic replication of the entire transcript and also

transcribes mRNA for the antigen from a subgenomic promoter, resulting in high levels of antigen

expression. Further adaptation of the replicative RNA system has led to the development of plasmid

DNA vectors encoding replicative RNA transcripts (32), which combine the ease of plasmid DNA

vaccine preparation with the advantages afforded by replicative RNAs.

3. MECHANISM OF IMMUNE RESPONSE INDUCTION FOLLOWING PNI

The ability of polynucleotide vaccines to elicit a cellular immune response paved the way for their

development as a reagent for cancer immunotherapy. The mechanism for induction of the immune

response following immunization is still not entirely clear, but appears to involve processing of the

antigen through both endogenous and exogenous pathways, leading to presentation of the antigen in

the context of both MHC class I and II. DNA may transfect both target cells (for example, myocytes

after intramuscular delivery) as well as resident APCs. Although myocytes clearly synthesize the

encoded protein, it is thought that only APCs are capable of delivering the costimulatory signals

necessary to prime CTLs effectively.

A number of studies support the central role for bone marrow-derived APCs in induction of the

immune response following DNA immunization (33–36). The findings suggest a “cross-priming” sce-

nario in which myocytes produce the antigenic protein and transfer it to APCs in such a way that the

antigen is presented to T cells in the context of MHC class I, thereby allowing the APC to directly acti-

vate CTLs. Whereas proteins acquired exogenously by APCs are usually trafficked into the endo-

lysosomal pathway for degradation and presentation by MHC class II molecules, in the case of PNI

the processed antigen is available for both class I and II presentation, promoting both cellular and

humoral immunity.

Alternatively, or more likely in addition, the APCs themselves may be transfected by the transferred

nucleic acid (37,38). The in vivo synthesis of the antigen in the cytoplasm promotes presentation of

the peptide by MHC class I molecules. Proteins synthesized within the cell are endogenously pro-

cessed into peptides by the proteasome. These peptides are loaded onto MHC class I molecules in the

endoplasmic reticulum and transported to the cell surface. Presentation of the antigen in the context

of both class I and II MHC and in the presence of the appropriate costimulatory molecules leads to

the activation of both CD4
+
 and CD8

+
 T cells.

The importance of the CD8
+
 CTLs in mediating tumor cell destruction by recognition of antigenic

peptide presented in MHC class I on the tumor cell surface is well established. These cells are known

to play an important role in tumor cell destruction and long-term protection against rechallenge. The
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importance of the CD4
+
 cell in antitumor immunity has gained appreciation (39,40). These CD4

+
 T

cells provide help for the induction of specific CD8
+
 CTLs and secrete cytokines promoting the acti-

vation of CTL. In addition, they may activate nonspecific immune effector cells such as macrophages

and eosinophils, which may further potentiate the destruction of tumor cells.

4. FACTORS INFLUENCING INDUCTION OF IMMUNE RESPONSE

A number of features of polynucleotide vaccines influence the nature and potency of the attendant

immune response, from the composition of the nucleic acid itself, to the encoded antigen, to the

microenvironment in which the vaccine is expressed. The composition of the DNA is an initial con-

sideration for plasmid-based vaccines. The dinucleotide CpG is relatively underrepresented in the

mammalian genome. Further, areas rich in CpG are frequently methylated as a mechanism of tran-

scriptional regulation.

In contrast to this, preparation of DNA vaccines in bacterial hosts results in the presence of unmethy-

lated CpG dinucleotides in the plasmid. These unmethylated sequences are recognized by the innate

immune system as indicative of the presence of a pathogen and are immunostimulatory (41). Speci-

fically, the sequences are recognized by the toll-like receptor 9 and trigger activation of the innate

immune system including DCs, macrophages, natural killer cells and natural killer T (NKT) cells

(42,43). The result is that CpGs, either present in the plasmid or delivered as purified oligodeoxy-

nucleotides, are a potent adjuvant, biasing the immune system toward a Th1-type response (44). The

CpG-oligodeoxynucleotides also have an antiapoptotic effect on both CD4
+
 and CD8

+
 T cells, thereby

expanding the pool of T cells and augmenting the immune response in an antigen-independent man-

ner (45). The presence of these CpG motifs contributes significantly to the overall immunogenicity

of DNA vaccines.

Polynucleotide vaccines based on the RNA alpha viruses also are inherently immunostimulatory.

These vaccines promote apoptosis in transfected cells, which may enhance immunogenicity (46).

The presence of a double-stranded RNA intermediate, which is generated during replication in the

cytoplasm, activates the double-stranded protein kinase R (47) and NF-kappa B (48), stimulating an

innate antiviral pathway and thereby augmenting the immune response. An advantage of polynucle-

otide vaccines compared to viral vaccines is that the immunostimulatory pathways stimulated are

nonspecific in nature and do not interfere with readministration of the vector.

In addition to the composition of the nucleic acids, an important determinant of immune response

is level of transgene expression. In general, increased immunogene expression augments the immune

response. Hence, a strong promoter is required to direct efficient transcription of the encoded protein,

and optimized polyadenylation signals and untranslated regions may contribute to enhanced transgene

expression (49). The cytomegalovirus early promoter/enhancer has been widely used to drive expres-

sion of the encoded sequences and may be enhanced by the insertion of additional sequences, for exam-

ple, those derived from the adeno-associated virus (50).

Once an optimized vector has been developed, the route of administration may also influence the

resulting immune response. As discussed in Section 3., a number of routes of PNI have led to induc-

tion of cellular and humoral immune responses, but the nature of the immune response elicited by

different routes of administration may be qualitatively different (51–53). In general, gene gun admin-

istration of DNA leads to a more T helper 2(Th2)-like immune response, with a strong humoral compo-

nent that may be less effective for cancer therapy. However, this effect can be modified by coadminis-

tration of Th1-promoting cytokines (54). The nature of the immune response can be further influenced

by the vaccination dose and the schedule of administration (55).

The antigenicity of the encoded protein is of considerable importance in generating an effective

response. The fact that most tumor antigens are self-antigens represents a formidable challenge for

all forms of active immunotherapy that rely on breaking immunological tolerance. Modifying the

antigenicity of the protein or promoting its uptake by professional APCs (e.g., DCs) are key areas of
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consideration in this respect. The local cytokine milieu also plays an important role in the immune

response ultimately elicited. Optimizing all of these factors to maximize the effectiveness of the

immune response following PNI has become a major focus for investigators in this area of research.

5. STRATEGIES TO ENHANCE THE IMMUNE RESPONSE

DNA vaccines have shown promise in eliciting effective CTL responses to neoantigens, but the

weakly immunogenic antigens characteristic of most tumors will require polynucleotide vaccines to

be more potent if they are to be clinically useful. Thus, many studies have focused on enhancing the

immune response elicited by PNI. Approaches have focused on every aspect of the vaccine, from

delivery of the nucleic acid, to modification of the encoded antigen, to the perturbation of the micro-

environment to maximize and tailor the immune response to a Th1-type response (Table 1). The ver-

satility of polynucleotide vaccines is a strength in this respect as both the nucleic acid and the encoded

antigen of interest can be readily manipulated and evaluated.

Because the process of delivery of the nucleic acid to target cells is inefficient, approaches to

increase the efficacy of delivery and/or increase the stability of the nucleic acid in vivo can result in

higher and extended expression of the encoded antigen, increasing the magnitude of the immune

response. To this end, incorporation of the nucleic acid into liposomes may protect it from endog-

enous nucleases and promote uptake into cells (56). Adsorption of DNA onto the cationic micro-

particles composed of poly(DL-lactide-co-glycolide) (PLG) allows the slow release of the DNA and

results in a more potent immune response compared to naked DNA (57). To enhance the transport of

nucleic acids into the target cells physically, electroporation into skin (58) or muscle (59) has proven

an effective means of increasing gene transfer efficiency. Application of this technology in the clini-

cal setting will require careful optimization in human subjects.

The ease of manipulation of recombinant complementary DNAs allows the encoded antigen to be

readily altered in ways that may enhance immunogenicity; and possible manipulations in this respect

are numerous and varied. Because uptake and appropriate presentation of the antigen are critical to

induction of an effective immune response, several groups have modified encoded antigens to target

them to for more efficient uptake by professional APCs (60). Antigens fused to CD40 ligand (61), the

extracellular domain of the Fms-like tyrosine kinase-3 (FLT3) ligand (62), or cytotoxic T-lympho-

cyte antigen 4 (CTLA4) (63) are examples in which the receptor for each ligand is found on surface

Table 1

Strategies to Enhance the Efficacy of Polynucleotide Vaccines for Cancer Therapy

Aspect of vaccine Intervention Reference

Improve nucleic acid delivery Liposomes 56

PLG microparticles 57

Electroporation 58,59

Modify the antigen to target APCs Fuse antigen with CD40L, FLT3L, CTLA4 61–63

Modify the antigen to increase immunogencity Alter antigen processing 64–66

Incorporate immunogenic eptiopes 67

Use antigen from a different species 78–81

Codon optimization 68

Modify the microenviroment Add cytokines 70,71

Add chemokines 72,73

Decrease apoptosis in APCs 74

Incorporate alternative vectors into Viral vectors (adenoviruses, vaccinia) 84,86–88

immumization schedule (prime–boost) Protein 89
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of DCs, targeting the antigen to these cells for an enhanced immune response. Within the cell, the

encoded antigen can be modified to promote degradation via the endosomal/lysosomal pathway (64,

65) as a means to enhance antigen presentation in MHC class II and increase CD4
+
 T-cell responses.

In a similar approach targeting a different pathway, the proteolytic processing of the encoded antigen

can be promoted by fusing it with sequences directing its ubiquitination (66). Incorporation of heter-

ologous immunogenic sequences, such as a tetanus toxin CTL epitope into a tumor antigen, resulted

in rapid CTL induction against the tumor antigen with protection against tumor challenge (67). For

human papilloma virus (HPV)-based cancers such as cervical cancer, codon optimization of the antigen

has proven an effective means of increasing protein expression and enhancing immune response (68).

One common approach to enhance immunogenicity of nucleic acid vaccines is the codelivery of

DNA-encoding cytokines, based on the rationale that a more potent immune response will be elicited

if the antigen is presented in a favorable cytokine milieu. To this end, cytokines promoting a Th1-

type response, including granulocyte-macrophage colony-stimulating factor, interferon-�, interleukin

2, and interleukin 12 have been extensively evaluated in preclinical models of infectious disease (69)

and cancer (70,71), demonstrating the ability of this approach to influence favorably the nature and

magnitude of the immune response.

Based on the rationale that more efficient delivery of the antigen to APCs will enhance immune

responsiveness, chemokines have been used to draw APCs to the site of antigen synthesis. This has

been accomplished either by fusion of the antigen to inflammatory chemokines (72) or by codelivery

of the antigen with chemokines (73). Additional alterations to the local environment that receives the

polynucleotide vaccine include codelivery of antiapoptotic genes to enhance the survival of DNA-

transfected DCs (74) and coadministration of the antigen-encoding DNA with the soluble lympho-

cyte-activating gene-3 protein as a means to promote cross-presentation of the antigen (75). In vivo

expansion of the DCs to enhance immune responsiveness has been directed by delivery of a plasmid

encoding the FLT3 ligand (76). This approach can be used in combination with conventional peptide

vaccines to enhance cellular immune response (77).

Given that self-antigens are weakly immunogenic and that epitope spreading is known to occur on

induction of an immune response, the concept of cross-species homologous immunization, also called

xenogenic or orthologous immunization, has proven to be an effective method of breaking tolerance.

For PNI, this strategy uses a tumor antigen gene derived from a different species than the vaccine

recipient to induce a crossreactive immune response to the host autologous protein. For multiple

proteins studied to date, the foreign species ortholog displays enhanced immunogenicity compared

to the autologous or self-antigen. This approach leads to immunity that crossreacts with, and breaks

tolerance to, the self-antigen. Orthologous immunization has been used successfully in animal models

to induce antitumor immune responses against either endogenous tumor antigens (78–80) or tumor-

promoting factors (81). Initial clinical studies in prostate cancer using a protein/DC vaccine demon-

strated induction of immune response to the self-antigen, suggesting the potential utility of this approach

in the clinical setting (82).

The ease of preparation and lack of vector-directed immune response associated with DNA vac-

cines have led to its incorporation into a variety of heterologous prime and boost strategies. These

have proven more efficacious than DNA immunization alone in several preclinical models and with

a variety of different strategies. Particularly effective among these prime and boost regimens is plas-

mid DNA priming, followed by boosting with a live viral vector. This approach leads to a more potent

and expanded immune response compared to either vector alone. The strategy of priming the immune

response with plasmid DNA-encoded antigen circumvents the ability of vector-specific immune responses

to abrogate immunogen expression, which occurs on repeated delivery of live viral vectors. In turn,

the potency of the viral vectors enhances the comparatively modest magnitude of the immune response

elicited by plasmid DNA alone. The persistent expression afforded by DNA vaccines may generate T

cells of high affinity, which can subsequently be expanded on boosting with viral vectors (83–85).
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Adenovirus is one replication-defective viral vector that has been successfully combined with

DNA in a mouse model of hepatocellular carcinoma (86). Vaccinia viral vectors are also promising in

this regard (87,88). Plasmid DNA can also be combined with protein boosts, for example, adsorbed

to PLG microparticles (89), with beneficial effects. Although such approaches will be somewhat

more complicated to bring to the clinic, the increased potency of combination vaccines may override

this consideration.

6. PRECLINICAL STUDIES

The use of appropriate preclinical models is a critical matter for all areas of cancer therapeutics

development, and polynucleotide vaccines are no exception. Numerous preclinical models exist, with

the majority of work performed in mouse models of cancer. The models have increased in stringency

as the field has progressed, reflecting maturation of the technology to approximate more closely the

clinical situation.

Initially, polynucleotide vaccine strategies for cancer were targeted to artificial tumor antigens

such as ovalbumin or �-galactosidase. Demonstration of tumor protective effects in these model sys-

tems led to the development of tumor models in which human tumor antigens, such as CEA (90) and

MUC1 (91), were transfected into syngeneic mouse tumor cell lines. These studies were useful for

proof of principle to demonstrate that CTLs generated to these tumor antigens could protect against

a lethal challenge of tumor cells. However, the cross-species differences in amino acid composition

between the human and mouse rendered these vaccines more immunogenic than what naturally occurs

in the clinical setting. The development of transgenic mouse models expressing human tumor anti-

gens provides more stringent conditions that better recapitulate the clinical scenario under which to

optimize polynucleotide vaccines. These models allow investigation into the particular requirements

for mounting an effective immune response in the face of existing tolerance to tumor antigens.

Another potentially fruitful area of investigation is in the treatment of companion pets, as recently

reported in a study of dogs with spontaneously arising malignant melanoma (92). The genetic diver-

sity of this population better reflects the scenario that will be encountered with humans.

With respect to establishing the safety and feasibility of PNI, experience in large animals and non-

human primates (93,94) has been useful to demonstrate the general safety of the approach prior to

human clinical trials.

Preclinical models have also proven invaluable in understanding the molecular mechanisms involved

in generating an effective antitumor immune response subsequent to PNI. The development of a num-

ber of mouse models with particular aspects of the immune system selectively disrupted (i.e., genetic

knockouts) has allowed more clear delineation of the factors critical for the induction of an effective

immune response (95). Investigation of the mechanism of tumor rejection mediated by a therapeutic

DNA vaccine in a transgenic mouse model of breast cancer demonstrated the coordinated role of CD4
+

and CD8
+
 cells, antibodies, Fc receptors, perforin, interferon-�, CD1d-restricted NKT, and macro-

phages, with an important role for activated neutrophils, which may directly lyse cancer cells and

affect tumor vasculature (96,97).

7. CLINICAL EXPERIENCE WITH POLYNUCLEOTIDE VACCINES

Although induction of both T- and B-cell responses to foreign antigens has been convincingly

demonstrated in humans with respect to foreign antigens relevant to infectious disease (98–102),

tumor antigens are comparatively weak with respect to antigenicity. Induction of an effective antitu-

mor immune response to such antigens represents a considerable challenge, and to date the clinical

experience with polynucleotide vaccines has met with mixed results. The clinical studies have sup-

ported the general safety and low toxicity of the vectors, but the potency of the immune response has

been disappointing, and antitumor efficacy has proven elusive.
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Several human clinical trials have been completed. Direct intramuscular delivery of DNA encod-

ing a cloned tumor antigen (CEA) has been reported for advanced-stage colon cancer (103). Patients

were immunized with a plasmid expressing both CEA and, as a control, hepatitis B surface antigen.

Although protective levels of antibodies recognizing the hepatitis protein were detected in some

patients, there was little evidence of immune response directed against CEA. Rosenberg and col-

leagues reported similar findings using a plasmid DNA encoding the melanoma antigen gp100 in a

phase I clinical trial for patients with metastatic melanoma (104). In this trial of 22 patients immu-

nized either intramuscularly or intradermally, no evidence of gp100-specific immune responses was

detected, although 1 patient exhibited a partial response. The authors concluded that no significant

clinical or immunological response was generated. This contrasts with previous clinical trials involv-

ing the gp100 antigen delivered as a transgene in a fowlpox-based vaccine or as peptides and empha-

sizes the need for strategies to enhance immune response to plasmid DNA vaccines.

The immunogenicity of a plasmid DNA vaccine for patients with B-cell lymphoma was evaluated

(105). Previous clinical studies using proteins representing tumor-specific immunoglobulin idiotype

for active immunization demonstrated clinical benefit for immunized patients (106,107); however,

preparation of patient-specific protein vaccines is laborious and not feasible for widespread application.

DNA vaccination offers the advantage of comparatively rapid and inexpensive preparation. Immuniza-

tion of patients with a DNA vaccine encoding a chimeric molecule consisting of the patient-specific

idiotype fused to the immunoglobulin G2a and k mouse immunoglobulin constant region chains. Cohorts

of patients were immunized with DNA encoding the chimeric vaccine intramuscularly and intrader-

mally using the Biojector needle-free delivery device, with or without the addition of plasmid DNA

encoding granulocyte-macrophage colony-stimulating factor. In all groups of patients, most patients

generated an immune response to the murine immunoglobulin carrier protein, demonstrating that the

encoded protein was produced and was capable of eliciting an immune response. Induction of an immune

response to the Id portion of the encoded gene was infrequent, but was detected in some patients.

It should be noted that these clinical trials were performed in the setting of advanced disease, for

which induction of an immune response may not be optimal. Nevertheless, collectively the experi-

ence with naked DNA transfer in humans for cancer immunotherapy suggests that first-generation

plasmid DNA vaccines will not be sufficient to elicit a clinically effective immune response against

nonmutated self-antigens. Translation of the most promising strategies outlined in Table 1 to the

clinic may address the limitations of current methods.

Two phase I trials of DNA vaccines directed against HPV-related malignancies have been reported.

Treatment of HPV-related malignancies may offer the advantage of expression of a foreign HPV anti-

gen in the malignant cells. Plasmid DNA encoding HLA-A2 epitopes from HPV16 E7 protein was

encapsulated in biodegradable polymer microparticles, PLG, and delivered intramuscularly (108).

This therapeutic trial for individuals with anal dysplasia led to increased T-cell responses as detected

by enzyme-linked immunospot (ELISPOT) in 10 of 12 patients and partial histological responses in

some subjects in the higher dose groups. Use of the same reagent delivered subcutaneously or intra-

muscularly to women with cervical intraepithelial neoplasia resulted in detectable immune response

to HPV E7 in most patients (73%) and complete histological response in 33% of women (109). No vac-

cine-related serious adverse events were reported. These studies suggest that DNA vaccines directed

at HPV antigens may have a role in management of HPV-related malignancies.

8. CONCLUSIONS/FUTURE DIRECTIONS

The pace of tumor antigen identification has accelerated rapidly in the past few years (110) and

will likely increase with new techniques, such as expression profiling (111,112), SEREX (113), and

proteomic analysis (114) leading to the identification of new potential targets for active immuno-

therapy. The use of DNA vaccines in preclinical models may provide a relatively rapid means of

evaluating the potential utility of these candidate antigens in mediating tumor rejection. In addition
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to traditional tumor-associated antigens, polynucleotide vaccines may also find a role in vaccines

strategies directed against tumor vasculature (115).

Studies of polynucleotide vaccines for the treatment of chronic infectious disease will continue to

be valuable in developing novel strategies that can be incorporated into cancer vaccines. For exam-

ple, building on encouraging preclinical studies, a clinical study targeting infectious disease suggested

that DNA prime and viral boost also potentiate the immune response in humans (116).

Although definitive clinical evidence of the efficacy of polynucleotide vaccines in cancer therapy

remains to be demonstrated, there is reason to be optimistic about their potential in the management

of a wide variety of malignancies. As a relatively nontoxic therapy, PNI may ultimately find its clin-

ical application as an adjuvant in the setting of minimal residual disease, for which it may be useful

in preventing disease recurrence. Eventually, use of polynucleotide vaccines may extend to the can-

cer prevention arena. The notable advantages of PNI and its proven safety thus far in clinical studies

provides a sound basis for continued development and eventual incorporation into the management

of malignant disease.
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Herpes Simplex Virus Vectors

The G207 Paradigm

Tomoki Todo and Samuel D. Rabkin

1. INTRODUCTION

Oncolytic virus therapy is a promising new strategy for treating cancer that involves replication-

competent virus vectors that can replicate in situ in tumor cells, exhibit oncolytic activity by direct

cytocidal effects, and then spread throughout the tumor. In addition, replication-competent virus

vectors are capable of transferring and expressing foreign genes in host cells. These virus vectors are

either genetically engineered (e.g., herpes simplex virus type 1 [HSV-1], adenovirus, vaccinia virus),

naturally attenuated (e.g., Newcastle disease virus), or nonpathogenic in humans (e.g., reovirus), so

they replicate selectively in tumor cells, but do not harm normal tissues (1).

HSV-1 in particular has many features that make it attractive for cancer therapy (2): (1) HSV-1

infects most tumor cell types; (2) its life cycle is well studied (3); (3) the HSV-1 genome has been

sequenced; (4) the functions of the majority of genes have been identified (4); (5) genes can be manip-

ulated; and (6) the large size of the genome (153 kb) provides space for insertion of large amounts of

deoxyribonucleic acid (DNA) (4). Furthermore, HSV-1 has the following features that are well suited

for clinical application: (1) total tumor cell killing in vitro can be achieved at a relatively low multi-

plicity of infection (MOI); (2) antiviral drugs are available that enable optional termination of the

therapy (5); (3) animal models are available for preclinical evaluation of safety and efficacy; (4) the

viral genome does not integrate into the host cell genome; and (5) it can exist in a latent state without

causing detectable damage to the infected cell (6). HSV-1 is a neurotropic virus, and many of the genes

necessary for neuropathogenicity are nonessential and can be mutated (7). Therefore, the use of HSV-1

is especially advantageous for brain tumor therapy.

Research on oncolytic HSV-1 therapy has advanced rapidly from a basic concept to clinical studies.

In the early days, replication-competent HSV-1 vectors were genetically engineered to have mutations

in one nonessential gene associated with either virulence or viral DNA synthesis to restrict viral rep-

lication to transformed cells (2,8). These so-called first-generation vectors demonstrated that HSV-1

vectors could in fact efficiently inhibit the growth of tumors without lethally harming the host animal.

They also showed that oncolytic HSV-1 therapy could be applied not only to brain tumors, but also to

a broad range of solid tumors (9). There were concerns, however, regarding the use of these first-gen-

eration vectors in humans because their pathogenicity may not have been sufficiently attenuated, and

a single mutation could potentially revert to wild type. To address these concerns, so-called second-

generation vectors were developed that had genetically engineered mutations in two different genes.
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2. G207

G207 was the first of the second-generation HSV-1 vectors (10). It was originally designed for

clinical application in patients with brain tumors, with an emphasis on employing ample safeguards.

G207 has deletions in both copies of the �34.5 gene (Fig. 1), the major determinant of HSV-1 neuro-

virulence (11). The �34.5-deficient HSV-1 vectors are considerably attenuated in normal cells, but

retain their ability to replicate in neoplastic cells (9).

In normal cells, HSV-1 infection induces activation of double-stranded RNA-dependent protein

kinase R (PKR), which in turn leads to phosphorylation of the �-subunit of eukaryotic initiation

factor 2� (eIF-2�) and a subsequent shutdown of host and viral protein synthesis (12). The product

of the �34.5 gene antagonizes this PKR activity. However, in tumor cells with an activated Ras sig-

naling pathway, it has been suggested that PKR activity is already inhibited, thereby allowing �34.5-

deficient HSV-1 vectors to replicate (13,14). Many of the oncolytic HSV-1 vectors currently used

have deletions in the �34.5 gene (8), including R3616 (11), the parent of G207, and 1716 (15).

G207 also has an insertion of the Escherichia coli lacZ gene in the infected-cell protein 6 (ICP6)

coding region (UL39), inactivating ribonucleotide reductase, a key enzyme for viral DNA synthesis in

Fig. 1. Structures of G207 and G47�. The HSV-1 genome consists of long and short unique regions U
L
 and

U
S
, respectively, each bounded by terminal (T) and internal (I) repeat regions R

L
 and R

S
, respectively. G207

was engineered from wild-type HSV-1 strain F by deleting 1 kb within both copies of the �34.5 gene and insert-

ing the E. coli lacZ gene into the ICP6 coding region. G47� was derived from G207 by deleting 312 bp from the

ICP47 locus. Because of the overlapping 3' coterminal transcripts of US11 and ICP47, the deletion also places

the late gene US11 under control of the ICP47 immediate-early promoter. The ICP47 transcript contains an

intron (indicated by �). Restriction site abbreviations: B, BamHI; Bs, BstEII; E, EcoRI, EN, EcoNI, Nr, NruI.

(Modified from ref. 80.)
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nondividing cells, but not in dividing cells (16). This double mutation greatly minimizes the chances of

G207 reverting to wild type or a pathogenic phenotype. It also confers favorable properties on the

virus for treating human cancers; G207 replicates preferentially in tumor cells and is harmless in normal

tissue because of attenuated virulence, G207 is about 10-fold more sensitive to ganciclovir/acyclovir

than its parent virus R3616, and the reporter gene lacZ allows easy histochemical detection of G207-

infected cells (10). 3616UB is a similar, second-generation vector except uracil DNA glycosylase

was inactivated instead of ICP6 (17).

2.1. Antitumor Efficacy

G207 has been tested in more than 60 different cell lines, which revealed that the vast majority,

although not all, of human tumor cell lines are susceptible to G207 infection and replication (18). In

human glioma and malignant meningioma cell lines, for example, G207 can achieve destruction of the

entire cell population in culture within 2 to 6 days at an MOI of 0.1 (10,19). In contrast, at the same

MOI, G207 manifests no effect on primary cultures of rat cortical astrocytes or cerebellar neurons (10).

This difference in G207 cytopathic effect observed in vitro between tumor cells and normal cells

is directly reflected in the results of in vivo studies. In athymic mice harboring U87MG glioma or F5

malignant meningioma tumors intracranially or subcutaneously, a single intraneoplastic inoculation

of G207 significantly inhibited tumor growth and prolonged animal survival (10,19). Prominent lacZ

expression from G207 replication within tumors could still be observed 24 days postinoculation (19).

Besides brain tumors, G207 has proven efficacious in a variety of other animal tumor models in

which human, mouse, rat, or hamster tumors have been generated subcutaneously or in various organs,

including the liver, peritoneum, sciatic nerve, urinary bladder, and cheek pouch (18).

In addition to direct intratumoral inoculation, G207 has been successfully administered intrave-

nously (20–22), via portal vein (23), intraarterially (24), and intraperitoneally (25,26).

2.2. Safety

Because HSV-1 is the most common viral cause of fatal encephalitis (27) and G207 was the first

replication-competent HSV-1 vector, along with 1716 (28), to be used in human brains, it was exten-

sively evaluated for its toxicity in the brain. In BALB/c mice, the highest dose of G207 (10
7
 plaque

forming units [pfu]) caused no symptoms for over 20 weeks when inoculated intracerebrally or intra-

ventricularly (29). In A/J mice, one of the most susceptible mouse strains to HSV-1 infection (30),

intracerebral inoculation of clinical-grade G207 at 2 � 10
6
 pfu caused only a temporary and slight

hunching in 2/8 mice (31). Furthermore, in BALB/c mice that survived an intracerebral inoculation

of wild-type HSV-1 (strain KOS) at an LD
50

 dose (~10
3
 pfu), a subsequent challenge with an intracere-

bral inoculation of G207 (10
7
 pfu) at the same stereotactic coordinates did not result in reactivation

of latent HSV-1 (29).

Aotus nancymae (New World owl monkeys) are among the most sensitive nonhuman primates to

HSV-1 infection (32,33). A total of 22 Aotus primates have been used for safety evaluation of G207

(intracerebral and/or intraprostatic inoculation) (34–36). In Aotus, a single intracerebral inoculation

of G207, up to 10
9
 pfu or repeat inoculations of 10

7
 pfu, caused neither virus-related disease nor

detectable changes in the brain as assessed by magnetic resonance imaging (MRI) and pathological

studies (34).

In contrast, an intracerebral inoculation of 10
3
 pfu of wild-type HSV-1 (strain F) caused acute

viral encephalitis, with the animal becoming moribund within 5 days of inoculation. Four Aotus were

used to evaluate the shedding and biodistribution of G207 after intracerebral inoculation of clinical-

grade, column-purified G207 (3 � 10
7
 pfu) (35). Using polymerase chain reaction analyses and viral

culture, neither infectious virus nor viral DNA was detected from tear, saliva, vaginal secretion,

blood, or urine samples at any time-point up to 1 month postinoculation. Analyses of tissues obtained

at necropsy at 1 month showed G207 DNA distribution restricted to the brain, with no infectious
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virus isolated. Histopathology revealed normal brain tissues, including the sites of inoculation (35).

All Aotus receiving an intracerebral G207 inoculation showed an increase in serum anti-HSV-1 anti-

body titers as early as 21 days postinoculation (34,35).

2.3. Clinical Trial

A phase I clinical trial of G207 for recurrent malignant glioma was performed in 21 patients at two

institutions in the United States (37). This dose escalation study started at 10
6
 pfu and increased to 3

� 10
9
 pfu, with three patients at each dose. G207 was inoculated stereotactically into an enhancing

region of the tumor, visualized by computerized tomographic scan with contrast enhancement. No

acute, moderate-to-severe, adverse events attributable to G207 were observed (37). Minor adverse

events included seizure (2 cases) and brain edema (1 case). Among 7 biopsied or resected tumors ana-

lyzed, specimens from 2 patients were positive for G207 DNA by polymerase chain reaction analysis

(56 and 157 days postinoculation). Of 19 patients, 5 were negative for serum anti-HSV-1 antibody

prior to G207 treatment, and despite corticosteroid treatment of these patients, 1 patient seroconverted

after G207 inoculation (37).

The tools to evaluate efficacy included Karnofsky performance score and serial MRI (37). An

improvement in Karnofsky score was observed in 6 of 21 patients (29%) at some time after G207 inoc-

ulation. Of 20 patients that had serial MRI evaluations, 8 had a decrease in tumor volume (enhancing

area) between 4 days and 1 month postinoculation. All patients, except 1 who died from cerebral

infarction 10 months after G207 treatment, eventually showed tumor progression. Interestingly, this

glioblastoma patient had no evidence of residual tumor at autopsy. Autopsy was performed in 5

cases, and histology of the brains showed no evidence of encephalitis, white matter degeneration, or

inflammatory changes, and all were negative for HSV-1 immunoreactivity. In 3 cases, the tumor was

localized to one region of the brain without significant tumor cell invasion into the surrounding brain

tissue as usually observed with typical glioblastoma cases.

Overall, the phase I clinical trial confirmed the safety of G207 inoculated into the brain at doses up

to 3 � 10
9
 pfu. Currently, a phase Ib clinical trial for recurrent malignant glioma was performed [NIH

481 (2001-07)], and a phase II trial is planned. Similar results were obtained in phase I trials for glioma

with 1716 in the United Kingdom (28,38); 1716, which only contains deletions of �34.5 (15), was

tested at a lower dose range (up to 10
5
 pfu) (28,38).

3. USE OF ONCOLYTIC HSV VECTORS FOR IMMUNE THERAPY

Although G207 proved safe in glioma patients and efficacious in animal tumor models, G207 is

considerably attenuated, not only for pathogenicity, but also in its tumor cell-killing capability com-

pared to wild-type HSV-1. One way to improve the efficacy of oncolytic HSV therapy would be to

harness antitumor immune responses induced in the course of the oncolytic activity of HSV vectors.

3.1. Antitumor Immune Responses

A difficulty in investigating the immune effects of oncolytic HSV therapy has been the lack of suit-

able animal tumor models susceptible to HSV-1 infection. Many mouse strains and a majority of

murine cell lines are relatively resistant to HSV-1 (18,30). It was not recognized until development of

immunocompetent mouse tumor models suitable for HSV-1 evaluation that the host immune response

plays an important role in the antitumor activity of oncolytic HSV-1 vectors both in the brain and in

the periphery (39,40). Initially, murine N18 neuroblastoma cells, one of the more susceptible murine

cell lines tested for G207 susceptibility, were used in syngeneic A/J mice. In A/J mice harboring

established N18 tumors subcutaneously or in the brain, intraneoplastic inoculation with G207 caused

a significant reduction in tumor growth or prolongation of survival (39). Moreover, in A/J mice

bearing bilateral subcutaneous N18 tumors, intraneoplastic G207 inoculation into one tumor alone

caused growth reduction and/or regression of both the inoculated and the noninoculated contralateral
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tumor, indicating induction of systemic antitumor immunity (39). This inhibition of noninoculated

tumor growth was also seen in animals bearing intracerebral brain tumors after subcutaneous tumor

inoculation. Animals that were cured of their subcutaneous tumors by G207 were protected against

tumor rechallenge, in either the periphery or the brain. Antitumor immunity was associated with cyto-

toxic T lymphocyte (CTL) activity that was specific to N18 tumor cells and persisted for at least 13

months.

G207-induced, systemic antitumor immunity was also observed in BALB/c mice bearing subcuta-

neous CT26 (colon carcinoma) tumors and DBA/2 mice bearing subcutaneous M3 (melanoma) tumors

(40). In the CT26 model, intraneoplastic inoculation of G207 induced CTL activity that recognized a

dominant, tumor-specific, major histocompatibility complex (MHC) class I-restricted epitope (AH1)

from CT26 cells. Similar systemic antitumor immunity induction by G207 was observed in Syrian

hamsters bearing subcutaneous KIGB-5 (gallbladder carcinoma) tumors (41) and BALB/c mice bear-

ing CT26 liver metastases (42). Thus, in an immunocompetent condition, the oncolytic activity of

G207 can be augmented by induction of specific and systemic antitumor immunity effective both in

the periphery and in the brain.

When high-dose dexamethasone was given to A/J mice bearing subcutaneous N18 tumors for an

extensive period (16 days), G207 retained antitumor activity and caused a significant suppression of

tumor growth when inoculated into the tumors (43). However, all immunosuppressed (dexamethasone-

treated) mice treated with G207 displayed tumor regrowth despite initial shrinkage, whereas 50% of

the G207-treated mice not immunosuppressed were cured. Dexamethasone administration signifi-

cantly reduced neutralizing serum antibodies against G207 after intraneoplastic G207 inoculation,

but this did not affect the amount of infectious G207 isolated from tumors. The most striking effect of

dexamethasone administration was the abolition of G207-induced CTL activity against N18 cells

(43). These results further support the importance of tumor-specific CTL induction in the course of

oncolytic HSV-1 antitumor activity.

The effect of circulating anti-HSV-1 antibodies on the efficacy of oncolytic HSV-1 therapy has been

investigated because the majority of the population is HSV-1 seropositive (44,45). A/J and BALB/c

mice were immunized by repeated intraperitoneal inoculations of wild-type HSV-1 (strain KOS) and

then the antitumor efficacy of G207 on established subcutaneous N18 and CT26 tumors was deter-

mined (46). In both tumor models, the antitumor efficacy of G207 was the same whether the mice

were immunized or not for HSV-1.

In a study using intraocular immunization, treatment of M3 melanoma tumors in DBA/2 mice with

HSV-1 1716 was actually more effective than in nonimmunized mice (47). Because HSV-1 predomi-

nantly spreads cell to cell, circulating antibodies known to neutralize free virus may have little effect on

HSV-1 directly inoculated into tumors. When NV1020, at a low dose (10
6
 pfu), was administered intra-

venously to immunized BALB/c mice with CT26 tumors in the liver, there was a detectable decrease

in efficacy (48). This efficacy attenuation with intravenous delivery was overcome by administering

a higher dose (10
7
 pfu) of NV1020.

3.2. Third-Generation Oncolytic HSV-1 Vector

The therapeutic benefits of oncolytic HSV-1 vectors depend on the extent of both intratumoral

viral replication and induction of host antitumor immune responses. We are developing new genera-

tions of HSV-1 vectors by enhancing these properties and retaining the safety features of G207.

G47� is one such vector created from G207 by introducing another genetic alteration, deletion of the

�47 gene and the overlapping US11 promoter region (31) (Fig. 1). Because the �47 gene product

(ICP47) inhibits transporter associated with antigen presentation, which translocates peptides across

the endoplasmic reticulum, the downregulation of MHC class I that normally occurs in human cells

after infection with HSV-1 does not occur (49). G47�-infected human cells in fact presented higher

levels of MHC class I than cells infected with other HSV-1 vectors (31). Further, human melanoma
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cells infected with G47� were better at stimulating their matched tumor-infiltrating lymphocytes in

vitro than those infected with G207. Unfortunately, the interaction of ICP47 with transporter associ-

ated with antigen presentation is species specific and is exceedingly inefficient in rodent cells (50).

Therefore, it is not possible to test the immune effects in vivo in mouse tumor models.

The deletion also places the late US11 gene under control of the immediate-early �47 promoter,

which results in suppression of the reduced growth phenotype of �34.5-deficient HSV-1 mutants (51),

including G207. In the majority of cell lines tested in vitro, G47� replicated better than G207, result-

ing in the generation of higher virus titers, and exhibited greater cytopathic effect (31). In athymic

mice bearing subcutaneous U87MG human glioma tumors and A/J mice bearing subcutaneous Neuro2a

neuroblastoma tumors, G47� was significantly more efficacious than G207 at inhibiting tumor

growth when inoculated intraneoplastically (31).

Improved antitumor efficacy of G47� has also been shown in other immunocompetent mouse tumor

models, including prostate and breast cancer (65). Nevertheless, this deletion does not suppress the

attenuated pathogenicity of �34.5 deletion mutants (52), and the safety of G47� remained unchanged

from G207 following injection into the brains of HSV-1-sensitive A/J mice (31).

Thus, compared with the parental virus G207, G47� demonstrated (1) better induction of human

antitumor immune cells; (2) better growth properties, leading to higher virus yields and increased

cytopathic effect in vitro; (3) better antitumor efficacy in both immunocompetent and immunoin-

competent animals; and (4) preserved safety. These features make G47� highly attractive for clinical

application.

3.3. Combination With Immune Gene Therapy

Our experience using various HSV-1 vectors to treat tumors, including wild-type HSV-1, indicates

that there is a limit to improving the antitumor efficacy of oncolytic vectors by simply bringing the

replication capability closer to that of wild-type viruses, putting aside the difficulty of doing so with-

out increasing pathogenicity. In developing new vectors, therefore, more emphasis is currently placed

on enhancing the ability to induce antitumor immunity. The combination of oncolytic HSV-1 vectors

with defective vectors expressing immunostimulatory molecules can improve therapeutic efficacy

significantly (Fig. 2) (53–55). In this approach, the oncolytic HSV-1 vector acts as a helper virus for

the propagation of plasmid-based defective vectors (56). An advantage of this approach is that differ-

ent defective vectors can be generated with different oncolytic helper viruses for a multiplicity of

combinations without creating new vectors.

We have developed an immune gene therapy strategy that would work for brain tumors as well as

other cancers. The brain is considered an immune-privileged site, and patients with brain tumors are

often under an immune-suppressed condition because of immunosuppressive factors secreted by the

brain tumor and/or corticosteroid administration. On the other hand, a robust, nonspecific inflamma-

tory response in the brain can cause undesirable brain edema.

To meet these requirements, we created a defective HSV vector (dvB7Ig) expressing a soluble form

of B7-1, one of the most potent costimulatory molecules, and used it in combination with G207 (54).

Soluble B7-1 was designed as a fusion protein of the extracellular domain of B7-1 and the Fc portion

of immunoglobulin G, so that it is secreted by tumor cells rather than expressed on the cell surface.

Secreted soluble B7-1 should provide antigen-presenting cells increased T-cell stimulatory activity,

activate T cells in an anergic state, and because it is in a dimeric form, provide a strong stimulation to

T cells by crosslinking neighboring CD28.

The in vivo efficacy was tested in the poorly immunogenic murine neuroblastoma Neuro2a in A/J

mice. Intraneoplastic inoculation of dvB7Ig/G207 at a low titer successfully inhibited the growth of

established subcutaneous tumors, despite the expression of B7-1-immunoglobulin detected in only

1% or fewer tumor cells at the inoculation site, and prolonged the survival of mice bearing intracere-

bral tumors (54). Inoculation of dvB7Ig/G207 induced a significant influx of CD4
+
 and CD8

+
 T cells

in the tumor. In vivo depletion of immune cell subsets further revealed that the antitumor effect



Oncolytic HSV Vectors 205

required CD8
+
 T cells, but not CD4

+
 T cells (54). DvB7Ig/G207 treatment conferred tumor-specific

protective immunity on cured animals. Thus, this approach proved to be a potent and clinically appli-

cable means of treating brain tumors and other cancers.

Fig. 2. Schematic diagram of immunomodulatory gene therapy using oncolytic HSV-1 vectors (like G207) as

helper virus in combination with a defective HSV-1 vector expressing an immunomodulatory molecule. Defec-

tive HSV vector stocks are a mixture of defective particles (upper left) containing tandem repeats of an amplicon

plasmid and HSV helper viruses (upper right) (81). The amplicon plasmid consists of the cytokine/immuno-

modulatory gene, an HSV origin of replication (ori), and an HSV cleavage/packaging signal (a), but no viral

coding sequences, and is packaged as a full viral genome length (~150 kb). Any conditional-lethal or replica-

tion-competent HSV mutant can be used as helper virus. When a mixture of helper and cytokine-expressing

defective vector is inoculated into a tumor, the helper virus replicates, kills the infected cell, and spreads to

other tumor cells (right side). On the other hand, tumor cells infected with the defective vector produce the

cytokine and recruit immune cells (left side) that augment the antitumor immune response elicited by the onco-

lytic helper virus.
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A defective HSV vector expressing murine interleukin 12 (IL-12) in combination with G207 was

very effective in treating subcutaneous CT26 tumors in BALB/c mice and inducing a tumor cell-

specific CD8
+
 CTL response (53). An IL-2-expressing defective vector in combination with G207

had enhanced efficacy in murine squamous cell carcinoma and rat hepatocellular carcinoma models

compared to G207 alone (55,57). However, granulocyte-macrophage colony-stimulating factor (GM-

CSF) expression from a defective vector did not have any increased efficacy over G207 alone in

treating CT26 tumors (M. Toda and S. D. Rabkin, unpublished results, 1998). Whereas GM-CSF

expression from replication-deficient HSV vectors did significantly enhance antitumor activity (58,

59), as a tumor vaccine, GM-CSF-transduced cells have been found to be among the most effective

(60). This suggests that HSV infection may be inducing an immune response similar to that of GM-

CSF expression, and that the spectrum of cytokines that will be effective in combination with onco-

lytic HSV vectors will be different from those used in tumor vaccines.

Replication-competent HSV-1 vectors that contain immunostimulatory molecule transgenes (i.e.,

IL-4, IL-10, IL-12, GM-CSF) have been created (61–63). In particular, replication-competent HSV-1

vectors that express IL-12 have been shown in several animal tumor models to manifest direct onco-

lytic activity and express sufficient amounts of IL-12, which significantly augments antitumor activ-

ity without increasing toxicity, compared with the parental HSV-1 vectors (62–65).

4. FUTURE DIRECTIONS

Now that it has been demonstrated in several clinical trials that oncolytic HSV-1 vectors can be

administered safely in humans (28,37,38,66), further development of oncolytic HSV-1 vectors will

be directed toward improving antitumor efficacy. Doing so without compromising the safety of the

vectors is the key to prevailing in this type of therapy. G47� is a good example of providing such an

improvement in efficacy yet retaining safety features. A syncytial mutant (Fu-10) generated from G207,

which forms tumor cell syncytium, was more efficacious in a lung metastases model than the parent,

G207 (22).

Expression of foreign transgenes, for example, “suicide” or immunostimulatory molecules, is

another promising method to augment the activity of oncolytic HSV-1 vectors. A number of suicide

genes, cytochrome P450 (CYP2B1) and cytosine deaminase (CD), have been incorporated into onco-

lytic HSV-1 vectors, and treatment with prodrugs significantly improved efficacy (67,68). With the

addition of foreign transgenes, it is important to be aware that they may increase the toxicity of the

vector, decrease safety, and/or interfere with viral replication and decrease efficacy.

A practical method for improving the efficacy of oncolytic HSV-1 vectors is to combine them

with conventional therapies. For example, a combination with cisplatin was shown to enhance the

antitumor effect of G207 against human head and neck cancer (69), and mitomycin C with 1716 was

more effective than either treatment alone against human non-small cell lung cancer (70).

Others have shown that ionizing radiation amplifies the replication of HSV-1 R3616 (71), leading

to improved survival of athymic mice bearing intracerebral U87MG tumors (72) and NV1020 (R7020)

in some hepatoma tumor cell lines (73). Although we did not observe such an enhancing effect of

ionizing radiation with G207 in prostate cancer (74), others have shown such an effect with G207

and cervical cancer (75). Systemic delivery to brain tumors after intracarotid artery infusion can be

enhanced by disruption of the blood–brain barrier using mannitol, bradykinin, or RMP-7 (76–78). The

replication and spread of oncolytic HSV-1 vector hrR3 in brain tumors after RMP-7 can be further

enhanced by intraperitoneal administration of cyclophosphamide (79). The combination of oncolytic

HSV-1 vectors with established therapies should be rapidly translatable to the clinic.

5. CONCLUSION

Oncolytic virus therapy is an attractive treatment strategy because it is based on a new concept

that the antitumor agent can amplify specifically at the tumor site after administration. This strategy



Oncolytic HSV Vectors 207

also has features that make it attractive for clinical application: (1) tumor cells are targeted irrespec-

tive of their genetic makeup; (2) it can be combined with conventional therapies such as surgery,

radiation therapy, and chemotherapy; (3) combination with immunotherapy has potential synergistic

effects; and (4) it can act as a vehicle for gene delivery in vivo. An increasing number of clinical trials

using oncolytic viruses have been initiated or planned in recent years. We anticipate that oncolytic

virus therapy will be established as an important modality of cancer treatment in the near future.
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Development of Oncolytic Adenoviruses

From the Lab Bench to the Bedside

John A. Howe, Robert Ralston, and Murali Ramachandra

1. INTRODUCTION

Understanding of the molecular basis of oncogenesis has increased dramatically over the past 30

years, partly because of key discoveries about the biology of ribonucleic acid (RNA) and deoxyribo-

nucleic acid (DNA) tumor viruses, enabled in turn by development of modern molecular biology.

Despite great advances in basic research, progress in treatment has been limited, and cancer remains

the second leading cause of death in the United States. Current drug therapy continues to be domi-

nated by highly toxic drugs that increase susceptibility to severe infections and to long-term genetic

damage that can result in secondary malignancies. These toxicities are primarily attributable to lack

of specificity for tumor cells and consequent destruction of rapidly dividing normal cells in the bone

marrow and GI tract. New agents with novel mechanisms of action and improved therapeutic indexes

are therefore required.

Knowledge of the underlying mechanisms involved in neoplastic transformation has raised the

prospect of developing molecularly targeted drugs with improved therapeutic indexes. Perhaps para-

doxically, it has offered the possibility that human adenovirus, a “DNA tumor virus” that has pro-

vided many important insights into the molecular biology of neoplastic transformation, also could be

developed as a targeted agent to fight cancer. Importantly, recombinant oncolytic adenoviruses have

been designed using the understanding of neoplastic transformation combined with knowledge of

virus biology, resulting in a new class of drugs that can kill tumor cells but cause minimal damage to

normal cells.

Initial work with adenovirus as a targeted therapeutic agent focused on using replication-defective

vectors carrying a therapeutic gene in place of the E1 region. Therapeutic genes used in these studies

included the tumor suppressors such as p53, cytokines such as interleukin-2 (IL-2) and granulocyte-

macrophage colony-stimulating factor, and prodrug activators such as herpes simplex virus thymi-

dine kinase (HSV-TK) (for a review, see ref. 1). Several replication-defective adenovirus vectors for

cancer therapy are in late-stage clinical trials, including Advexin
®

 (Introgen Therapeutics, Austin,

TX), which expresses wild-type p53; and GVAX
®

 (Cell Genesys, South San Francisco, CA), which

expresses granulocyte-macrophage colony-stimulating factor and is used for ex vivo generation of auto-

logous cancer vaccines. Other adenovirus-based gene therapies in early-stage trials include TNFerade
®

(GenVec, Gaithersburg, MD), which expresses tumor necrosis factor-� (TNF-�), and EG009 (Ark Thera-

peutics, London, UK), which expresses HSV-TK.

With the exception of Advexin, most of the adenovirus-based gene therapies rely on generation of

cytokines or activated prodrugs as diffusible agents to compensate for inefficient distribution of the

vector within tumor tissue. The poor distribution of adenovirus vectors relative to small molecule drugs

or monoclonal antibodies is mainly because of its size and surface complexity. This inefficiency
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could be overcome, however, if the virus were allowed to spread by replication. Indeed, the potential

therapeutic use of adenoviruses as oncolytic agents was recognized soon after their discovery in the

early 1950s, when it was noted that these newly discovered agents replicated particularly efficiently

in HeLa cells. Although methods of virus preparation and characterization were primitive, the obser-

vation of robust replication and lysis of HeLa cells led to clinical trials using intratumoral, intraarte-

rial, and intravenous administration of wild-type human and simian adenoviruses in patients with

cervical carcinoma (2). Such therapies were not pursued aggressively, possibly because of limita-

tions inherent in virus preparation technology in the 1950s, which led to variable responses. However,

there has been a renewed interest in the use of replicating viruses, with the realization that adeno-

viruses could be engineered for use as targeted oncolytic agents by taking advantage of the defects

prevalent in cancer cells (3,4).

2. EXPLOITING TUMOR-SPECIFIC DEFECTS IN REGULATORY PATHWAYS

IN DEVELOPING ADENOVIRUS-BASED ANTICANCER AGENTS

Cancer cells possess multiple genetic defects that lead to abnormal growth because of increased cell

proliferation and/or decreased apoptosis. Interestingly, consequences of most of these defects con-

verge and result in aberrant function of the p53 and retinoblastoma protein (pRb) pathways (Fig. 1),

which play key roles in control of cellular proliferation and survival. Depending on the state of the

cell, p53 triggers either cell cycle arrest or apoptosis on damage to cellular DNA or in response to

cellular stress. These crucial functions of p53 and pRb are lost in cancers.

The significance of p53 is exemplified by the findings that nearly all human cancers display a

defect in p53 function, either through mutation in p53 itself (as in more than 50% of human cancers)

or because of alterations in the pathway that regulates p53 activity. These alterations include over-

expression of MDM2, an E3 ubiquitin ligase that targets p53 for degradation, hypermethylation, muta-

tion, and deletion in p14
ARF

, an inhibitor of MDM2, and expression of viral oncoproteins that affect

p53 function in tumors, such as human papilloma virus E6 (5).

Fig. 1. p53 and pRb are the key pathways disrupted in tumor cells. Because of the inactivation of these two

pathways (see Section 2.) in cancer cells, the balance between cell proliferation and death is disrupted, resulting in

uncontrolled growth of cells. Proteins that exhibit altered functions in cancer cells are indicated with an asterisk.
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The transcription factor E2F, the functional target of pRb, promotes cell proliferation. Abnormal

growth because of E2F is prevented by pRb, which under quiescent conditions binds to E2F and

forms a potent transcriptional repressor complex, resulting in the repression of proliferation-associ-

ated genes. As cells progress into the cell cycle, cyclin-dependent kinases phosphorylate pRb, free-

ing E2F and allowing it to transactivate genes required for S-phase entry. Deregulation of E2F occurs

in virtually all cancers as a result of alterations in various components of the pRb pathway, including

mutations in pRb itself (approx 25% of tumors), overexpression of D-type cyclins, or activation of

cyclin-dependent kinase 4 (CDK4), and inhibition of pRb function by direct-binding human papil-

loma virus E7 protein (6). Disruption of the pRb pathway also contributes to apoptosis through acti-

vation of E2F in both p53-dependent and p53-independent mechanisms by transcriptionally activating

p14
ARF

 and multiple caspases, which are essential components of the apoptotic machinery (7).

Interestingly, DNA tumor viruses such as adenovirus have evolved to seize and utilize the very

same cellular regulatory machinery that is ultimately dysregulated in cancer cells. Following infec-

tion, adenovirus reprograms the cell in two major ways to accomplish its own replication (Fig. 2).

First, the virus activates the cell cycle machinery that synthesizes new copies of cellular DNA and

redirects it to produce viral DNA. This is accomplished by expression of proteins that lead to activa-

tion of E2F. Binding of viral E1a and E4-orf6/7 to pRb results in the dissociation of Rb/E2F com-

plexes and stimulation of a number of cellular genes by E2F that are required for DNA synthesis and

cell cycle progression (for a review, see ref. 8).

Second, to complete its replication cycle without killing cells prematurely, the adenovirus takes

control of the apoptotic machinery, which is triggered by induction of p53 because of increased levels

of p14
ARF

 a transcriptional target of E2F (9). Inhibition of premature apoptosis is accomplished by

E1b-19K, a functional analogue of Bcl-2, and abrogation of p53 function by direct binding of p53 by

E1b-55K and E4orf6 and sequestration by E1a of p300/CBP transcription coactivators (10,11). p300/

CBP enhances the transcriptional activity of p53 by acetylation, and interaction of E1A with p300/

CBP prevents acetylation of p53 (12). The net result of the ability of the virus to interfere in cellular

Fig. 2. The p53 and pRb pathways are also disrupted in cells infected with adenoviruses. For efficient

replication of the virus, virus expresses proteins that interact with components of p53 and pRb pathways (see

Section 2.), which leads to induction of cell cycle progression and inhibits apoptosis prior to viral replication.

In addition to viral proteins shown, E4-orf6/7 and E4-orf6 bind and inhibit pRb and p53, respectively.
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p53 and pRb regulatory pathways is that the infected cell briefly resembles a tumor cell with one very

important exception: the fate of the infected cell is to die following the generation of viral progeny.

2.1. Deletion of Viral Genes With Functions

Dispensable for Virus Replication in Tumor Cells

If the primary roles of the E1a and E1b gene products in the viral replicative cycle are to inactivate

cellular pRb and p53 pathways, respectively, then it is conceivable that, if these functions were deleted

from the virus, replication would be restricted to cells with defects in these two regulatory pathways.

However, as described in this section, for such as strategy to succeed, the alterations E1a or E1b need

to abolish specifically their ability to inactivate pRb and p53 pathways without affecting other func-

tions critical for the virus life cycle.

2.1.1. Deletion of E1b-55K

The major role of the E1b-55K protein in the early phase of the adenovirus life cycle is believed to

inactivate the transcriptional activation capability of p53 to prevent p53-induced cell cycle arrest and

apoptosis (13,14). These observations led to the hypothesis that an E1b-55K mutated virus might

replicate efficiently in p53-defective tumor cells, but not in normal cells, in which wild-type p53 func-

tion could block viral replication (3).

To test this hypothesis, the replicative properties of an E1b-55K-deleted virus dl1520 (13), also

called ONYX-015 (Fig. 3), were analyzed in cell lines with wild-type or mutant p53 gene status. In

initial reports, ONYX-015 was shown to replicate efficiently in p53-pathway-deficient tumor cells,

but was attenuated in normal cells or tumor cells that expressed functional p53 (3,15). Subsequently,

in studies in which a wide range of cell types and assay conditions were used, a number of groups

showed that replication of dl1520 in vitro was attenuated in tumor cells independent of p53 gene

status (reviewed in ref. 16). Viral DNA synthesis is not affected by the E1b-55K deletion in dl1520

(17), but viral late protein synthesis is attenuated in most cell types regardless of p53 status (18,19).

These results suggested that the attenuation of dl1520 results primarily from the function of E1b-55K

in the late phase of the infection cycle to facilitate the preferential transport and translation of viral

messenger RNAs (mRNAs) at the expense of host macromolecule synthesis.

In an effort to design an adenovirus E1b-55K mutant that was defective for binding p53 but not

affected for the late functions of E1b-55K, a series of point mutations in the overlapping region of the

E1b-55K gene known to be required for p53 binding, viral mRNA transport, and host cell shutoff was

created (20). Among the mutant viruses, R240A (ONYX-051) was shown to interact poorly with p53,

but to retain the late functions of wild-type E1b-55K, including expression of viral late proteins and

host cell shut off. ONYX-051 showed higher cytolytic activity in tumor cells than ONYX-015, and

efforts are under way to study the replication capacity of ONYX-051 in the presence or absence of

normal p53 activity (20). Although the ONYX-015 virus did not target p53 pathway defects as effi-

ciently as new-generation vectors like ONYX-051 may, ONYX-015 has been used in a variety of

phase I and II clinical trials and is reported to show an acceptable safety profile (see Section 6.).

2.1.2. Specific Deletions in E1a

The E1a gene encodes for two highly related proteins, 243R and 289R, which function to prepare

the infected cell as an optimal environment for viral DNA replication. One of the roles of E1a, carried

out primarily by the 289R protein, is to activate the transcription of the other viral early regions E1b,

E2, E3, and E4 to provide factors required for viral DNA replication and to ensure timely progression

of the virus lytic cycle. Another important function of E1a is to stimulate S phase in the normally

quiescent cells that adenoviruses infect. As described earlier, this function is accomplished by the

ability of the E1a proteins to bind to and deregulate the cellular factors, such as pRb, that function to

regulate E2F. The rationale for specific deletions in E1a to restrict viral replication in tumor cell is
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Fig. 3. Adenovirus genome structure and schematic of representative viruses. (A) The open bar represents

the 36-kb adenoviral genome with inverted terminal repeats (black boxes). Shaded arrows indicate the gene

transcription units, including the immediate early E1a; the early E1b, E2, E3, and E4 transcription units; and the

late transcription region controlled by the MLP. (B) Major features of representative oncolytic adenoviruses are

shown. ONYX-015 contains a large deletion and insertion of a stop codon in the E1b-55K gene that together

inhibit expression of the E1b-55K protein, but do not affect the E1b-19K gene. This virus was constructed in

the dl309 backbone, which contains a deletion of the entire E3 region except for the genes encoding the 12.5K

and E3-11.6K proteins. dl01/07, which was also constructed in the dl309 backbone, contains two small dele-

tions, dl1101 and dl1107, in the E1a transcription unit (indicated by black boxes) that delete binding sites in the

E1a proteins for the cellular proteins p300/CBP and pRb, respectively. The prostate-specific virus CV787 con-

tains the rat probasin promoter (PB) inserted upstream of the E1a transcription unit and the human prostate-spe-

cific enhancer/promoter (PSE) inserted in front of the E1b gene region. 01/PEME contains the d11101 mutation

(see above) and insertion of two expression cassettes in the E3 region of the dl327 backbone (entire E3 deletion

except the 12.5K gene), one of which contains the MLP promoter controlling production of the E3-11.6K, and the

other is a p53-responsive promoter (PRP) to regulate expression of an E2F-Rb fusion protein.
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that most tumor cells possess abnormalities in the control of E2F activity. Therefore, the role of E1a

to deregulate E2F and stimulate the G1/S-phase transition, which is necessary for successful infection

of quiescent cells, may not be required in tumor cells. The E1a proteins have been extensively studied,

and separable functional domains have been delineated. Therefore, specific mutants that retain the trans-

activation domain of E1a but are defective for the cell cycle effects of E1a were available for study.

Efforts to construct oncolytic adenovirus with specific E1a mutations initially focused on viruses

with deletions in the CR2 region of E1a (21,22) as this region contains the major E1a binding site for

pRb and the pRb family members p107 and p130. Ad-�24 (deletion of amino acids 121 to 128 of

E1a) was found to be defective for induction of cytopathic effects (CPEs) in quiescent lung fibro-

blasts or in cancer cells with restored pRb activity, but did induce CPEs in a number of glioma tumor

lines known to contain mutations in RB1 or CDKN2A (21). A virus Addl922–947, with a slightly dif-

ferent mutation (deletion of amino acids 122 to 129 of E1a), was independently examined and found

to be defective for viral growth in nonproliferating epithelial and endothelial cells, but replicated at

wild-type or higher levels in tumor cells. Although both Ad-�24 and Addl922–947 were defective

for viral growth in nonproliferating cells, dl922–947 was shown to replicate more efficiently than

wild-type virus in proliferating normal cells (22). In addition, Ad-�24 was found to have no selective

replicative activity, as compared to wild-type virus, in organotypic cultures (graft cultures) of pri-

mary human keratinocytes (23).

It is likely the limited selective replicative properties of E1a-CR2 mutants result from the ability

of adenoviruses to deregulate pRb and induce S phase by two additional mechanisms, either through

p300/CBP binding to E1a (24) or as a result of E4-orf6/7 protein binding to pRb directly (25). These

observations led to the study of Addl01/07, which produces an E1a protein defective for binding both

pRb and p300/CBP (26,27) (Fig. 3). Addl01/07 has been shown to have attenuated CPEs in various

proliferating or quiescent normal cells, including fibroblasts and epithelial and endothelial cells, but

is almost as effective as wild-type virus in killing tumor cells. Addl01/07 has an antitumor effect that

is comparable to wild-type virus in mouse models of human cancer and is more efficient for tumor-

specific cell killing and antitumor effects than an E1b-55K mutant (26). Another E1a double-mutant,

CB016, which is also defective for binding both pRb and p300/CBP, has been shown to be severely

attenuated for replication in organotypic keratinocyte cultures as compared to wild-type virus and

Ad-�24, but to replicate and efficiently destroy organotypic keratinocyte cultures transformed with

human papilloma virus E6/E7 genes (23). Adenoviruses encoding E1a proteins that are defective for

cell cycle stimulation, but retain the transactivation ability of E1a, display the desired characteristics

of an anticancer agent: attenuation for destruction of normal cells and potent antitumor effects in

mouse models. In addition, mutation of the E4-orf6/7 protein could potentially further enhance the

tumor cell selective replicative properties of such mutant viruses.

2.2. Expression of E1a and Other Viral Early Proteins

Using Transcription Factors Upregulated in Tumor Cells

Another strategy used to develop adenoviruses for cancer treatment involves modification of the

viral genome to bring key regulatory genes such as E1a, E1b, E2, or E4 under the control of tumor-,

or tissue-, selective promoters to target replication to specific cells. Pioneering efforts using this

approach by Henderson’s group were focused on targeting prostrate cancer. The first virus generated

CV706, which contains the minimal promoter/enhancer from the prostate-specific antigen (PSA) to

regulate E1a expression, was shown to replicate preferentially in PSA-positive (4) cells and in clini-

cal trials was well tolerated and safe and showed some antitumor activity (28). A series of improved

vectors was also developed, including CV739 and CV787, which contain the rat probasin prostate-

specific promoter to drive E1a and the PSA promoter to regulate the E1b gene (29) (Fig. 3). CV739

and CV787 are identical except that CV787 contains a fully restored E3 region; CV739 is E3 deleted,

and interestingly, although both viruses are highly cytopathic for PSA-positive cells in vitro, CV787
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is capable of eliminating prostate tumor xenografts in mice following a single intravenous dose, but

CV739 is not. The enhanced efficacy of CV787 is likely because of the inclusion of the E3-11.6K

protein, also known as the adenovirus death protein, which promotes cell lysis in the late phase of the

adenovirus replicative cycle. Clinical trials with CV787, which are under way, will determine if

enhanced efficacy in preclinical studies will translate into increased clinical activity.

Efforts to generate adenoviruses with tumor type-specific replication for treatment for other can-

cer indications, including liver, lung, brain, breast, ovarian, and colon (see Table 1 for a summary),

have also been undertaken. To target hepatocellular carcinoma (HCC) the �-fetoprotein (AFP) gene

promoter, which is active in about 70% of patients with HCC but not in normal adults, was used to

drive expression of E1a in a vector called AvE1a04i (30). AvE1a04i was extensively tested in vitro

and replicated well in human AFP-producing HCC cell lines, but was attenuated in non-AFP-produc-

ing human cell lines as well as primary cultures of normal human lung epithelial and endothelial

cells. In an effort to enhance the selectivity of an oncolytic adenovirus vector for treatment of HCC,

the AFP promoter has also been used to drive E1a expression in combination with deletion of the

E1b-55K protein (31,32).

Oncolytic vectors to target breast cancer have been constructed using either tumor-specific or tis-

sue-specific promoter elements. The DF3/MUC1 promoter has been used to drive expression of E1a

in an oncolytic vector, called Ad.DF3-E1, based on the observation that aberrant transcription con-

trol is responsible for overexpression of the DF3/MUC1 antigen in nearly 80% of primary human

breast cancer cells (34). Ad.DF3-E1 was reported to replicate selectively in MUC1-positive breast

cancer cells and was efficacious for the treatment of human breast MCF-7 tumor xenografts in nude

mice (34). In an effort to target malignant breast cancer cells that retain expression of estrogen recep-

tors (up to 70% of breast cancer cells), Ad5ERE2 was constructed by inserting promoters containing

two estrogen response elements to control expression of E1a and E4 gene regions (34). Ad5ERE2

was reported to be preferentially cytotoxic in estrogen receptor-positive tumor cells in the presence

of 17�-estradiol; furthermore, replication of Ad5ERE2 could be inhibited by the antiestrogen

tamoxifen, which is a desirable safety feature of this vector.

To design an oncolytic adenovirus for colon carcinomas, strategies that take advantage of the wnt

signaling pathway, which is almost ubiquitously activated in colon cancer cells but not in normal

colon cells, were evaluated (35). A number of oncolytic adenoviruses in which the viral E2 and/or E1b

promoters were under control of Tcf (a transcription factor activated by the wnt signaling) were first

engineered and tested. Viruses with Tcf regulation were attenuated 50- to 100-fold in two cell lines

without wnt activation, but replicated at wild-type levels in permissive SW480 colon cancer cells.

In an effort to improve the selectivity of the Tcf-regulated vectors, further modifications were made,

including replacement of E1a promoter/enhancer elements and half of the left ITR with Tcf binding

sites, relocation of the viral packaging signal from the left ITR to the right ITR, and addition of Tcf

sites to the right ITR downstream of the E4 promoter to maintain symmetry of the terminal repeats

(36). Viruses with E1a, E1b, E2, and E4 promoters containing Tcf sites were greatly attenuated in

cell lines such as HeLa and smooth airway epithelial cells in which the wnt pathway is not activated,

but were also attenuated 100-fold in SW480 cells. Overall, the highly modified Tcf vectors were

shown to have selectivity of up to 10
5
-fold for wnt-activated cells in vitro; however, their activity in

xenograft tumor models has not been evaluated.

In an effort to target adenoviral replication to a wide range of different tumor types, based on pRb-

pathway defects, the E2F-1 promoter has been used to regulate viral early region function. To test the

tumor-specific replication of a virus in which E1a gene expression was under E2F-1 control, AdE2F-

1
RC

 was constructed by inserting a fragment of the E2F-1 promoter downstream of the E1A promoter

(37). AdE2F-1
RC

 was shown to replicate preferentially in tumor cells, but not a panel of normal cells,

and to have antitumor efficacy in xenograft tumor models in mice. A series of viruses in which the

E1a and/or E4 promoters of Addl922/947, an adenovirus with deletion in E1a that abolishes binding
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Table 1

Tumor-/Tissue-Specific Promoter Regulation of Early Region Genes

Vector name (reference) Target Regulatory element Adenovirus gene regulated Reference

CN706 Prostate PSA promoter E1a 4

CN763 Prostate Kallikrein 2 promoter E1a 93

CN764 Prostate PSA promoter E1a 93

Kallikrein 2 promoter E1b

CV739 Prostate Rat probasin E1a 29

Human PSA E1b

CV787 Prostate Rat probasin E1a 29

Human PSA E1b (E3 region intact)

Ad-OC-E1a Prostate and bone metastasis Osteocalcin C E1a 94

AvE1A041 Liver AFP E1a 30

GT5610 +AdH
B

Liver AFP E1a, requires helper virus infection 95

CV890 Liver AFP E1a-IRES-E1b expression cassette 53

YKL-1001 Liver AFP E1a in a E1b 55K-deleted backbone 31

AdAFPep/Rep Liver AFP E1a (13S cDNA), E1b 55K-deleted backbone 32

AdMKE1 Neuroblastoma Midkine E1a 96

Ad5ERE2 Breast PS2/2-ERE E1a and E4 34

Ad.DF3-E1 Breast MUC 1promoter/enhancer E1a 91

AdEHE2F Breast 3-HRE/5-ERE E1a 97

E2F-1 E4

Ad-Lp-E1A Breast, ovary L-Plastin truncated promoter E1a 98

Ad-Tyr-E1A Skin Tyrosinase promoter/enhancer E1a 98

AdTyr�24 Skin Tyrosinase promoter/enhancer E1a 99

E1A �24 mutation

AdTyr�2�24 Skin Tyrosinase promoter/enhancer E1a 99

E1a �2�24 mutation

KD-1-SPB Lung Surfactant protein B promoter E4, E1A01/07 backbone, E3-deletion except ADP 27

CG8840 Bladder Uroplakin II promoter E1a-IRES-E1b, E1b-19K deletion 100

vMB19 Colon Tcf4-binding sites (multiple copies) E2, E1b 35

vCF62 Colon Tcf4-binding sites (multiple copies) E1a, E1b, E2, and E4 36

ONYX-411 Various E2F1 promoter E1a, E4 38

E1a dl922/947 mutation

AdE2F-1
RC

Various E2F1 promoter E1a 37

Ad.Flk-1 Angiogenic endothelial cells Flk 1 promoter/enhancer E1a 39

Ad.Flk-1-Endo Angiogenic endothelial cells Flk 1 promoter/enhancer, E1a 39

endoglin promoter E1b

2
1

8
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to pRb, were replaced with the human E2F-1 promoter has also been evaluated (38). This work

demonstrated that E2F-1 promoter control of the mutant E1a (ONYX-150) or E4 gene region (ONYX-

410) was sufficient to attenuate virus DNA replication, and viral late gene expression, in normal small

airway epithelial cells as compared to dl309 or Addl922/947, but not in a number of tumor cell lines.

However, replacement of both the E1a and E4 promoters with the E2F-1 promoter in ONYX-411

resulted in further attenuation of virus growth in normal cells and, importantly, reduced liver toxicity

in mice to levels comparable to a virus with a complete deletion of E1a. Finally, the demonstrated

ability of ONYX-411 to exhibit antitumor efficacy in mice bearing C33A cervical carcinoma cells sug-

gests that this virus may have great potential as a broad-based cancer therapeutic agent.

An attempt to design an oncolytic adenovirus to target lysis of dividing endothelial cells, and thus

inhibit angiogenesis in tumor tissue, has been reported (39). This approach also has the advantage

that it could be used to treat a wide range of tumor types. The virus constructs (Ad.Flk-1 and Ad.Flk-

Endo) use promoter elements from the Flk-1 and endoglin genes because these genes are overex-

pressed in angiogenic endothelial cells, but not in normal endothelial cells. Both viruses use the Flk-1

promoter/enhancer to regulate E1a expression; Ad.Flk-Endo also contains the endoglin promoter

inserted upstream of the E1b region. Evaluation of the replicative properties of the viruses showed

that Ad-Flk-1 and Ad-Flk-Endo replicated as efficiently as wild-type virus in human umbilical vein

endothelial cells, but were attenuated up to 30- and 600-fold, respectively, in human tumor control

cell lines control. In addition, both Ad.Flk-1 and Ad.Flk-Endo efficiently inhibited the differentia-

tion of human umbilical vein endothelial cells into capillarylike structures in an in vitro assay. One

potential drawback of Ad.Flk and Ad.Flk-Endo, as noted by the authors, is that the relatively low level

of infectivity of the endothelial cells may limit the use of these viruses to local or regional therapy until

enhanced endothelial cell targeting can be engineered into the viruses.

2.3. Strategies That Take Advantage

of Both p53 and pRb Pathway Defects in Tumor Cells

As described above, specific alterations in E1a and E1b were evaluated with the idea of exploiting

either pRb or p53 pathway defects. Because adenovirus has evolved to commandeer both pRb and

p53 pathways for its replication, it should be possible to abort or reverse conditionally the virus reg-

ulatory circuit that interferes in these two key pathways. Functional p53 and pRb pathways can be

exploited to attenuate the viral growth in normal cells instead of depending on tumor cell defects to

complement viral gene inactivation or to drive viral gene expression (Fig. 4) (40). Because of the

heterogeneity in tumors compared to normal cells, such strategies that take advantage of normal cell

functions to inhibit virus replication may be useful for the treatment of a broad range of tumors.

To exploit defects in both p53 and pRb pathways to confer selectivity to oncolytic viruses, a domi-

nant-negative inhibitor of viral replication was expressed using a p53-responsive promoter (PRP) (40).

An E2F antagonist composed of a fusion protein with the DNA-binding domain of E2F and the trans-

repression domain of pRb (E2F-Rb) was used as the dominant-negative inhibitor in the construct 01/

PEME. Such E2F-Rb fusion proteins are potent repressors of E2F-dependent promoters (41). Viral

E2 and E1a promoters and many of the cellular S-phase genes are regulated by E2F; therefore, repres-

sion of E2F-dependent promoters leads to inhibition of critical events required for viral replication,

such as viral gene expression and S-phase induction.

Following infection of normal cells with 01/PEME, cellular p53 drives expression of E2F-Rb and

inhibits viral replication (Fig. 4). In contrast, tumor cells with p53-inactivating mutations do not per-

mit expression of E2F-Rb from 01/PEME and thus allow replication of 01/PEME to proceed unhin-

dered. Tumor cells with functional p53 also allow replication of 01/PEME because higher E2F activity

as the result of prevalent disruption of the pRb pathway in tumor cells promotes transcription from

E2F-dependent viral E1a and E2a promoters immediately after the virus enters the cells and prior to

expression of sufficient quantities of E2F-Rb. In addition, because inhibition by E2F-Rb depends on
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Fig. 4. The p53-dependent expression of an E2F antagonist in 01/PEME selectively attenuates viral replica-

tion in normal cells. In a strategy that exploits both p53 and pRb pathway defects, expression of an E2F antago-

nist constructed with the DNA-binding domain of E2F and transcriptional repression domain of pRb is regulated

by the functional p53 pathway prevalent in normal cells (PRE-E2F-Rb), but not in tumor cells with defective

p53 pathway. Unlike wild-type E1a, E1a
01

 (dl1101 deletion in E1a; 101) does not sequester the transcriptional

coactivator p300/CBP (11,102) (shown as dotted line) and allows for the optimum activity of cellular p53 in driv-

ing E2F antagonist expression. Repression of E2F-dependent promoters, including viral E2 promoter, leads to

inhibition of critical events required for viral replication, such as early viral gene expression and S-phase induc-

tion, resulting in attenuation of virus growth (see Section 2.3.). Because E3-11.6K is under the control of an

extra copy of the MLP, which is strictly dependent on viral DNA replication for its activity, enhanced expression

and cell killing occur in tumor cells (40).

competition with endogenous E2F activity, E2F-Rb would be less effective in inhibiting adenoviral

early promoters when E2F activity is upregulated in tumor cells. In contrast, p53-dependent E2F-Rb

expression would be effective in attenuating the virus in normal cells because of both functional p53

and tightly regulated E2F pathways.

3. MANIPULATION OF THE VIRAL

GENOME TO ENHANCE ONCOLYTIC ACTIVITY

Efficient killing of tumor cells and rapid spread of the virus within a tumor are essential for maxi-

mum efficacy. Strategies evaluated to achieve this include specific alterations in the viral genome

and incorporation of transgenes (see below). Because of the limitations in the size and type of trans-

gene that can be inserted without compromising the replication potential of the virus, engineering the

viral regulatory pathways may be more desirable. Alterations evaluated within the viral genome

include functional inactivation of antiapoptotic viral protein such as E1b-19K and overexpression of

viral proteins involved in induction of cell death. In infected cells, E1b-19K prevents premature

killing of infected cells (42), whereas E3-11.6K (43,44) and E4orf4 (45–47) promote cell death fol-

lowing replication and assembly of the virus. Consistent with the antiapoptotic function of E1b-19K,

E1b-19K-deleted viruses were found to induce apoptosis very efficiently, resulting in faster spread of

the virus than for the wild type. AdH5 dL118, a virus that lacks expression of both E1b-19K and E1b-

55K proteins, and Ad337, a virus that lacks E1b-19K, showed enhanced cytolytic activity on tumor
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cell lines in vitro and in vivo (48,49). Furthermore, increased chemosensitization to DNA-damaging

agents in vitro and in vivo was observed with the use of E1b-19K-deleted viruses (50).

Overexpression of E3-11.6K late in the infection as a means to enhance the cytolytic activity with-

out interfering in virus replication has also been investigated (27,40). E3-11.6K is expressed at low

levels at early times, but synthesized in large amounts from mRNAs derived from the major late

promoter (MLP) (51). E3-11.6K overexpression, as opposed to functional inactivation of E1b-19K,

may be desirable in light of the findings that E1b-19K mutations also affect viral replication in some

tumor cells (18). E3-11.6K overexpression and enhanced oncolytic activity in xenograft tumor mod-

els were achieved on removal of all other open reading frames in the E3 region except that of E3-

11.6K in the virus KD1, with dl01/07 deletion in the E1a gene (27). Overexpression of E3-11.6K and

increased in vitro and in vivo oncolytic activity were also achieved using an extra copy of the viral

MLP inserted in the E3 region upstream of the E3-11.6K coding sequence (40). The use of the major

late promoter, which becomes active after the onset of DNA replication, couples E3-11.6K overex-

pression and cell killing to viral DNA replication and thus provides another level of control in onco-

lytic viruses (40).

4. COMBINATION WITH CHEMO- AND RADIATION

THERAPIES TO ENHANCE ONCOLYTIC ACTIVITY

AND POSSIBLY INCREASE SELECTIVITY

It is likely that any new treatments will be used in combination with chemotherapeutic drugs widely

accepted for therapy. In the clinical studies with ONYX-015, significant antitumor activity was reported

only when viral therapy was combined with chemotherapeutic agents 5-fluorouracil (5-FU) or cispla-

tin (33). Enhanced antitumor activity has also been reported in preclinical studies for oncolytic viruses

with deletions in E1b-55K and E1b-19K and with conditional expression of E1a or E4 regulated by

tumor-specific promoters (52–54) when combined with chemotherapeutic agents such as 5-FU, cis-

platin, doxorubicin, paclitaxel, or docetaxel. Of potential significance, in preclinical studies with the

prostate-specific CV787, healthier animals were observed when treated in combination with docetaxel

than treatment with either agent alone, and toxicology studies in Balb/C mice did not show synergis-

tic or additive toxicity because of combined treatment of docetaxel and CV787 (54).

It is likely that the demonstrated antitumor synergistic or additive activities of viral oncolysis and

chemotherapeutic agents are the result of multiple mechanisms. Among viral proteins, E1a is known

to sensitize infected cells for killing by various chemotherapeutic agents in both a p53-dependent and

a p53-independent manner (55–59). The p53-dependent sensitization could occur through stabiliza-

tion of p53 through increased transcriptional upregulation p14
ARF

 as a result of E2F activation (60)

(Fig. 1). The p53-independant sensitization by E1a might be the result of E2F activation and subse-

quent transcriptional activation of multiple caspases (7). Based on the finding that E1b-19K-deleted

viruses are much more efficient in inducing apoptosis of infected cells, it is believed that virus-

generated proapoptotic signals might contribute to sensitized killing of infected cells by chemothera-

peutic agents.

Increased expression of inflammatory cytokines such TNF-�, which is a known chemosensitizer

(61–63), following adenovirus infection might also contribute to the enhanced oncolytic activities

(64). With a secreted mediator of chemosensitization such as TNF-�, it is possible that even the unin-

fected cells in the tumor are killed because of increased sensitization.

Enhanced oncolytic activity with combination treatment may also be the result of enhanced viral

activity in tumor cells. Greater antitumor activity has been shown to be the result of increased trans-

duction rate for combination of paclitaxel with a replication-defective recombinant adenovirus vector

(65). A number of chemotherapeutic agents that induce cells to arrest in the G2 phase of the cell cycle

have been shown to increase virus replication (66). In addition, increased cell killing by chemothera-

peutic agents might contribute to greater spread of the virus in the tumor.
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It is likely that, depending on the modification introduced into oncolytic viruses, the antitumor

synergy with chemotherapeutic agents may vary (66). Therefore, it will be important to choose the

optimized combination of drug and virus for use in the clinic.

Additive or synergistic oncolytic activities have also been observed in combination with radiation for

oncolytic viruses, including E1b-55K-deleted ONYX-015 (67), the PSA promoter-driven CV706 (68)

and Ad5-d24RGD, a virus with deletion in the pRb-binding domain of E1a and an Arg-Gly-Asp motif

inserted in the fiber knob (69). It is likely that many of the same mechanisms, such as activation of E2F

because of expression of E1a, expression of pro-death viral proteins, and cytokines that sensitize to

killing by chemotherapeutic agents, may also be involved in radiosensitization. Studies with ONYX-

015 in combination with radiation have indicated that the radiation does not alter virus replication (67).

It is possible that, similar to chemotherapeutic agents (66), radiation may enhance replication at

subtoxic doses by arresting cells in the G2 phase of the cell cycle. This idea is supported by the find-

ings that radiation at synergistic dose significantly increased virus replication (68). Increased sensi-

tivity to killing and rapid spread of the virus, together with enhanced replication within the tumor prior

to generation of immune response toward the virus, will be clinically valuable. Radiation may also

complement the oncolytic utility of viruses by effectively targeting tumor cell populations resistant

to virus-mediated killing (67). Furthermore, because of synergistic interactions, it might be possible

to use considerably lower doses of virus as well as chemotherapeutic agents or radiation to achieve

antitumor efficacy with lower toxicity in the clinic.

In oncolytic viruses such as 01/PEME, in which selectivity is conferred by expression of an E2F

antagonist with a PRP (40) (Fig. 4), the use of radiation and chemotherapies has the potential to

enhance the therapeutic index by attenuating the virus in p53 functional normal cells and increase the

potency in p53-defective tumor cells. Induction of p53 as a result of DNA damage by radiation and

chemotherapeutic agents leads to increased expression of E2F antagonist encoded in the virus and

further attenuation of the virus in those cells (M. Ramachandra, 2003, unpublished observations). In

contrast, in tumor cells with defective p53, E2F antagonist is not upregulated because of radiation

and chemotherapy. As a result, viral replication proceeds unhindered in those tumor cells, resulting

in high-level expression of viral proteins, including E1a, that are known to sensitize to killing by

radiation and chemotherapeutic agents.

5. THERAPEUTIC GENES IN REPLICATING ADENOVIRUSES

Although pathway-targeted oncolytic viruses offer great potential as anticancer agents, in prac-

tice, issues of delivery and tumor cell heterogeneity may still prevent lysis of the majority of cells

within the tumor tissue. One approach to enhance the efficacy of replication-selective vectors is to

take advantage of the replicative properties of adenovirus to deliver therapeutic proteins efficiently

at levels higher than with replication-defective adenovirus vectors. The choice of transgene in such

an approach is important so as not to inhibit the replicative properties of the virus. Potential inhibi-

tory activities of the transgene product may be overcome by timing the expression of the transgene

to the late phase of the replicative cycle (27,40,70–73). The various strategies in which oncolytic

vectors have been used to deliver therapeutic genes, including cytokines, prodrug-converting enzymes,

and proapoptotic genes, are summarized in Table 2.

In an early study, Ad/IFN, a replicating adenovirus not targeted to tumor cells, was used to deliver

the cytokine interferon (IFN) and was found to be efficacious in a number of tumor models (74). The

breast tumor-targeted Ad.DF3-E1 (described above) was used to express the antitumor cytokine TNF-�.

At a low-level infection in vitro, Ad.DF3-E1/CMV–TNF produced TNF-� at levels as much as 10
6
-fold

higher than a replication-defective vector for TNF-� delivery, a clear demonstration of the potential

ability of replicating vectors to produce high local concentrations of antitumor molecules. Potential

efficacy was also demonstrated as tumors treated with Ad.DF3-E1/CMV-TNF were significantly

smaller than tumors treated with a control vector or the replication-defective Ad.CMV-TNF.
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Table 2

Oncolytic Adenovirus to Express Therapeutic Genes

Vector name (reference) Backbone Transgene Reference

Ad 5/IFN E3 deletion Human consensus IFN inserted in the E3 region under MLP control 74

Ad5-CD/TKrep E1b-55K/E3 deletion CD/HSV-tk fusion 75

Ad.TK
RC

 (II) E1b-55K/E3 deletion CMV promoter drives HSV-tk/IRES E1a 90

Ad.DF3-E1/CMV-TNF DF3 promoter insertion CMV promoter drives TNF expression in E1 region 91

regulates E1a

Ad.E1A(+)HS-CDTK E1b
ve

/E3 deletion Hsp70 promoter regulates CD/TK fusion expression 92

Adp53rc E3 deletion p53 gene inserted into fiber transcription unit with IRES 72

Ad�24-p53 E1a�24 (deletion of pRb binding Insertion of SVE promoter to regulate p53 in E3 region 73

site in E1a)/E3 deletion

Ad.IR-SG E1/E3 deleted Secreted B-glucuronidase (expression dependent on homologous 66

recombination)

Ad.IR-CodAupp E1/E3 deleted CD/uracil phosphoribosyltransferase (expression dependent on 66

homologous recombination)

2
2

3
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E1b-55K
�
 adenoviruses have been used to enhance the delivery of prodrug-activating enzymes,

which are used to convert prodrugs to DNA synthesis inhibitors. In one set of studies, the ONYX-015

backbone was used to deliver a cytosine deaminase (CD)/HSVtk fusion gene expressed from the

CMV promoter (75). The CD/HSVtk fusion has also been shown to sensitize cells to radiation, poten-

tially allowing a three-prong treatment approach combining double-suicide gene therapy, oncolysis,

and radiation therapy. In vitro studies showed that Ad5-CD/TKrep exhibited the same tumor cell

specificity and replication kinetics as the E1b-55K-deleted virus, but incorporation of the CD/HSV-

TK fusion gene enhanced the CPE of the virus and sensitized tumors to radiation following 5-fluoro-

cytosine and ganciclovir (GCV) treatment.

Wildner and coworkers evaluated an E1b-55K-deleted adenovirus vector, Ad.TK
RC

, engineered

to express HSVtk transcriptional linked to E1a and E1b-19K from a CMV promoter. In tumor xeno-

graft models, AdTK
RC

(II) showed increased efficacy in combination with the GCV treatment com-

pared to an E1b-55K
�
-deleted control virus or a replication-defective HSVtk encoding adenovirus

vector (76,77). In contrast, the efficacy of E1b-55K
+
 virus encoding HSV-TK, called AdOW34, was

not improved, and in fact was significantly reduced in one tumor treatment model, with GCV treat-

ment (73). Similar lack of improved efficacy with a TK-encoding virus in combination with GCV

was noted in an independent study (78).

It would be interesting to determine if expression of HSVtk from the MLP rather than the CMV

promoter or optimization of the timing of prodrug treatment would allow for effective prodrug treat-

ment with E1b-55K
+
 vectors designed to deliver suicide enzymes. A potential advantage of suppres-

sion of viral replication with prodrug treatment is that it provides a fail-safe mechanism to control

viral spread.

One way to improve the oncolytic effect of adenovirus vectors might be to deliver proapoptotic

transgenes that accelerate oncolysis and improve lateral spread of the virus in tumor tissue. Coin-

fection of the replication-competent breast tumor-targeted Ad5ERE2 (see above) with a replication-

defective adenovirus to deliver the proapoptotic Bcl-xs led to a dramatic increase in cell death and

efficacy for tumor xenografts as compared to treatment with Ad5ERE2 alone (34). The tumor sup-

pressor p53 has also been expressed in replicating adenovirus, in a virus called Adp53rc, as part of

the fiber transcription unit using an internal ribosomal entry site. In vitro characterization of this

vector showed that p53 expression occurred in the late phase of the replication cycle, was dependant

on viral replication, and improved virus release and spread. In addition, inclusion of a p53 expression

cassette in the E3 region increased the oncolytic potency of Ad�24 (73).

6. CLINICAL STUDIES

E1b-55K-deleted virus ONYX-015, viruses with E1a under the control of tumor-specific promot-

ers, and a virus with prodrug-activating enzyme have been studied in the clinic (Table 3). More than

230 patients have been treated with ONYX-015 via intratumoral and intracavity such as intraperito-

neal, intraarterial, and intravenous routes. ONYX-015 was reported to be well tolerated even at the

highest feasible doses (2 � 10
12

 to 2 � 10
13

 particles) by all routes of administration. Common toxici-

ties observed were fever, nausea, chills, and flulike symptoms, which were more severe following

intravascular treatment.

Following repeated intraarterial and intravenous delivery, circulating levels of inflammatory cyto-

kines, including IL-1, IL-6, TNF-�, and IFN-�, increased. Increase in neutralizing antibodies against

the virus was observed in almost all patients. The half-life of the virus in the plasma by intravenous

administration (79) was approx 20 minutes. Demonstration of viral replication was reported in head and

neck and colorectal tumors following intratumoral or intraarterial administration, respectively. Viral

replication was not observed in pancreatic and ovarian tumors following intratumoral and intraperitoneal

administration, respectively. However, antitumor efficacy with ONYX-015 as a single agent has been

limited in patients with head and neck, pancreatic, colorectal, or ovarian carcinomas.



Oncolytic Adenoviruses 225

After establishing the safety of ONYX-015 alone, chemotherapy combinations with 5-FU and

cisplatin were also studied in the clinic (33). The combination treatment also was well tolerated, with

no apparent change in chemotherapy toxicity because of viral therapy. Potentially synergistic inter-

actions with chemotherapy have been reported in trials with patients with head and neck tumors

following intratumoral administration and colorectal liver metastases following hepatic arterial admin-

istration. Responses observed in these studies were independent of the p53 status. Partial or complete

response of 63%, including 27% complete response in the head-and-neck trial, was higher than the

expected 30–40% partial or complete response rate in similar patients receiving the same chemo-

therapy regimen (33). Based on these results, a phase III clinical trial of ONYX-015 for the treatment

of recurrent head and neck cancer has been initiated. This phase III trial will be a randomized, two-

arm study comparing intratumoral injection of ONYX-015 plus standard chemotherapy (5-FU and

cisplatin) against chemotherapy alone.

Viruses with E1a under the control of tumor-specific promoters CG7060 (previously known as

CV706) (28) and CG7870 (previously CV787) (28) have been reported to show acceptable safety

profiles and suggestions of antitumor activity based on decrease in PSA levels in phase I/II studies

following direct intratumoral administration in patients with prostate cancer (28). The virus was

detected in the plasma with a half-life of 23 minutes. A phase I clinical study has also been performed

using a replication-competent adenovirus with E1b-55K deletion, but encoding CD/HSV-1-TK fusion

protein (Ad5-CD/TKrep) for the treatment of locally recurrent prostate cancer (80). Administration of

the virus by intraprostatic injection under transrectal ultrasound guidance was followed by treatment

with prodrugs 5-fluorocytosine and GCV (Table 3). Similar to other viruses, observed toxicities were

mild to moderate, with no dose-limiting toxicity. Antitumor activity was suggested by a decrease in

serum PSA levels (80).

7. FUTURE DIRECTIONS

Oncolytic adenoviruses provide a unique therapeutic approach that could supply a new weapon

for the clinician’s armamentarium of anticancer drugs. The initial hurdles of moving oncolytic ade-

noviruses from basic to clinical research have largely been overcome. Complete development of these

agents as successful drugs will require filling in a number of gaps in the knowledge of their basic

pharmacology and toxicology, learning how to deliver them systemically as well as locally, and under-

standing how to use them in combination with other anticancer agents.

7.1. Mechanisms of Action: Unanswered Questions

Numerous studies have demonstrated that lytic replication of adenovirus is the primary mecha-

nism of cell killing in vitro, and that adenoviral transcription and replication functions can be modi-

fied to provide relative selectivity for killing of tumor cells vs normal cells. However, it has been

difficult to demonstrate that tumor-selective replication is the primary in vivo mechanism of onco-

lytic activity of these agents both in clinical studies, in which the use of biopsy-based analytical

methods is limited, and in preclinical studies, in which the restricted host range of adenovirus requires

use of human xenograft tumors in immunodeficient mice. Further improvements in bioanalytical meth-

ods to measure viral replication, selectivity for tumor cells, and pharmacodynamic effects would be

very useful in support of early-phase clinical development.

Other factors that may play a role in oncolytic activity in vivo include direct CPEs at high doses of

virus and development of inflammatory responses as well as adaptive immunity. Among these factors,

induction of inflammatory responses may be particularly significant because inflammatory cytokines

such as TNF-� and IFN-� and inflammatory cells, including macrophages, natural killer cells, granulo-

cytes, and NKT cells have well-characterized antitumor activity. Increases in serum levels of TNF-�

and IFN-� are a consistent observation in clinical (79) and preclinical studies using systemic admin-

istration of oncolytic adenoviruses and adenovirus vectors; these cytokines presumably are expressed
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Table 3

Published Clinical Trials of Replicating Adenoviruses

          Route, dose,          Evidence of virus

Study type/virus      Tumor type   and treatment schedule          Toxicity                   Response     resence and replication

Phase I/ Recurrent head Intratumoral; 10
7
 to 10

11
No DLT; flulike No objective response; No evidence of virus in

ONYX-015 and neck cancer pfu; single injection symptoms and 22% response at the tumor plasma on days 3, 8, 15,

(83) injection site pain site; no correlation between 22, and 29 posttreatment

response and p53 status or PCR

preexisting adenovirus

antibodies

Phase II/ Recurrent head Intratumoral; 2 � 10
11

Mild-to-moderate Complete or partial response Assessed for viral replication

ONYX-015 and neck cancer particles; days 1–5, fever and injection in 14% of patients; 7 of 12 by in situ hybridization,

(84) every 21 days; additional site pain p53-altered tumors IHC for E1a and EM;

arm with twice daily for responded, whereas 0 of 7 virus detected between

5 days and repeated the wild-type p53 tumors days 1 and 10 in 7 of 11

following week responded; no correlation samples only in tumor not

between preexisting in surrounding normal

adenovirus antibodies tissue; virus detected by

and response PCR in 41% of patients 24

hours after last injection

and in 9% of patients 10

days after treatment,

suggesting virus replication

Phase II/ Recurrent head Intratumoral; 10
10

 pfu; Flulike symptoms 33% Partial response, Analysis by in situ

ONYX-015 and neck cancer days 1–5, every 21 days; and injection 27% complete response; hybridization revealed viral

(33) in combination with site pain no correlation between replication in 4 of 7

cisplatin and 5-FU; response and adenovirus biopsies taken between

some patients with two antibodies, p53 status, tumor days 5 and 15; no viral

tumors, only the large size, or prior treatment; DNA in normal tissue

one was injected among patients with two

tumors in 6 of 11 only injected

tumor, 3 of 11 both and

2 of 11 none responded

Phase I/ Pancreatic Intratumoral; 2 � 10
9
 to Flulike symptoms No objective tumor response; Virus detected in the blood

ONYX-015 carcinoma 2 � 10
12

 particles in a resolved in 2 days stable disease in 10 of 23 at 15 minutes after dosing,

(85) volume of 20% tumor patients but not the following day

size; every 4 weeks or 2 weeks later; no

until tumor regression demonstration of virus

replication

2
2

6
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(continued)

Phase I/dl1520 HCC Percutaneous injection; Flulike symptoms; 1 of 5 patients partial response, Virus detected in the blood

(not supplied 5 patients with 3 � 10
11

liver function tests progressive disease in other 30 minutes after treatment;

by ONYX) pfu intravenous then not elevated 4 patients blood samples negative

(86) it on days 2, 25, 16, 2 weeks after 4 hours after dosing

29, and 30 treatment

Phase I/ Ovarian cancer Intraperitoneal; 1 � 10
9
 to Flulike symptoms, No tumor response Peritoneal washes from days

ONYX-015 1 � 10
11

 pfu infused in a abdominal pain, 5 and 15 positive for virus

(87) volume of 500 mL over and diarrhea by PCR; of 10 cytology

15 minutes; daily for five specimens (only 10 of 26

days, every 21 days evaluable) positive by in

situ hybridization; plasma

cells negative

Phase I/ Colorectal cancer Intrahepatic artery No DLT; low-grade Partial response in 9% Input virus was cleared in the

ONYX-015 liver metastases infusion; 2 � 10
8
 to transaminitis; of patients; dose-dependent blood within 6 hours after

(88) 2 � 10
12

 particles; flulike symptoms; tumor responses noted in infusion; on day 4, viral

days 1 and 8; every treatment with combination with genomes detected by PCR

28 days; 5-FU and virus and chemo- chemotherapy at doses of �2 � 10
11

leucovorin combination therapy did not particles, suggesting

in the later cycle (day 28) worsen toxicity replication

associated with

chemotherapy

Phase II/ Gastrointestinal Intrahepatic artery Generally well 11% partial response; increase Virus cleared to undetectable

ONYX-015 cancer liver infusion; 2 � 10
12

tolerated alone or in in neutralizing antibody levels within 6 hours, but

(89) metastases particles; days 1 and 8 combination with titers did not prevent efficacy concentration increased to

as single agent; starting chemotherapy; or replication; increase in the 1.7 � 10
5
 to 4 � 10

6

on day 22, in combination adverse events levels of TNF-�, IFN-�, and genomes/mL, suggesting

with intravenous; 5-FU with ONYX-015 IL-6 within 3 hours, followed viral replication

and leucovorin every alone were flulike by an increase in IL-10 level at

28 days symptoms, including  18 hours  

fever, myalgias,

asthenia, and/or

chills; chemotherapy-

related toxicities

were similar to

those expected for

those agents when

treated without the

virus
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Table 3 (Continued)

          Route, dose,          Evidence of virus

Study type/virus      Tumor type   and treatment schedule          Toxicity                   Response     resence and replication

Phase I/ Various metastatic Intravenous; 2 � 10
10

 to No DLT; fever and No objective tumor response Virus detected in the plasma

ONYX-015 solid tumors 2 � 10
13

 particles; rigor; transient when most patients had stable 6 hours after infusion; half-

(79) days 1, 8, 15, elevation in serum disease; elevated IL-6, IL-10, life was ~20 minutes; 3 of

every 21 days transaminase with TNF-�, and IFN-� in serum 4 patients with >2 � 10
12

>2 � 10
12

 particles; with >2 � 10
12

 particles; no particles showed increased

no changes in increase in IL-1�, IL-1�, virus concentration for

toxicity in combina- or IL-2; serum cytokine 6–48 hours after infusion,

tion with taxol and returned to baseline within suggesting virus replica-

carboplatin 7 days; transient elevation in tion; positive staining for

circulating lymphocytes noted; capsid antigen

neutralizing antibody titers

increased within 2–3 weeks

Phase I/ Recurrent Intratumoral (ultrasound Local pain at the Partial response of >50% Late gene expression and

CV706 prostate cancer guided); 1 � 10
11

 to injection site; no reduction in PSA for at least nuclear inclusion bodies

(28) 1 � 10
13

 particles DLT; frequent fever 4 weeks in 5 of 11 patients at in biopsy samples, suggest-

and prostatitis; two highest doses; increase in ing replication; virus

no irreversible neutralizing antibody titer in detected in the plasma at

grade 3 or any all patients; no correlation 30 minutes that dropped to

grade 4 toxicity between baseline antibody baseline by 12–24 hours

titer and PSA response with a half-life of 23

minutes; virus detected in

the circulation between 1

and 8 days; secondary peak

returned to baseline by day

15; patients with greatest

secondary peaks had lower

antiadenovirus titers

Phase I/Ad5- Recurrent Intratumoral (ultrasound Frequent pain at the 44% of patients demonstrated Transgene expression and

CD/TKrep prostate cancer guided); maximum injection site; no a �25% decrease in serum tumor destruction at the

(80) dose of 1 � 10
12

DLT; 95% of the PSA, and 19% of patients injection site confirmed at

particles; 2 days after adverse events demonstrated �50% decrease 2 weeks; viral DNA detected

virus dosing, treatment observed were mild in serum PSA; 2 patients in blood even at day 76,

with prodrugs 5-FU or moderate negative for adenocarcinoma but no infectious virus

and GCV for a week (grade 1/2) at 1 year after treatment detected in serum or urine

CD, cytosine deaminase; DLT, dose-limiting toxicity; 5-FU, 5-fluorouracil; GCV, ganciclovir; PCR, polymerase chain reaction; pfu, plaque-forming unit (particle-

to-pfu ratio is 20:1 for ONYX-015; 81); TK, thymidine kinase.

2
2
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locally following intratumoral injection. Because TNF-� and IFN-� also have significant toxicity to

normal tissues and organs, understanding the role of these responses in overall antitumor activity of

oncolytic adenoviruses will be important for safe and effective use of these agents and for determin-

ing whether inflammation is a mechanism-based toxicity.

7.2. Challenges for Delivery of Effective Doses and Clinical Development

Although oncolytic adenoviruses have been reported to be well tolerated in clinical studies using

various routes of administration at doses up to 2 � 10
12

 viral particles for multiple cycles or single

doses up to 2 � 10
13

 viral particles, evidence of single-agent efficacy has been limited (81). Intra-

tumoral administration of ONYX-015 in combination with systemic administration of 5-FU and cis-

platin for treatment of recurrent/refractory head and neck cancer showed a significant response in the

injected tumors compared to noninjected control tumors (81). Based on these results, phase III trials

have been initiated with end-points including tumor response, progression-free survival, durable tumor

response, patient quality-of-life measurements, and overall survival.

Consideration of the challenges for clinical development of oncolytic adenoviruses illustrates the

interrelationship between dose and route and mechanisms of efficacy and toxicity. ONYX-015, as

well as other oncolytic adenoviruses in clinical trials, has shown the best evidence of local antitumor

response when administered intralesionally. Volume limitations for intratumoral injection are typi-

cally 1–2 mL, effectively limiting the total dose to approx 2 � 10
12

 viral particles at the maximum

obtainable virus concentration. Although doses of up to 2 � 10
13

 viral particles have been administered

intravascularly, there appears to be a consensus that this is probably very near or at the upper limit for

safety (81). With intravascular administration of ONYX-015, toxicities such as fever, chills, and asthe-

nia were more common and more severe than with intratumoral administration, and AST/ALT levels

were elevated to three to five times normal at the highest doses (6 � 10
12

 to 2 � 10
13

 viral particles) (81).

Because cancer generally presents as or progresses to a disseminated disease, the goal for develop-

ment is to identify a disease type and stage at which safe delivery at a sufficient dose can be achieved

and meaningful clinical benefit can be demonstrated, possibly as increased time to progression (for

accelerated approval) and ultimately as improved overall survival (82). Demonstrating improved over-

all survival using intratumoral administration generally presents a significant challenge, although some

settings, such as head and neck cancer or glioblastoma, may provide an opportunity (81). For the latter

tumor type, however, the potential role of inflammatory response in antitumor efficacy could present

a problem because efforts to control inflammation also might reduce efficacy. Alternatively, treatment

of disseminated tumors by intravenous administration would potentially provide a survival benefit,

provided that therapeutic levels in the tumor can be achieved without unacceptable toxicity.

8. CONCLUSIONS

Overall, significant advances have been made in development of engineered oncolytic adenoviruses

as cancer drugs. Clinical testing of the current generation of viruses may yield commercially success-

ful products and certainly will provide important information for development of safer and more potent

agents. The use of specific transgenes to “arm” viruses to increase potency and modification of the

virus coat to improve intravenous delivery can address many of the general limitations of current-

generation oncolytic viruses. Defining the mechanisms of activity and toxicity, including the role of

the host immune response, will provide the specific information helpful for selecting the most effec-

tive transgenes and coat modifications.
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Conditionally Replicating

Adenoviruses for Cancer Treatment

Ramon Alemany

1. INTRODUCTION

Adenovirus is characterized by an icosahedral protein capsid 80 nm in diameter; it packages a 36-kb

linear double-stranded deoxyribonucleic acid (DNA). A fiber protein projects from the 12 vertices of

the capsid to interact with the cellular receptor. Among the more than 50 different types of human

adenoviruses, type 5 has been mainly used to study the molecular biology of adenoviruses. This virus

infects mainly epithelial cells (origin of most tumors) and causes a mild pathology with flulike symp-

toms. On infection, the DNA reaches the nucleus and is efficiently transcribed without insertion in

the host genome.

These traits placed adenovirus at the front line of different gene vehicles used since the inception

of cancer gene therapy. After more than a decade, efficient gene expression has not been enough to

offer a new cancer therapy. Cancer gene therapy requires every tumor cell to be affected directly or

indirectly by the therapeutic effect of the transduced gene. However, the poor penetration of aden-

ovirus-size particles throughout a solid tumor mass has hampered this requisite.

A different and much older therapeutic approach against cancer that uses adenovirus is virotherapy.

Replication-competent viruses with preferential replication in cancer cells represent antitumoral agents

that can multiply and disseminate through the tumor mass and thus compensate the main limitation

found with nonreplicative adenoviral vectors.

Some viruses, such as Newcastle disease virus, vesicular stomatitis virus, parvovirus, or reovirus,

show a natural tropism for transformed cells compared to normal cells because of their sensitivity to

interferons (IFNs) or their dependence on an active cell cycle or signal transduction pathway. Others,

such herpes simplex virus or adenovirus, can be genetically modified to acquire conditional replica-

tion. The transcriptional control of key viral genes using promoters active in tumor cells or the dele-

tion of viral functions that are dispensable in tumor cells are two strategies in this direction.

The combination of gene therapy and virotherapy using replicating adenoviruses that carry exog-

enous genes to enhance their antitumoral activity is emerging as a potent strategy to attack tumors

selectively. Furthermore, to treat disseminated tumors, adenovirus should be injected systemically,

targeted to the tumor, and untargeted from hepatocytes and Kupffer cells. This chapter reviews the

work done with conditionally replicating adenoviruses (CRAds) and their use as vectors in the emerg-

ing field of cancer gene virotherapy.

2. TRANSCRIPTIONAL CONTROL OF EARLY VIRAL GENES

E1a is the first viral gene to be transcribed when the viral genome reaches the cell nucleus. Although

viral proteins can regulate this transcription, it relies initially only in cellular factors present in most
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cells. Transcriptions of the rest of early viral genes mostly depend on E1a; here, the importance is to

regulate E1a to achieve conditional replication. However, the regions that stimulate E1a transcrip-

tion cannot be easily removed to construct a CRAd.

Several regulatory regions that control E1a transcription can be distinguished: the proximal pro-

moter, enhancers, and elements in the coding region (1). The proximal promoter contains a TATA

box at nucleotide 468 of Ad5, 31 nucleotides upstream of the E1a cap site (nucleotide 499, number-

ing from GenBank M73260), that binds to TFIID (transcription complex formed by the TATA-bind-

ing protein (TBP) and several associated proteins). A TGACGT sequence at nucleotide 456 binds to

ATF (activating transcription factor). Then, further upstream, at nucleotide 296, an enhancer (ele-

ment I) that regulates E1a transcription is found, and it is repeated at nucleotide 229 and 199. Between

this repeated enhancer I are found inverted repeats of enhancer element II, from nucleotides 248 to

282, that stimulate transcription of all early viral genes. Removal of these enhancer elements I and

II reduces E1A expression 20-fold. Transcription factors that bind to the core sequence of the en-

hancer element I were named EF1-A and E1A-F. An OCT-1-binding site at nucleotide 300 and an

ATF-binding 24-bp enhancer element at nucleotide 153 can also activate E1a expression in infected

cells.

In the E1a enhancer region, there are also two binding sites for E2F (nucleotides 215 and 279).

Although their deletion does not seem to affect E1a expression, they may be useful in CRAd strate-

gies targeted to E2 repression via E2F binding. In addition, the inverted terminal repeat (ITR) also

has ATF-binding sites (TGACGT) and SP1-binding sites (GC-rich GGGTGG), both with E1a tran-

scriptional activity. Thus, the ITR can initiate transcription when placed next to the E1a TATA box or

even linked to a gene without promoter (2).

To control E1a expression, the tumor-selective promoter is usually inserted between the E1a cap

site (nucleotide 499) and the first E1a codon (nucleotide 559) (using either a convenient Age I at the

nucleotide 522 site or polymerase chain reaction). Because Enhancer I and II overlap with the A

repeats that form the packaging signal of adenovirus and the ATF- and the Sp1-binding sites of the

ITR overlap with the origin of viral DNA replication, these cannot be removed and remain upstream

of the inserted promoter. Another transcriptional stimulation supplied in cis to E1a that is difficult to

avoid is found in the E1a-coding sequence itself at nucleotide 900 (3).

How these elements affect the tumor- or tissue-selective promoter is a case-by-case issue. It is

expected that promoters regulated by transcriptional repression in normal cells (presence of silencers

on the inserted promoter) would behave better than promoters with selectivity conferred solely by

enhancers because they can inhibit enhancer activity.

Several promoters have been used to control E1A expression. Comparison of these studies could

help elucidate the traits that maintain proper regulation in the viral genome. Since the studies of Hitt

and Graham (4), it is accepted that the levels of E1A do not correlate with virus production, and that

low E1A levels are enough to engage other viral early promoters. If this were the case, it would be

expected that different promoters do not result as much in different viral yields in permissive cells as

in different defectiveness in nonpermissive cells. This also means that, in contrast to other strategies

that use adenoviral vectors with tumor-selective promoters to drive therapeutic genes, promoter strength

is not as critical for CRAds.

Most studies use tumor cell lines that do not express the selective promoter as nonpermissive cells.

Less often, normal cells such as bronchial human epithelial cells or hepatocytes are used. Although it

is true that the normal cell that would receive the virus differs when the virus is injected local-region-

ally, in any case, and especially for intravascular delivery, the hepatocyte is a critical common target

that could be used for standardization. The level of basal or leaky activity of the endogenous pro-

moter in the nonpermissive cell has been studied using different techniques (e.g., Northern blotting,

reverse transcriptase polymerase chain reaction) and that of the plasmid-isolated promoter using

CAT or luciferase reporter assays.
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Cells in which the activity of the cloned promoter is as low as the basic plasmid without promoter

are useful to discover interference from the viral genome. Some information of selectivity, however,

can be inferred as a comparison to the production of wild-type adenovirus. CN706 with prostate-

specific antigen promoter/enhancer driving E1A (PSE-E1A) and CV763 with kallikrein enhancer/

promoter driving E1A (hK2-E1A) are restricted 2 to 3 logs. E1A under the �-fetoprotein promoter

restricted replication by 4 logs in �-fetoprotein-negative cells (5) and under the MUC1 promoter by

5 to 6 logs in Muc1 negative cells (6). The presence of silencers in these promoters may be one reason

for such differences.

The E2F promoter has also been used to restrict E1A expression (7). An advantage of this pro-

moter is that the CRAd should replicate in all tumor cells because the disregulation of the pRB

pathway is the most common trait of cancer. In normal quiescent cells, the complex formed between

RB and E2F1 represses E2F1promoter, and E2F1 levels become undetectable (8). The replication of

a virus with E1A under the control of E2F1 promoter, however, is not completely abrogated in nor-

mal resting cells (from 2 to 4 logs of attenuation) (7). In infected normal lung fibroblasts, E1A can be

detected even in the absence of endogenous E2F-1, which indicates that the E2F1 promoter is not

tightly regulated in the viral context.

Loose promoter control in the viral context has also been detected in a CRAd with E1A under the

midkine promoter (9). In this study, an E1A under a stronger promoter (cytomegalovirus) gave viral

yields higher than under the midkine or even the natural E1A promoters, challenging the concept that

high E1A levels do not increase virus production.

To increase the specificity of replication, other early genes can also be considered targets for reg-

ulation with tumor-selective promoters. In fact, several CRAds have been designed to control E1a

and E1B, E2, or E4 expression (10,11). E1-deleted vectors express low levels of early proteins that

are recognized by the immune system, revealing that early transcription units have E1A-independent

expression. The E1B promoter is a simple promoter formed by a GC box (SP1-binding site) at nucle-

otide 1654 and TATA box at nucleotide 1670. Four enhancers near the E1A stop codon have been

described. There is a basal activity in the absence of E1A expression that, added to the fact that E1B-

19K can activate E1A, E2, E3, and E4 promoters and E1B-55K can activate the E2 late promoter, it

could diminish CRAd selectivity. E4 expression is not as E1A independent as E1B because it needs

to be activated by E1A-13S through ATF-2 and p50E4F factors. P50E4F is the proteolytic product of

p120E4F, which in turn is a repressor of E4 and is inactivated by E1a by phosphorylation (12).

However, the E2-transcriptional activity of E4-ORF6/7 is more important than that of E1B19K, and

if expressed at high levels, it can produce E1A-independent replication (13).

E4 promoter has been replaced with surfactant protein B promoter to confer further selectivity to

a CRAd (named KD1-SPB) that contains a first level of selectivity by means of E1A deletions (see

Section 3.) (14). The E4 promoter replacement in KD1-SPB attenuated viral production by 4 logs

compared to KD1 in tumor cells that do not express SPB. Such a high level of attenuation could be

related to the fact that, placed between the E4 and the right ITR, the inserted promoter is not affected

by the enhancer element I of E1A promoter, although interference from the ITR still remains. Leaky

replication occurred, as revealed by a single-step growth curve assay showing that the titer of virus in

the supernatant of infected cells increased with time. With this in mind, it would be interesting to

quantify the attenuation of this virus in normal cells in which the 4 logs of attenuation gained with E4

control are combined with the 3 logs of attenuation gained with E1A deletions (see Section 3.).

E2 has also been target of transcriptional control. It has two promoters, one that controls early tran-

scription formed mainly by E2F- and ATF-binding sites and highly dependent on E1A transactivation

and another one that controls late transcription formed by Sp1-binding sites and CCAAT boxes and

repressed by E1A but activated by E1B-55K (15). E2 is an attractive candidate for regulation because

E2 products are components of the viral DNA replication system, not proteins that regulate other early

genes or the cell status, and hence cannot be bypassed by other early viral genes or cellular functions.
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E2F- and ATF-binding sites in E2 early promoter have been replaced with Tcf sites that drive tran-

scription when the wnt signaling pathway is active, such as in colon cancer (16). E2 control by Tcf

reduced replication 2 logs in nonpermissive cells. Interestingly, to achieve this selectivity, the adja-

cent E3 enhancer had to be mutated.

A different strategy did not rely on changing E2 early and E3 promoters, but on the production of

an E2F-binding domain fused to an Rb-repressor domain (10). This repressor was placed under a

p53-responsive promoter in E3 to achieve p53-dependent repression in normal cells. In tumor cells,

even in those with wild-type p53 activity, the virus replicated efficiently, probably to the high level

of free E2F competing with the repressor for the E2F-binding sites. This strategy resulted also in an

attenuation of 2 logs in normal cells.

So far the regulation of E2 has allowed normal levels of replication in permissive cells, but the atten-

uation achieved has been lower than with E1A or E4 control. The control of E2 late promoter may be

necessary; in that case, the combination of E1B and E2 early regulation could increase attenuation.

Several factors need to be taken into consideration to study the benefit of multiple regulation.

Different cell lines or cell types allow different levels of E1A-independent expression of early viral

genes. For example, HeLa cells allow E1A-independent expression at high multiplicity of infection

(MOI). The status of differentiation of the cell is also a key factor that affects early gene expression.

For example, the F9 teratocarcinoma cells allow E1A-independent expression when undifferentiated.

Selectivity should be compared at low and high MOI as E1A-deleted mutants can express viral

genes and replicate when used at high MOI. The concerted regulation of early units along the viral

life cycle will be also more affected in multiple-unit regulated CRAds, and it could affect viral pro-

duction and oncolytic potency.

Finally, the use of the same promoter elements to control several units is very prone to cause viral

DNA rearrangements, and viral DNA stability should be monitored (17). Attenuation of multiple-unit

regulated CRAds in nonpermissive cells is very pronounced, although the benefit of multiple regulation

is sometimes not known because comparisons to their single-unit counterparts is missing. CV787 with

probasin-E1A and PSE-E1B is restricted 5 logs (18). CV876 and CG8840, both with uroplakin II pro-

moter driving E1a and E1b connected through an internal ribosome entry site, are restricted 4 logs (19).

Some studies have tried to quantify the benefit of multiple-unit regulation. Compared to a virus

with E1A promoter, CV764 with PSE-E1A and hK2-E1B was restricted 5 logs, but viruses with

either of these promoters just regulating E1A were restricted 3 logs (20). Therefore, E1A-E1B double

regulation added 100 times the selectivity in this case. In contrast, E1B placed under Tcf sites did not

add any selectivity beyond the simple regulation of E2 by these sites, despite the fact that E1B expres-

sion was reduced (16). The effects of promoter control could be evident only with particular combi-

nations of early regions.

Despite the high levels of selectivity achieved in some cases (4–5 logs), an emerging problem rec-

ognized for several promoters inserted in the viral genome is the loss of proper regulation. This problem

was noted when tyrosine kinase was placed under the ErbB2 promoter in an E1-deleted adenoviral

vector (21). Flanking the expression cassette with bovine growth hormone transcription stop signals

restored promoter selectivity. Another promoter that loses selectivity in the adenoviral genome is the

myosin promoter (22). As in previous reports, a transcriptional start site was identified within the E1A

enhancer. In this case, however, a transcriptional terminator could not restore promoter specificity.

A different approach that restored promoter fidelity in E1-deleted vectors has been the use of insula-

tors to flank the expression cassette. Insulators are DNA sequences that flank genomic domains tran-

scribed independently from their surroundings. Among different functions, these elements dock enhancer-

blocking proteins such as CTCF that, in contrast to transcription terminators, can block cis-activation

by distant enhancers. The HS4 insulator that flanks the chicken �-globin locus is active in a heterolo-

gous context, and it has been used to produce transgenic animals. HS4 can shield a metal-inducible

promoter from the effects of adenoviral enhancers present in E1-deleted vectors (23). Optimal shield-
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ing reduced noninduced expression 200-fold in vitro and 15-fold in vivo and required one copy of

the 1.2-kb insulator in 5' to 3' orientation at each side of the expression cassette. Because of size con-

straints, their application to CRAds will require an artificial insulator formed by two repeats of the

250-bp active core of HS4.

Finally, it is probable that the combination of insulators to avoid the effects of enhancers and ter-

minators to avoid “read-through” transcription from the ITR-packaging signal will be needed. Long

insulators or long promoters could solve the fidelity problem, but the capacity for exogenous DNA of

CRAds is limited to a few kilobases. Splitting the genome of the CRAd in two mutually dependent

viruses has been used as an approach to insert large promoters and exogenous DNA, but these dual

systems have lower virus yield and spread slowly as they depend on coinfection (24).

Other transcriptional or translational regulatory elements with tissue- or tumor-selective proper-

ties can be attached to viral genes to construct a CRAd. Splicing signals or messenger ribonucleic acid

(mRNA) stabilization elements are good examples. For example, a CRAd with E1A linked to the 3'

untranslated region of COX-2 is highly attenuated in non-Ras transformed cell lines because this

region is selectively stabilized by Ras (R. Vile, personal communication).

3. EXPLOITING THE FUNCTIONAL

SIMILARITIES OF ADENOVIRUS AND CANCER

Several adenoviral proteins have functions that interfere with cell signaling pathways, activate

cell proliferation, and inhibit apoptosis in a similar way as occurs in tumor cells. Therefore, a normal

cell, when infected with adenovirus, resembles a tumor cell in various aspects. The viral functions

that bring the cell to this tumorlike phenotype are recognized as oncogenic traits of adenoviruses.

The overlap is not complete, however, because adenovirus also has functions that induce an epithe-

lial-like phenotype to the infected cell, and these are recognized as antitumoral traits (25,26). These

functions combined lie behind the preference of adenovirus for activated epithelial cells.

The overlap between adenoviral functions and oncogenesis can be used to achieve selective replica-

tion of adenoviruses in tumors. In fact, the first selective adenovirus proposed and tested relies on the

analogy of p53 inactivation produced by the adenovirus E1B-55K protein and by the tumor cell (27).

When adenovirus genome reaches the nucleus of the infected cell, its DNA remains anchored to

centers of active transcription in which the expression of the first viral genes starts (Fig. 1). E1A

243R (12S) and 289R (13S) are the first proteins synthesized. E1a contains three domains, CR1 to CR3,

conserved among serotypes. CR3 is present only in the 289R protein, and it is a transcriptional activa-

tor domain that binds to the TBP and ATF. Also, p53 binds to TBP, acting as a transcriptional repres-

sor, and it is displaced by CR3.

For CRAd design, CR1, CR2, and the nonconserved amino-terminal domain of E1A are more

attractive because they are involved in the activation of the cell cycle and are the domains that confer

transformation properties to E1A of certain serotypes in rodent cells. CR1 and CR2 are essential for

E1A to bind pRB, p130, and p107 family protein members. Binding of pRB dissociates the E2F-pRB

complex that functions as a transcriptional repressor recruiting histone deacetylase. At the same time,

free E2F is a transcriptional activator of viral genes and cellular genes involved in the control of the

cell cycle (e.g., cdk2; cdk4; cyclins a, D, and E) or DNA synthesis (e.g., PCNA, DNA polymerase,

ribocucleotide reductase). E1A binds to p300 by its amino-terminal domain and the C-terminal half

of CR1. This binding increases the ability of p300 to stimulate EF2 transcriptional activity. E1A thus

removes the E2F inhibitor (pRB) and stimulates the E2F activator (p300) with the same final out-

come. Either p300 or Rb binding is enough to induce cellular DNA synthesis, but binding to both is

necessary to pass G2/M.

Several CRAds have been constructed based on deletions of E1A. A single CR2 deletion (residues

122–129: LTCHEAGF) that affects binding to pRB and the pRB-related proteins p130 and p107 has

been shown to confer selectivity for tumor cells (28). This CR2 deletion was able to attenuate viral
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production in normal fibroblasts grown at low serum concentration to arrest them in G1. When a sim-

ilar G1 arrest was induced in tumor cells by Rb gene transfer, the CR2 mutant (Ad�24) was also unable

to replicate. Further studies with an adenovirus with the same CR2 mutation (dl922–947) have con-

firmed that this mutant cannot induce S phase and demonstrated its selectivity in terms of viral yields.

Comparing the mutant adenovirus yield in several tumor cell lines vs airway epithelial and micro-

vascular endothelial normal cells (defined as the therapeutic index), a reduction of 2 logs is observed

when the normal cells are proliferating and 4 logs when they are arrested. Compared to that of wild

type, dl922–947 yield is attenuated 3 logs in the arrested normal cells (29). Thus, 3 of the 4 logs of the

therapeutic index (difference between tumor and normal) are because of selectivity conferred by the

mutation. Some cytopathic effects, however, could be observed in normal arrested cells. The p300-

binding ablation could be a possibility to reduce toxicity in normal cells. However, dl1101, a mutant

with a deletion in the p300-binding CR1 region (amino acids 4–25) showed similar toxicity in nor-

mal cells and an undesired attenuation in tumor cells (29). Independent studies with dl1101 also sug-

Fig. 1. Adenovirus infection cycle and its similarity to cancer. The functional analogy of E1A with pRB,

E1B-55K with p53, and VA-RNAs with Ras has been used to achieve conditional replication.
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gested some attenuation in tumor and normal cells. Nevertheless, this CR1 mutation may have value

to increase the selectivity of certain CR2 mutants (30). For example, dl01/07, a CRAd with this CR1

deletion combined with a CR2 deletion that only affects pRB binding (residues 111–123), is selective

for tumor cells, as opposed to viruses that contain either mutation. Most interestingly, this double-

ablated E1A is attenuated 1 log in proliferating normal lung fibroblasts. Other efforts using dl01/07 as

the basis for further CRAd development showed the same 1-log attenuation compared to wild type in

proliferating lung fibroblasts and an additional 2 logs on arrest (31). Based on comparisons with wild

type, pRb-binding deletion combined with p300-binding deletion therefore renders the same attenu-

ation levels as the pRB plus p130–p107 deletions. However, the p300-pRb combination is more

restricting in proliferating normal cells. This is in accord with the observation that the double p300-

pRb-binding deletion mutant E1a has more limited effects on the cell cycle compared to single mutants

(32). Furthermore, in organotypic cultures of primary human keratinocytes representing a good model

of normal human epithelial cells permissive to adenovirus, the combined CR1 and CR2 deletion that

abrogates p300, p107, and pRB binding is necessary to restrict replication (33).

E1B is also an important target for CRAd design. In the early viral phase, E1B-55K forms a com-

plex with E4orf6 and p53 that leads to the ubiquitin-mediated proteolysis of p53. This would favor

viral replication, allowing the infected cell to remain in S phase, but the dependence of viral replica-

tion on p53 status is not clear. During the late phase, E1B-55K forms a different complex with E4orf6

that shuts off host mRNA nuclear export and host protein synthesis. It also facilitates the nuclear

localization of transcription factor YB1 to activate the E2 late promoter (15). Tumor cells often have

inactivated p53, counteract protein shutoff and contain nuclear YB1. Defects of 55K are then comple-

mented accordingly. In general, however, the replication efficiency of 55K mutant seldom reaches

the level of E1A mutants (29,30). The use of 55K mutants that separate these multiple functions is

under way, and it will help to obtain mutants not attenuated in tumor cells and to clarify correlation

of viral selectivity and specific cellular traits such as p53 inactivation (34).

E1B 19K is a homologue of Bcl-2 that inhibits the p53-independent apoptosis induced by E1A via

the interaction of Bak and Bax (35). In normal cells and in many tumor cell lines (e.g., HeLa), 19K

mutants do not replicate because of the premature apoptotic death of the infected cell. In other tumor

cells particularly resistant to apoptosis, the 19K function can be complemented. A virus with a com-

plete E1B deletion could then replicate in certain cell lines or tumors (B-cell lymphoma caused by

the overexpression of Bcl-2, melanoma caused by deficiency of caspase 9 coactivator Apaf-1, etc.).

However, the replication of such viruses will be impaired at various degrees in most tumors (35). On

the other hand, it seems that the release of viral particles from the infected cell is not efficient, and

apoptosis at this late stage could help viral spread (see Section 4.).

E4 is also a region with cell cycle regulatory functions and thus of CRAd design interest. It remains,

however, quite unexplored regarding the role of mutations in cancer selectivity. E4orf6 is able to

accelerate tumor growth in rat cells already transformed with E1A and E1B, and this correlates with

a reduction in p53 levels (36). E4orf6 binds to p53, but its effects on blocking p53-mediated tran-

scriptional activation and repression are controversial (12). E4orf6/7 binds to free E2F to promote its

binding to the inverted repeats of E2F-binding sites present in the early E2 promoter and the cellular

E2F-1 promoter. Most important, this binding has some capability to displace pRb and p107 from E2F

complexes and thus to release free E2F that would activate the E2 promoter without the aid of E1A.

Thus, if orf6/7 is produced at high levels (such as under a cytomegalovirus promoter in a viral vector),

it can complement E1A. The deletion of orf6/7 is a potentially attractive trait of CRAds. E4 orf1 may

also be a target for selective replication as it binds to proteins with signal transudation functions.

Besides these deletions that affect early viral genes, there are other possible areas of intervention

based on the similarities between adenovirus infection and cancer. One common trait is the inactiva-

tion of the cellular RNA-dependent protein kinase (PKR). PKR is a serine-threonine kinase activated

by double-stranded RNAs produced during cellular stress or viral infections. PKR bound to double-
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stranded RNA is activated by autophosphorylation and in turn phosphorylates eukaryotic initiation

factor eIF2 to stop protein translation. In tumor cells, this stress-response pathway can be blocked by

downstream effectors of Ras (37). Adenovirus also blocks PKR activity by synthesizing two small

PKR-binding virus-associated RNAs (VA-RNAs) (38). Regarding PKR activation, the oncogenic

Ras pathway is analogous to the function of VA-RNAs, making the genomic deletion of these RNA

genes a way to achieve Ras-dependent replication (Fig. 2). We have found that a VAI mutant (dl331)

replicates 40 times better in cells with an active Ras pathway than in cells in which this pathway is not

active (unpublished observations at June 2003). This mechanism of selectivity is inherent to viruses

that cannot inactivate PKR, such as reovirus (39), or it has been introduced in other viruses, deleting

their respective PKR-inactivating proteins, such as NS1 of influenza A virus (40) or ICP34.5 of herpes

simplex virus (41).

In general, it is considered that the Ras pathway is activated in 80% of all tumors either by muta-

tions of ras (90% of pancreatic tumors, 50% of colon tumors, 30% of lung tumors, etc.), or by over-

expression of EGFR or c-erbB2. Furthermore, this selectivity could have even a broader application

because PKR needs to be induced by IFN to be present in a significant amount in the cytoplasm.

Often, tumor cells are refractory to IFN effects, and the amount of PKR in the cytoplasm is kept at

very low levels. It is well established that tumor cells present defects in the IFN response pathway

(42). In general, viruses that are very sensitive to the inhibition mediated by IFN have been used to

treat tumors selectively, and VA-deleted adenoviruses could be used accordingly.

An important point to keep in mind when using all of the above deletions to confer selectivity is

that at least E1A, mutated or not, is going to be expressed in normal cells with toxic consequences.

This E1A-induced toxicity is manifested in vivo, especially in liver. Thus, when systemic adminis-

tration is considered, it is important to combine the promoter regulation approach with these genetic

mutations. The combination of strategies not only reduces the toxicity of the CRAds, but also multi-

plies the selectivity of the replication. For example, if an E1A mutation restricts replication 2 logs in

normal proliferating cells, the addition of a promoter such as the tyrosinase promoter results in another

2 logs of selectivity toward cells that express tyrosinase such as melanoma cells (43).

Fig. 2. The deletion of VA-RNA genes represents a strategy to achieve replication conditional to an active

Ras pathway. See Section 3. for details.
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4. MAXIMIZING THE RELEASE OF VIRIONS FROM THE CELL

The mechanism of adenovirus release from the infected cell is not clearly understood. It is a rather

inefficient process because, in vitro, when the cytopathic effects are completed, only 10% of virions

are released, and the rest remain arrayed in the nucleus of the infected cell. Nevertheless, certain viral

genes seem to play an active role in this process. Among them, the best characterized is the E3-encoded

adenovirus death protein (ADP). ADP is expressed at the late phase of the viral life cycle and acceler-

ates cell death and release of virions. Although E3 is usually removed from adenovirus vectors, CRAds

retain a better oncolytic potency when ADP is preserved, and this potency can be further enhanced

over the levels of Adwt by overexpression of ADP (10,31). This role of ADP can be substituted by the

expression of p53 in the late phase, suggesting that apoptosis induction at this phase could be benefi-

cial for virus propagation, in contrast to what happens at the early phase (44). E4orf1 could have a

late lytic function similar to ADP, and in the same way, it could be considered to enhance oncolysis

(12). Another adenovirus protein implicated in cell death and virion release that could be used for onco-

lysis enhancement is the L3 protease that cleaves cytokeratin 8.

E1B19K is the main adenovirus-encoded apoptosis inhibitor, and it has been considered a target

to enhance cell lysis and virion release (45). As mentioned, E1B-19K mutants can grow more effi-

ciently than wild type. This has been observed under apoptotic blockage (46) or in specific cell types

(47), for example, in WI38, A549 but not in H411, H446, Calu1, and 293 (45). Results seem to

indicate that the 19K deletion could result in enhanced oncolysis in tumor cells, in which its early

apoptotic inhibitory function is complemented.

Early apoptosis inhibition and late apoptosis induction may be optimal for virus release, but this

hypothesis does not match with the regulation of 19K during the viral cycle in normal cells. The E1B

region transcribes a 22S and a 13S mRNA. Both 55K and 19K are produced from the larger messen-

ger, but 19K can also be produced from the shorter one. Curiously, the abundance of 13S mRNA

increases at late times of infection and so does the ratio 19K to 55K. It is possible that the function of

19K in normal cells needs to be studied in more detail to understand which tumor cell will produce

19K mutants more efficiently.

5. ARMED AND TARGETED CRADS

If the poor transduction of injected tumors has been the main reason behind the deceiving results

of the first decade of cancer gene therapy, a replicating vector now offers the possibility to multiply

the transduction efficiency. Conversely, genes with antitumoral activity can complement oncolysis

to enhance the attack against the tumor. It is natural, then, to combine gene therapy and virotherapy

in a conditionally replicative vector. As adenovirus has been the main player in these two fields, the

gene–virotherapy combination appears straightforward.

The rationale to include a transgene in a CRAd is not as much to produce the death of the trans-

duced cell (eventually induced by virus replication) as it is to affect untransduced surrounding cells

(bystander effects) or to favor the oncolytic process. Suicide gene therapy was the first kind of gene

therapy tested in the context of a conditionally replicating adenovirus (48). Antitumor activity of an

E1b-55K-deleted CRAd expressing thymidine kinase increased only when the prodrug ganciclovir

was administered several days after the CRAd, indicating that replication is necessary to enhance the

suicide gene therapy. In a double suicide gene therapy strategy with a CRAd armed with thymidine

kinase and cytosine deaminase, only the combined application of ganciclovir and 5-fluorouracil (5-

FU) prodrugs increased the antitumoral activity of the CRAd, and inhibition of viral replication was

noted (49).

As expected, if not timed appropriately, cytotoxic gene therapy can counteract viral replication.

To avoid this problem, expression can be rendered dependent on replication. Driving the expression

of the transgene by the major late promoter or substituting the transgene for late-phase viral genes are

strategies to achieve this replication-dependent expression and avoid the interference of the two
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therapeutic approaches. Besides distributing the transgene throughout the tumor, an armed CRAd

can also increase the levels of expression of the transgene up to 2000-fold because of the high copy

number of the replicated genome (50). However, eventual cell lysis will halt gene expression, and

transgene expression levels in vivo may be more erratic.

Tumor suppressor gene therapy has also been combined with virotherapy. As mentioned in Section

4., p53 has been expressed in a CRAd, producing an increase of virus release. It is expected that a p53-

expressing CRAd can combine the gene therapy effect of p53, such as angiogenic inhibition with the

oncolytic effect. Fusogenic therapy is another type of cytotoxic gene therapy that has been combined

with virotherapy (51). In a concept model using the human immunodeficiency virus env and CD4
+

cells, the formation of small syncytia did not seem to interfere with adenovirus production, and the

combination showed improved cytotoxicity compared to fusogenesis or oncolysis separately. It remains

to be seen whether fusogenesis and replication get along when other fusogenic proteins that can tar-

get tumors of epithelial origin are used.

Another example of gene virotherapy used a CRAd-expressing tumor necrosis factor (6). In this

case, the expression level of tumor necrosis factor from a replicative vector was 10
6
-fold higher than

with a nonreplicative vector and was sufficient to induce tumor regression. Immunogene therapy could

also benefit from a replication-competent vector if the vector-induced cell lysis favors the presenta-

tion of tumor antigens. On the other hand, the presence of immune-dominant viral antigens could

mask responses to tumor antigens. These hypotheses are difficult to test because of the lack of immuno-

competent animal models that allow human adenovirus replication.

Approaches applied to cancer gene therapy to improve the delivery of the adenoviral vector to the

tumor can be used as well in cancer virotherapy. Genetic and nongenetic capsid modifications used to

increase the infectivity of adenoviral vectors have already been applied to CRAds, with the expected

enhancement of oncolytic potency (52,53). Although means to modify the capsid genetically beyond

the addition of small peptides are explored, a nongenetic approach based on adaptor molecules of

high specificity such as antibodies and natural ligands can be used. Adaptors need to be expressed by

the CRAd to target its progeny. In this case, the length of exogenous DNA in a CRAd is limited because

few viral sequences are deleted, and the total capacity of packaged DNA cannot exceed 105% of its

genome length. Splitting the genome of the CRAd in several complementary vectors could solve this

problem (24).

6. COMBINATION WITH OTHER ANTICANCER

THERAPIES AND THE EFFECTS OF THE IMMUNE SYSTEM

For a rational use of CRAds in combination with chemotherapy and radiotherapy, a distinction

should be made between the effect of the virus on susceptibility to these therapies and the effect of

these therapies on virus replication. Adenovirus E1A can induce S phase and hence the susceptibility to

S-phase-specific antineoplastic agents like cisplatin or topotecan. Accordingly, initial in vitro and pre-

clinical studies with ONYX-015 showed synergistic efficacy in combination with cisplatin and 5-FU

without decreasing replication (27,54), and these results have been corroborated in clinical trials (55).

The hypothesis of virus-mediated sensitization to chemotherapy is supported by the fact that best

results are observed when the virus is given prior to administration of the drug. However, a negative

effect on viral replication is suggested by the facts that cisplatin reduces the flulike symptoms asso-

ciated with CRAd injection (55), and on the other hand, topotecan does not increase the antitumoral

effect of CRAds (48). E1A can also induce topoisomerase levels and thus the toxicity of topoisomer-

ase inhibitors such as camptothecin (TopoI inhibitor) and etoposide and daunorubicin (TopoII inhib-

itors). These drugs enhance viral replication more than cisplatin or 5-FU, a favorable interaction that

seems to be related to G2 cell arrest (56). Nocodazole also arrests cells in G2 and enhances virus pro-

duction, but it has an additional effect via upregulation of CAR and integrins (57,58). CRAds enhance

the susceptibility to doxorubicin; conversely, doxorubicin enhances CRAd replication (59). The syn-
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ergistic antitumoral effect of taxanes (paclitaxel and docetaxel) has been demonstrated in vitro and in

vivo (19,60), but the M-phase block they produce is not beneficial to virus replication. A G1-phase

block, such as the one produced by actinomycin D, is also detrimental for replication (56). Mitomycin

C, thiotepa, mitoxantrone, and vinblastine are also synergic with CRAds when cell death is measured

(19), but the impact of these agents on virus production remains to be determined.

A negative effect on replication is particularly important in an in vivo situation, for which, because

of diffusion constraints, the therapeutic effect depends on more virus replication cycles. Therefore, a

small negative effect could represent a noticeable decrease in efficacy. Besides the effect of chemo-

therapeutic drugs, CRAds also enhance the effects of radiation therapy (61).

The patient immune response against the CRAd is expected to have a negative impact on the ther-

apy outcome. Activated cytotoxic T cells can destroy infected tumor cells and thereby block the virus

spread before it has reached all tumor cells. Antiadenovirus antibodies can directly neutralize infec-

tivity or cause the opsonization of the virus by macrophages. The clinical experience via intratumoral

injection, however, indicates that antiadenovirus antibodies do not diminish efficacy because they do

not penetrate into the tumor (55). Certainly, control of the immune response will be more relevant for

systemic delivery of CRAds. Preexisting neutralizing antibodies, as well as those raised after a first

CRAd administration, block antitumor efficacy in murine models in a dose-dependent manner (62).

Immunosuppression, either with chemotherapeutic drugs or with drugs specifically administered for

this purpose, could avoid the formation of antiadenovirus antibodies, but preexisting antibodies would

remain. It will then be important to correlate dose responses with preexisting antibody levels to find

threshold doses that overcome the neutralization of the inoculated CRAd. Transient removal of anti-

adenovirus antibodies through immunoapheresis is also an attractive solution under investigation.

7. CONCLUSION AND FUTURE DIRECTIONS

During the early 1990s, cancer gene therapy drew in much enthusiasm among basic and clinical

researchers. A bright decade of molecular biology had revealed the genetic defects that cause cancer

and offered the opportunity for rational treatments. At the preclinical level, each strategy of cancer

gene therapy tested showed an unprecedented specificity and efficacy. Investment and expectations

increased. Clinical trials fell like a cold shower that tempered the hypes and put things in their place.

Multiple combinations with radio- and chemotherapy looked for hints of efficacy without clear results.

Lack of toxicity prevailed as the most-praised achievement.

Through a different and much longer path, cancer virotherapy has progressed over a century of

hopes and failures. However, a continuous trend toward strains or mutants with preferential replica-

tion in cancer cells endured. Genetic engineering techniques and better understanding of how viruses

use cell metabolism allowed viruses designed with these preferential replication traits. Pioneering

efforts explored mutations in nucleotide metabolism genes using herpes simplex virus (63).

The design of mutations targeting the genetic defects that cause cancer represented a conceptual

leap toward a truly tumor-specific virotherapy (27). Targeting the genetic defects central to cancer

genesis is synonymous with selectivity and efficacy. Loss of tumor suppressors is the main trait of

cancer, and it is very difficult for conventional drugs to detect their absence. Even more difficult is

making a drug that it amplifies itself until it reaches the entire tumor. This therapeutic chain reaction

is the appeal of the immune system, but tumors evolve in the presence of the immune system, and

they are selected until they evade it.

The design of viruses that target the genetic origin of cancer shares objectives and tools with can-

cer gene therapy. Both fields rely on viruses and on the expression of genes central to cancer develop-

ment. At the time when cancer gene therapy was losing stamina and cancer gene therapists recognized

the importance of reaching all tumor cells to succeed in the clinic, this new kind of virotherapy lighted

an explosion of interest.
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Replication-competent viruses can also be used to deliver therapeutic genes to cancer cells to have

a further impact on the destruction of tumors or to help the virus replication. Viral and gene therapy

mingle in a new approach against cancer, and adenovirus plays a major role in this new field. The

reasons for this popularity are multiple: proven safety, epithelial tropism, amenability to capsid modi-

fications, high levels of episomal gene expression, interactions of viral proteins and cellular proteins

involved in cancer, high titers, easy manipulation of the genome, and more. High expectations will

face the clinical test, and only after stepwise improvements on systemic delivery, intratumoral dis-

semination, and control of the neutralizing responses may these expectations be fulfilled.
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Reovirus as an Oncolytic Agent

Megan K. Patrick, Kara L. Norman, and Patrick W. K. Lee

1. INTRODUCTION

As the incidence of cancer continues to escalate, the demand for alternative anticancer therapeu-

tics increases. The use of viruses in cancer treatment is well documented (1); however, as knowledge

in the fields of virology, cell biology, and oncology expands, refined techniques and novel viral-

based therapeutics emerge. The oncolytic potential of a wide spectrum of viruses has been explored,

such as adenovirus (2,3), herpes simplex virus (HSV) (4,5), vesicular stomatitis virus (6), vaccinia

virus (7), poliovirus (8), and mammalian reovirus (9).

To date, numerous engineered adenovirus mutants have been described (10–13). For example,

ONYX-015 lacks E1B55Kd adenoviral protein expression (14), known to block p53 tumor suppres-

sor activity (15). This variant selectively replicates in cells with aberrant p53 function (14,16,17), a

feature common to 50% of all cancers (18,19), through a mechanism not yet fully understood (20–

22). Clinical trials suggested that treatment with ONYX-015 is nontoxic and demonstrates increased

efficacy when administered in combination with conventional chemotherapeutics (23).

In humans, HSV infections are highly pathogenic (24); however, manipulation of the viral genome

has led to the development of several oncolytic HSV mutants with attenuated pathogenicity (5). For

example, G207 harbors defects in UL39 and ICP34.5 function (25–29), promoting replication in tumor

cells with increased ribonucleotide reductase activity and Ras activity, respectively (26,27). G207

treatment of human tumor xenografts in mice inhibits tumor growth in vivo (29–35), with enhanced

effects when delivered in conjunction with traditional chemotherapeutic drugs or radiotherapy (34,

36,37). Moreover, phase I clinical trials indicated that G207 therapy of human malignant gliomas has

no overtly toxic side effects (38).

Finally, reoviral infections are nonpathogenic in humans (39,40) and historically have served as a

model to study related, more clinically threatening viruses, such as rotavirus (41). The recent emer-

gence of reovirus as a potential oncolytic agent has sparked much interest in the field of reovirology.

Along with its lack of pathogenicity, mammalian reovirus offers several other therapeutic advan-

tages. Reovirus does not require genetic alteration because it selectively replicates within cells bear-

ing an activated Ras pathway (42), a feature common to 30% of all human cancers (43,44). Thus, this

virus may represent a safe and effective oncolytic agent that can be exploited to combat a wide variety

of human cancers. Phase I and II clinical trials testing reovirus are currently under way.

2. BACKGROUND

Mammalian reovirus is a member of the orthoreovirus genus in the family Reoviridae. Based on

hemaglutination assays, reoviruses can be categorized into three different serotypes: type 1 (proto-

type T1 Lang), type 2 (prototype T2 Jones), and type 3 (prototype T3 Dearing [T3D]). Notably, T3D is

the primary strain exploited in oncolysis studies. Reovirus is ubiquitous in nature, found predominantly
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in stagnant and fresh water and sewage (45,46). The virus can be isolated from several natural hosts,

such as mice, cats, sheep, pigs, cattle, monkeys, chimpanzees, and humans (47). Similarly, reovirus

infects cells from a variety of species in vitro (41). These characteristics permit evaluation of reovirus-

induced oncolysis in both allograft and human tumor xenograft mouse models prior to use in a clinical

setting.

Reovirus is commonly isolated from human respiratory and enteric tracts; however, infections are

typically subclinical. In 1959, Sabin introduced the name reovirus (for respiratory enteric orphan) to

reflect this lack of pathogenicity (48). In contrast, reovirus infection of immune-deficient mice induces

significant morbidity and mortality. Human reoviral infections are extremely common, with the reported

prevalence of antireovirus antibodies varying from 50% of the adults in some studies (41,47,49) to

70–100% in others (50,51).

In 1963, Rosen et al. (39) published the most convincing evidence supporting the nonpathogenic

nature of reovirus. In this study, inmates in an American federal correctional institution were enlisted

and intranasally challenged with mammalian reovirus serotype 1, 2, or 3. Of 27 volunteers, 9 devel-

oped mild coldlike symptoms that were not definitively attributed to the infection itself. Serologic

and virologic testing identified that not all symptomatic patients were productively infected; more-

over, some asymptomatic patients were seropositive. The absence of reovirus-induced human disease

has led to its development as a model to study related, more pathogenic viruses and more recently as

an oncolytic agent.

Mammalian reovirus is a nonenveloped icosahedral particle composed of eight structural proteins

arranged in two concentric capsid layers. The virion encases 10 linear double-stranded ribonucleic

acid (dsRNA) gene segments that encode 11 proteins. The viral genome and protein complement are

classified into three size classes based on electrophoretic migration profiles and are designated as

large, medium, and small or �, µ, and �, respectively (52–54).

To initiate infection, the cell attachment protein �1 (55) binds the host cellular receptors sialic

acid, junction adhesion molecule, and potentially several others (56–59). Virus entry occurs via the

receptor-mediated endocytic pathway (60–62), in which the endolysosomal low pH and proteases

aid in viral uncoating (63,64). Proteolytic processing results in the loss of �3 and cleavage of µ1 to

µ1c, producing an intermediate subviral particle (ISVP). The ISVP is further uncoated with the loss

of �1 and µ1 (65), which permits the release of the transcriptionally active core particle into the

cytoplasm. The core initiates primary transcription of 5' capped, nonpolyadenylated messenger RNA

(mRNA) from each of the 10 genomic strands (66,67), which are translated by the host translational

machinery. These reoviral proteins associate with each of the 10 primary transcripts in RNA assort-

ment complexes. Core-like replicase intermediate particles are subsequently assembled (68,69), and

synthesis of the genomic RNA-minus strand ensues. This provides the template for transcription of

secondary uncapped mRNAs (70), which are later translated by host cellular ribosomes and represent

the predominant source of reoviral proteins during infection (71). In the final stage of the reoviral

lifecycle, viral proteins and genome are assembled and released by host cell lysis.

3. THE REOVIRUS–CANCER LINK

Early investigations implicated an association between reoviral infection and cellular transforma-

tion; however, these initial clues were not understood until recently. In 1977, Hashiro et al. reported

transformed cell lines were susceptible to reovirus infection, whereas untransformed cells from vari-

ous species were resistant (72). Similarly, in 1978 Duncan et al. stated normal WI-38 cells failed to

support reoviral infection, in contrast to reovirus-permissive SV-40 large T-antigen-transformed WI-

38 cell lines (73).

Reovirus receptor and attachment studies unexpectedly uncovered the molecular basis of this

specificity for cancer cells. Reovirus binds to sialic acid moieties that are ubiquitously expressed on

host cells; however, not all cells support the reoviral lifecycle. In 1993, Strong et al. reported that
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epidermal growth factor receptor (EGFR)-deficient 3T3 murine fibroblasts (designated NR6) were

resistant to T3D, whereas cells expressing EGFR (designated HER5) were not (74). Furthermore, reo-

virus was capable of binding to the EGFR directly (75). This suggested that EGFR functions directly

in viral attachment and entry; alternatively, it creates a reovirus-compatible intracellular environ-

ment. Further investigation revealed the latter scenario was in fact the case.

Transformation of reovirus-resistant NIH 3T3 cells with the constitutively active v-erbB oncogene

derived from retroviral transduction of an EGFR homologue that lacks the extracellular binding

domain and confers reovirus susceptibility (76). This evidence confirmed that EGFR is not required

for viral entry; rather, the virus exploits the environment created on overactivation of EGFR signal-

ing cascades. A more detailed understanding of these intracellular signaling pathways is essential to

employ reovirus effectively and conscientiously as a therapeutic human anticancer agent.

4. EGF SIGNALING AND THE RAS PATHWAY

Activation of the EGFR signal transduction cascade stimulates numerous effector molecules that

facilitate several cellular responses. The Ras pathway represents a major regulatory pathway down-

stream of EGFR. Activating mutations in ras are associated with 30% of all human cancers (43,44);

moreover, mutations in many Ras pathway effector molecules are also associated with several other

human cancers (77–87). Thus, activation of the Ras pathway may be responsible for the cellular mod-

ifications that favor the reoviral life cycle in transformed cells.

Ras pathway activation can occur in several different ways (Fig. 1). Extracellular ligand binding

to EGFR induces receptor dimerization and cytoplasmic tail autophosphorylation (88–90). An EGFR

cytoplasmic phosophotyrosine residue provides a docking site for several signaling molecules, such

as adapter proteins Shc and Grb2 (91,92). However, Grb2 may be indirectly recruited to EGFR through

association with Shc phosphotyrosine residues (93,94). The GTP exchange factor SOS interacts with

Grb2 at the cytoplasmic membrane and catalyzes GDP–GTP exchange and thus activates the small G

protein Ras (95). Alternatively, Ras activation can occur in a receptor-independent fashion. This

strategy involves activation of intracellular tyrosine kinases such as Src, which stimulate tyrosine phos-

phorylation of Shc, recruitment of Grb2 and Sos, and ultimately the production of Ras-GTP.

Accumulation of Ras-GTP can stimulate activation of many downstream signal transduction path-

ways (89,96), such as those involving Raf-1, phosphatidylinositol 3 kinase (PI3K), and Ral guanine

nucleotide exchange factors (Ral GEFs) (Fig. 1). Ras activation of Raf-1 kinase at the cytoplasmic mem-

brane induces phosphorylation and activation of MEK, a dual-specificity serine/threonine and tyro-

sine kinase. Activated MEK phosphorylates extracellular signal regulated kinase (ERK) and induces

ERK nuclear translocation and phosphorylation of other enzymes and transcription factors, such as

Elk1 (reviewed in refs. 89 and 96).

Alternatively, Ras-GTP interaction with PI3K induces phosphorylation of phosphatidylinositides.

For example, phosphorylation of PIP
2
 to PIP

3
 facilitates its interaction with Rac GDP–GTP exchange

factors (Rac GEFs) such as vav, leading to Rac activation and NF-�B translocation to the nucleus

(reviewed in refs. 89 and 96). Ras-GTP can interact with Ral GEFs, for example, Ral GDS or Rlf,

which in turn activate the small GTPase Ral (89,96,97). Activated Ral interacts with several down-

stream effectors, such as phospholipase D1, Ral-binding protein 1 (RalBP1), and filamin (reviewed

in refs. 89 and 96). In addition to the above-mentioned Ras-GTP effectors, several others have been

reported, such as RIN1, p120GAP, MEKK, NF1GAP, and AF-6 (reviewed in ref. 89).

5. THE REOVIRAL INFECTION MECHANISM

As mentioned in Section 3., untransformed 3T3 murine fibroblasts fail to support productive reo-

virus infection. These cells permit viral entry and early transcript synthesis; however, viral protein

production is not detectable as measured by 
35

S-methionine labeling (42). This resistance may reflect

induction of an innate cellular antiviral response (Fig. 2).
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Following viral infection, transcription ensues, generating viral mRNAs such as s1, which form

extensive dsRNA secondary structures. These viral dsRNA replication intermediates induce host dsRNA-

activated protein kinase (PKR) activity (98). In this process, two PKR molecules interact with dsRNA

structures, which activate PKR through intermolecular autophosphorylation (99). Active PKR induces

phosphorylation of eIF-2�, a component of the cellular translational initiation apparatus. Ultimately,

another initiation factor, eIF-2B, is sequestered, preventing the eIF-2 GDP–GTP exchange required for

translation initiation (100,101). Viral translation is specifically inhibited, and the infection is aborted;

the host cell continues to thrive. The role of PKR in reovirus resistance was confirmed because loss

of PKR function conferred cellular susceptibility. In these studies, infection of PKR
�/�

 mouse embryo

fibroblasts or PKR inhibitor (2-aminopurine)-treated untransformed 3T3 cells was productive (42).

In contrast to untransformed cells, 3T3 fibroblasts transformed with the v-erbB oncogene, a con-

stitutively active truncated form of EGFR, support the reoviral life cycle (76). Ras is a major down-

stream effector of EGFR signaling; furthermore, mutations in Ras or members of the Ras pathway

are commonly associated with several human cancer types. These characteristics implicate Ras signal-

ing in reovirus susceptibility. Infection of cells transformed with an activated mutant of Ras results in

Fig. 1. EGFR activation of Ras pathway signaling. Ligand-induced EGFR dimerization and autophosphor-

ylation activate Grb2 directly or indirectly through receptor-independent Shc activation. Grb2 interacts with

the GTP exchange factor SOS, catalyzing GDP–GTP exchange and activation of Ras. Ras-GTP stimulates

numerous effector molecules, such as Raf-1, PI3K, Ral GEFs, and several others.
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transcription, translation, and host cell lysis (42) (Fig. 2). Moreover, infection coincides with a lack

of PKR phosphorylation (42), indicating the cellular antiviral response is impaired. Also, infection of

cells expressing zinc-inducible active Ras was only productive in the presence of zinc (42). This

confirms the involvement of the Ras pathway in cellular susceptibility and that long-term transfor-

mation alone does not impart susceptibility. Similarly, transformation of 3T3 cells with SOS, a GTP

exchange factor upstream of Ras in the EGFR signaling cascade, permits reoviral infection with an

accompanying lack of PKR phosphorylation (42).

Previous reports suggested a relationship between Ras transformation of BALB cells and PKR

inhibition (102). In these studies, a 100-kDa Ras-inducible kinase inhibitor prevented PKR autophos-

phorylation and thus its activity; however, the nature of the involvement of Ras-inducible kinase inhib-

itors in the Ras-PKR pathway is not completely understood.

Fig. 2. The proposed mechanism of reovirus-induced oncolysis. In reovirus-infected untransformed cells,

mRNA panhandle structures activate host PKR. Active, phosphorylated PKR halts viral protein synthesis, and

the infection is terminated. In transformed cells with an activated Ras signaling pathway, the reoviral life cycle

is completed. This productive infection is accompanied by a loss of phosphorylated PKR through an unknown

mechanism.
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The elements downstream of Ras that signal to PKR are currently under intense investigation. An

association between ERK activity and reoviral susceptibility has been noted, but is inconsistent (103;

unpublished, Norman and Lee, 2004). Moreover, elimination of ERK activity using an MEK inhibitor

(PD98059) did not alter Ras regulation of PKR in Ras-transformed cells or negatively affect reovirus

infection (42). This suggests the critical signal transduction that promotes reoviral infection does not

involve the MEK/ERK pathway, but likely involves alternative Ras effector pathways. Several potential

mediators are currently under examination in our laboratory. Notably, experiments involving Ras

effector mutants impaired in specific downstream signaling events suggest that retention of Ras sig-

naling to Ral GEF enhances reovirus susceptibility (unpublished, Norman and Lee, 2004).

Activation of the Ras pathway promotes inhibition of innate antiviral defense mechanisms, such

as PKR; however, the mechanism of PKR inhibition is yet to be elucidated. Ras-related negative reg-

ulation of PKR may be a reflection of an initial block in PKR phosphorylation or a result of PKR

dephosphorylation. In vitro experiments suggested Ras transformed cell lysates dephosphorylate

phosphorylated PKR (unpublished data, Zhao and Lee, 2004), supporting the existence of a potential

Ras-regulated PKR phosphatase. The nature of this phosphatase is currently under investigation in

our laboratory.

Reovirus infection of transformed cell lines induces extensive cytopathic effects and cell death and

is likely attributed to life cycle completion through host cell lysis. However, Clarke et al. reported

reovirus-induced death of human cancer cells occurs via an apoptotic mechanism (104). In this study,

infection was associated with increased caspase 8 activity and release of tumor necrosis factor-related

apoptosis inducing ligand. In contrast, other reports have indicated host receptor interactions and

ISVP formation, but not subsequent viral transcription or replication, are required for reovirus-induced

apoptosis (105). To date, the precise mechanism of cell death in Ras-transformed, reovirus-suscepti-

ble cells has not been examined.

6. REOVIRUS AND ONCOLYSIS

Activation of the Ras pathway is commonly associated with cellular transformation and cancer.

Approximately 30% of all human cancers have mutations in one of three Ras genes (K-, H-, N-Ras)

at residues 12, 13, or 61. This genetic alteration restricts the ability of Ras-GTPase-activating pro-

teins to induce Ras-GTPase activity (106,107), leading to accumulation of active Ras-GTP. Mutant

K-Ras is expressed in 50% of colorectal cancers (107,108) and 95% of adenocarcinomas of the exo-

crine pancreas (109). The presence of Ras mutations found in ovarian cancer studies varied between

4 and 48% (110–112). Lung adenocarcinomas (113), thyroid neoplasms, seminomas, and acute mye-

logenous, chronic myelomonocytic, and acute lymphoblastic leukemias (114) have been found to

harbor Ras mutations, suggesting reovirus may represent an effective anticancer therapeutic against

a wide variety of human tumor types.

Moreover, activating mutations in other members of the Ras pathway are often associated with

human cancers, expanding the number of potentially reovirus-treatable tumors. In human gliomas,

EGFR and platelet-derived growth factor receptor, proto-oncogenes that activate Ras, are often over-

expressed (77–81). Similarly, 30% of human breast cancers exhibit amplified expression of HER-2

(NEU/ErbB-2), an EGFR family member with a transforming ability that is dependent on Ras activity

(82,83). Overexpression of EGFR itself (84,85) or increased activation Src family nonreceptor tyro-

sine kinases (86,87) is also often associated with human breast carcinomas.

Initially, the ability of reovirus to infect, replicate in, and kill human cancer cells was examined in

vitro in several human cancer cell lines. Human breast tumor cell lines that possess increased Src

family kinase activity and overexpress Her-2 and EGFR were susceptible to reovirus infection, repli-

cation, and host cell lysis, in contrast to normal breast epithelial cell lines (115). Similarly, all colon and

ovarian cancer cell lines tested were susceptible to reoviral infection compared to reovirus-resistant

normal cell lines, and this susceptibility correlated with elevated Ras activity (116). Diffuse, large,
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non-Hodgkin B-cell lymphoma cells lines (117), some Burkitt lymphoma cell lines (117), and 83%

of malignant glioma cell lines tested supported the reovirus life cycle (103). Furthermore, pancreatic

and prostate human cancer cell lines tested also supported reovirus infection (unpublished, Coffey

and Lee, 2004). These preliminary in vitro studies indicated that the virus may function as a tumor-

specific oncolytic agent and led to more detailed in vivo investigations.

The oncolytic potential of mammalian reovirus can be directly analyzed in vivo as the virus naturally

infects a wide variety of species (47). Consequently, viral oncolysis can be evaluated in both human

tumor cell line xenograft or in tumor allograft rodent models. This permits assessment of reovirus

efficacy against human or murine tumor implants in immune-compromised hosts or in the face of an

elicited immune response, respectively.

Intratumoral inoculation of orthotopic human breast cancer xenografts in SCID/nonobese diabetic

(NOD) mice led to dramatic tumor regression compared to ultraviolet-inactivated virus or uninfected

controls (115). Similarly, intratumoral infection of human colon or ovarian xenografts in SCID or CD-1

nude mice, respectively, reduced the tumor size compared to controls (116). Moreover, in a murine

model of advanced-stage human ovarian cancer, repeated intraperitoneal reoviral injections facilitated

a 90% survival rate (116). Intraneoplastic infection of intracerebral human malignant gliomas in SCID/

NOD and in less-immune-compromised CD-1 nude mice also resulted in tumor regression (103).

To further confirm reoviral infection of human cancerous tissues, surgical tumor biopsy speci-

mens were studied ex vivo. Human breast cancer (n = 3) (115), ovarian endometrioid adenocarci-

noma and papillary serous adenocarcinoma (n = 3) (116), chronic lymphocytic leukemia (n = 15)

(117), and glioma (n = 9) (103) biopsies all supported reovirus replication to varying degrees. Inter-

estingly, only 6 of 12 primary non-Hodgkin lymphoma samples (117) and none of the meningioma

biopsy specimens tested (n = 7) supported reovirus infection (103).

Metastases represent a significant obstacle in traditional cancer treatments because they are often

widespread and less responsive to chemotherapeutic treatment. Metastatic cancers are commonly

associated with an activated Ras pathway and may be susceptible to reovirus-induced lysis. Reovirus

is a replication-competent, infectious, oncolytic agent, characteristics that may facilitate replication

at sites remote from the primary tumor. In a bilateral human breast cancer model, xenografts were

implanted subcutaneously in both hind flanks of SCID/NOD mice (115). Intratumoral reovirus injec-

tion in the left hind flank resulted in tumor regression in both the injected and contralateral tumor.

Reoviral detection in the blood and delayed viral appearance in the contralateral flank suggest regres-

sion of the untreated tumor is attributed to systemic viral spread (115).

In several experimental models of lung metastases, intravenous infection resulted in improved

survival or inhibition of metastatic development (118). Intravenous treatment of immune-competent

C3H mice implanted with Ras-transformed allografts resulted in early tumor inhibition followed

later by regrowth (118). This inefficiency may reflect an elicited antiviral immune response as reovi-

rus delivered in combination with immune-suppressing drugs enhanced tumor regression and pro-

longed survival in localized and metastatic models, respectively (118).

The high incidence of previous reoviral exposure and presence of antireovirus antibodies in the

population may reduce the efficacy of reovirus oncolytic therapy. Consequently, reovirus delivered

in combination with immune suppressants may represent a realistic alternative in the clinical setting.

7. CURRENT ALTERNATIVE ANTI-RAS THERAPIES

The high incidence of Ras pathway activation in human cancers suggests that exploitation or inhi-

bition of this pathway may provide an effective cancer therapeutic. Reovirus utilizes cells with an

enhanced Ras pathway as a suitable environment to carry out its natural life cycle, which inevitably

leads to host cell death. It is important to acknowledge that several other groups have explored alter-

nate approaches by which molecular modulators that attenuate Ras activity (reviewed in ref. 119) or

its downstream effector molecules (120,121) are utilized.



256 Patrick, Norman, and Lee

For example, several studies focused on inhibition of Ras anchorage to the cell membrane. Farne-

sylation of Ras at the carboxy terminal CAAX motif by the cellular enzyme farnesyltransferase is a

critical modification required for cell membrane association. Reports suggested farnesyltransferase

inhibitors (FTIs) (122,123) induce tumor regression in experimental animals (124,125); however,

this may not directly reflect FTI-induced Ras inhibition, but rather its effects on other cellular targets

(126,127). Similarly, the drug trans-farnesylthiosalicyclic acid, which specifically mimics the

farnesylcysteine of Ras and directly competes for anchorage sites (128,129), inhibits Ras transfor-

mation in vitro and tumor growth in vivo (130). However, downregulation of Ras activity may affect

normal Ras functions such as cell growth, differentiation, survival, and migration and thus may

present human toxicity concerns. Nonetheless, the ability of FTI or trans-farnesylthiosalicyclic acid

to cause tumor regression in humans remains to be seen.

8. CONCLUDING REMARKS

To date, the ability of reovirus to function as a selective oncolytic agent is promising in vitro, in

vivo, ex vivo, and in ongoing human clinical trials. However, the precise mechanism of Ras-related

PKR inhibition and the potential involvement of other cellular processes in reovirus-induced oncoly-

sis remains to be elucidated. In attempts to maximize the efficacy of reovirus treatment, reoviral infec-

tion in combination with traditional or alternative anticancer therapeutics must be more thoroughly

investigated. Moreover, as most individuals carry antireovirus antibodies, the addition of immune-

suppressive drugs to the treatment regime may be advantageous. Although many questions remain,

reovirus serves as a promising oncolytic agent both in the laboratory and in ongoing clinical trials.

Thus, future reovirus-based therapies may improve patient prognosis and minimize human suffering

in the face of the cancer epidemic.
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1. ANTIANGIOGENIC GENE THERAPY OF CANCER

It has been well established that tumor growth depends on angiogenesis, the process of continued

expansion of endothelial cells from preexisting blood vessels (1,2). Tumors in situ, which are smaller

than 3 mm in diameter, exist in a prevascular state and are limited in their ability to grow without per-

fusion from the blood supply. Without such a neovascularization process, these dormant tumors remain

microscopic in size and quiescent for years (1,3). The recruitment of new blood vessels increases the

availability of oxygen and metabolites to the tumor and removes waste products. Moreover, this newly

formed vasculature facilitates the escape of tumor cells to distant regions of the body, where they

may form detectable metastases (4,5). Evidence suggests that new vessel growth from bone marrow-

derived endothelial precursor cells also contributes to tumor blood vessel development (6,7).

The inhibition of tumor angiogenesis, therefore, is an important potential therapy for all types of

malignancies, including both solid tumors and the bone marrow in hematological malignancies. The

inhibition or regression of a single capillary can have an impact on the growth of a large number of

tumor cells. Therapies designed to inhibit new blood vessel formation have the advantage that they

target the genetically stable endothelial cells supporting the tumor growth, and it is potentially less

likely that resistance to antiangiogenic therapy will develop. In contrast, current standard chemother-

apies designed to attack genetically unstable tumor cells can result in rapid resistance to the chemo-

therapeutic agent (8,9).

Angiogenesis is a complex, multistep process that in the adult also involves normal physiological

processes, including the female reproductive system (10,11) and wound healing (12). In addition to

tumor growth, neovascularization plays an important role in many pathological processes, includ-

ing arthritis (13,14), endometriosis (15), diabetic retinopathy, and macular degeneration (16,17).

The angiogenic process has been well described in the literature by numerous groups (1,18). Endo-

thelial cells within a capillary or postcapillary venule receive proangiogenic stimuli from soluble growth

factors, including vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF),

in a paracrine manner from surrounding tumor or stromal cells and from the extracellular matrix pool.

Degradation of the basement membrane by serine proteases, such as plasmin and matrix metallopro-

teinases (MMPs), occurs following endothelial cell activation, enabling endothelial cells to migrate

from the established vessel toward the angiogenic stimuli (1,18,19). Normally quiescent endothelial

cells trailing behind the migrating cells rapidly proliferate and replace cells that have moved toward

the developing capillary sprouts. The sprouting endothelial cells form tubes and connect to other

blood vessels, permitting blood to flow. These primordial capillaries do not yet have supporting peri-

cytes, but begin to express the formation of basement membrane.
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Angiopoietin 1/Tie2 (tyrosine kinase 2)receptor activation initiates endothelial quiescence, vessel

maturation with the completion of the basement membrane, and the recruitment of mesenchymal cells,

which will eventually become pericytes (20–22). Unlike physiological angiogenesis in normal tissue,

tumor blood vessels do not undergo this maturation process. These vessels remain immature and

leaky as a result of angiopoietin 2, the antagonist to angiopoietin 1, which provides a destabilization

signal to blood vessels, promoting additional vascular remodeling in the presence of angiogenic growth

factors (23,24) (Fig. 1).

Tumor neovascularization does not simply arise from the overexpression of proangiogenic growth

factors. Folkman and Hanahan proposed the presence of an “angiogenic switch” to describe the shift

in the balance between positive and negative regulatory factors controlling endothelial growth, pro-

liferation and vascular formation within a tumor (25). Genetic regulation via lowered expression of

negative regulators of angiogenesis, under the normal control of tumor suppressor genes and the

upregulation of angiogenic stimuli related to oncogene expression, contributes to the development of

the angiogenic phenotype (Fig. 1).

In addition to angiogenic growth factors such as VEGF and bFGF, over 28 positive mediators of

angiogenesis have been identified. Counteracting these factors are more than 50 known endogenous

angiogenic inhibitors. A number of these inhibitors are proteolytic fragments of larger molecules iden-

tified as possessing antiangiogenic activity. They include angiostatin, endostatin, canstatin, vasosta-

tin, and the two recently identified peptides tumstatin and endorepellin (26–30).

Systemic administration of recombinant protein angiogenesis inhibitors has been effective in

regressing tumors in preclinical mouse models (31–33). Moreover, with exception of the antiangiogenic

cytokines (34), the inhibitors angiostatin and endostatin in particular have been safe on prolonged admin-

istration, with no apparent side effects reported. This is likely because of the specificity of these inhib-

Fig. 1. The mechanism of tumor angiogenesis. Proangiogenic factors produced by tumor cells, including

vascular endothelial growth factor (VEGF), stimulate quiescent endothelial cells in nearby preexisting capillaries.

The activated endothelial cells proliferate and secrete proteolytic enzymes that degrade the extracellular matrix,

allowing the cells to migrate toward the tumor. The migrating cells deposit new basement membrane along the

newly sprouting blood vessel. In addition, endothelial precursor cells may be recruited from the bone marrow into

the newly formed capillary. Vessel stabilization is achieved by the recruitment of pericytes, which are attracted

by platelet-derived growth factor (PDGF) released by the endothelial cells.
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itors for endothelial cells contributing to tumor angiogenesis (12,31,32). Animal studies have indi-

cated that recombinant antiangiogenic proteins will have to be administered to patients repeatedly,

over extended periods, at high therapeutic doses to achieve successful tumor regressions (9,35,36).

These recombinant proteins are difficult to manufacture and purify in large quantities for practical

clinical use. The recombinant proteins have also been reported to be unstable and may exhibit short

plasma half-lives as a result of altered glycosylation (32,37). Given the technical and inherent cost

for manufacturing endogenous recombinant angiogenesis inhibitors for clinical use, gene therapy

could deliver sustained levels of circulating proteins made directly from within the cells of a patient

infused with the vector.

2. ANTIANGIOGENIC GENE THERAPY STRATEGIES

Two gene therapy strategies have been proposed for the delivery of antiangiogenic proteins. The

first involves systemic gene therapy, by which vectors injected into the patient would produce high

circulating levels of the angiogenic inhibitor (38). The rationale is based on the lack of toxicity seen

in preclinical mouse models and early phase I clinical trials using angiostatin or endostatin protein

(27,39). However, toxicity from systemic administration of the vector could be a potential side effect,

especially when using viral vectors.

The second strategy, local, tumor-directed antiangiogenic gene therapy, aims to increase levels of

antiangiogenic proteins in the tumor environment (40). This approach would maintain high levels of

protein in the tumor and could limit systemic toxicity because of the biological properties of the pro-

tein or the vector. However, potential limitations may occur with this approach, especially when treat-

ing tumors that are not accessible for vector delivery or in treating multiple metastases.

As with other antiangiogenic therapies, including recombinant proteins, monoclonal antibodies,

or small molecular weight signal transduction inhibitors, potential transgenes can be categorized as

“direct” or “indirect” inhibitors of angiogenesis (2). Direct inhibitors specifically target the endothelial

cells in the tumor, whereas the indirect approach targets the ability of the tumor or other bystander

cells to produce angiogenic growth factors such as VEGF or bFGF (38). These factors add a layer of

complexity to how antiangiogenic gene therapy would be applied to different tumor types. Although

inhibition of neovascularization conceptually may be a ubiquitous therapy to cancer treatment, in

practice the success of antiangiogenic gene therapy will depend on the ability to optimize the vector

system with a suitable transgene and may be specific for a tumor type.

Antiangiogenic gene therapy employing nonviral, such as plasmid or naked deoxyribonucleic acid

(DNA) administration, and viral strategies, such as adenovirus, adeno-associated virus, retroonco-

virus, and lentivirus has been employed in numerous rodent tumor models (Table 1). The majority of

these approaches have used transgenes directly cytotoxic to tumor endothelium, such as angiostatin

and endostatin. Other approaches have examined inhibiting the proangiogenic growth factors as well as

the invasive process by targeting MMPs or serine protease pathways (Fig. 2).

3. PLASMID- AND CELL-BASED THERAPIES

Polymer-encapsulated DNA plasmid-based therapy expressing human endostatin was effective in

delaying the growth of subcutaneous Renca and Lewis lung carcinoma (LLC) in mice. This study

demonstrated that an intramuscular injection of a polymer–plasmid complex could maintain detect-

able levels of circulating endostatin in treated mice for 14 days (41). In a lung metastases model, pre-

treatment of mice with a single intramuscular injection of the plasmid, followed by a second injection

1 week later could significantly reduce the number of lung tumor nodules (41). The results of this

study demonstrated the feasibility of using repeated intramuscular injections of plasmid complexes

to induce modest inhibition of tumor growth without the development of an immune response to the

vector. The lack of an immune response, safety, and the relative ease of preparation of the polymer–

plasmid complex for delivery are attractive features of this system.
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Local injection of liposome-plasmid vectors expressing angiostatin or endostatin reduced tumor

growth by 36 and 49%, respectively, following three intratumor injections in a breast cancer model

(42). In a parallel study, the intravenous systemic administration of the liposome-plasmid complex

expressing endostatin reduced tumor size by 40% compared to controls (42).

In a transgenic mouse model of breast cancer in which the HER2/neu oncogene is driven by the

murine mammary tumor virus (MMTV) promoter, a liposome-plasmid vector expressing angiostatin was

injected into the mammary glands of mice before detectable tumors had formed. Mice receiving the

angiostatin gene had a significant decrease in the number and size of breast tumors compared to con-

trols. Lung metastases were absent in the treated animals, demonstrating a local and systemic effect

of the antiangiogenic therapy (43).

Implantation of cells transfected ex vivo with plasmids carrying angiostatin or endostatin comple-

mentary DNA have been reported to inhibit tumor growth locally and systemically. Transfection of

the highly angiogenic murine T241 fibrosarcoma with angiostatin suppressed the primary tumor

growth and could inhibit the development of micrometastases in the lungs of mice (44). Microencap-

sulation of baby hamster kidney cells transfected with endostatin into alginate-poly-L-lysine beads

was demonstrated to inhibit the growth of human glioblastoma in a subcutaneous nude mouse model

(45). A single subcutaneous injection of 2 � 10
5
 engineered cells continuously secreted endostatin

and inhibited tumor growth by 62% over a 3-week period (45).

In an intracerebral model of brain cancer, encapsulated endostatin plasmid transfected 293 cells

implanted into the brain reduced tumor blood vessel formation, increasing survival of animals by 85%

(46). The implanted cells were viable and secreted endostatin for 4 months. Long-term expression and

minimal development of an immune response against the encapsulated cells is an attractive feature of

this antiangiogenic gene therapy procedure.

Stem cells or endothelial precursor cells have been shown to be important in tumor neovascular-

ization (7). Potentially, these cells transduced with antiangiogenic genes may be important delivery

Table 1

Examples of Antiangiogenic Cancer Gene Therapy in Rodent Models

Vector Gene Reference

Plasmid Endostatin 41

Angiostatin 42,43

Plasmid-transfected cells Endostatin, angiostatin 44

Endostatin 45,46

Thrombospondin 49

Endothelial precursor stem cell Soluble VEGFR2 (Flk-1) 47

Adenovirus Angiostatin 53,54

IL-12 54

Endostatin 56–60

Soluble VEGFR1 (Flt-1) 61

Soluble VEGFR2 (Flk-1) 60,62

TIE-2 60

TIMPs 65,66

Adeno associated virus VEGF antisense 70

Angiostatin 71,72

Soluble VEGFR1 (Flt-1) 73

Lentivirus/stem cells (Tie2/Tek) promoter/thymidine kinase 48

Moloney murine leukemia virus Endostatin, angiostatin 75

Platelet factor 4 (PF4) 76

Dominant negative Flk-1 77
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vehicles that could be injected systemically, yet home directly to regions of tumor growth (47,48).

This form of cell therapy could be practical given that autologous endothelial precursor cells could

be isolated from the patient’s bone marrow or directly from the blood (49).

An alternative ex vivo approach has used cell factories grown on scaffold implants. Interperitoneal

implants of biodegradable polyglycolic acid sheets seeded with NIH3T3 fibroblasts transfected with

a retrovirus expressing thrombospondin-2 demonstrated inhibition of angiogenesis and tumor growth

in squamous cell carcinoma, melanoma, and LLC tumor models (50). The success of ex vivo-implanted

transfected cells in human studies to inhibit tumor neovascularization may be dependent on finding

suitable cells that can be safely implanted into the host.

A novel targeting strategy utilizing nanoparticles has been reported. Hood and colleagues developed

a cationic nanoparticle coupled to a small organic ligand targeting the integrin �
v
�

3
 of angiogenic

endothelium (51). Intravenous delivery of the �
v
�

3
 ligand-NP conjugated to the signal transduction

Fig. 2. Modes of inhibition by direct antiangiogenic gene therapy. Direct antiangiogenesis gene therapy

targets the active tumor endothelial cells. Vectors may be injected directly into the tumor or delivered systemi-

cally via the circulation. Ex vivo-transduced endothelial precursor cells injected systemically, home to sites of

angiogenesis, providing local production of angiogenic inhibitor. Inhibition of new vessel growth is accomplished

with transgenes expressing endothelial cell inhibitors, blockage of proangiogenic endothelial growth factors,

and impeding extracellular matrix degradation.
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molecule Raf, which was mutated to be incapable of binding adenosine triphosphate, blocked endothe-

lial signaling pathways and angiogenesis. This resulted in apoptosis of tumor-associated endothelium

and induced regression of established primary and metastatic tumors (51). The use of nanoparticles

may have significant advantages over viral vectors because they are not immunogenic and may be

applied repeatedly for sustained treatment of tumor and metastases.

3.1. Adenoviral Delivery of Angiogenesis Inhibitors

Replication-deficient, first-generation adenoviral vectors have been used in the majority of anti-

angiogenic gene therapy studies in murine tumor models. These vectors have numerous advantages

for gene therapy, including the ability to infect replicating and nonreplicating cells, high transient

gene expression, no association with human malignancy, and the ability to manufacture high titers of

virus. The application of these vectors is limited, however, by host cellular and humoral immune

responses that develop after the initial vector administration (52,53).

A human type 5 adenoviral vector expressing murine angiostatin (Ad-angiostatin) has been described.

This vector was shown to be effective in vitro, inhibiting the growth of cultured endothelial cells and

neovascularization in a bFGF-driven matrigel model of angiogenesis. The addition of 10
9
 plaque-form-

ing units (pfu) of virus resulted in apoptosis of the migrating endothelial cells in a matrigel plug 1

week after subcutaneous implantation (54). In a pulmonary metastatic breast cancer model, intrana-

sal delivery of the vector into the lungs significantly reduced the tumor burden and could delay the

appearance of visible tumor nodules. Local 5- to 10-day overexpression by direct injection of Ad-

angiostatin into transgenic mice bearing implanted transgenic breast tumors delayed tumor growth

and increased the survival of treated mice by 3 weeks compared to controls. Microvessel density as mea-

sured by CD31 staining was significantly decreased, whereas tumor necrosis and apoptosis increased

in the angiostatin-treated tumors (55).

Similar results were found when using the potent antiangiogenic cytokine interleukin 12 (IL-12)

expressed locally from the tumor. Tumor growth kinetics during the initial 2 weeks was similar for

both Ad-angiostatin- or Ad-IL-12-treated tumors. During this period, microvessel density of the tumors

decreased to levels seen with angiostatin (55). Unlike the angiostatin-treated mice, a small percentage

of mice treated with IL-12 continued to have total tumor regression. These regressions were a result

of this cytokine’s immune stimulatory ability to mount a T-cell-specific immune response (55,56).

The results from both the primary and metastatic breast cancer models demonstrated that, although

the expression of angiostatin could delay tumor growth, this was insufficient to induce total regres-

sion of established tumors. The combination of angiostatin and IL-12 was significantly more potent

in decreasing microvessel density and inhibiting tumor growth. Mice treated with this combination

therapy had a significant increase in life-span and an overall total tumor regression of 54% (55).

Mice treated with Ad-angiostatin by intratumoral, intranasal, or intraperitoneal administration had a

30% increase in weight gain (15). This side effect occurred within 2 weeks of the vector administra-

tion in both FVB and C57Bl/6 female mice. Examination of these mice revealed impaired ovarian func-

tion and decreased estradiol and progesterone levels consistent with the onset of menopause (15).

The data strongly indicated that high circulating levels of angiostatin can affect normal physiological

angiogenesis of the female reproductive system (15). These results indicated that careful monitoring

of female patients of reproductive age might be required during antiangiogenic gene therapy treat-

ment regimes.

Numerous groups have reported the efficacy of adenoviral gene transfer of endostatin in a variety

of tumor models (57–61). The results of Wen and coworkers indicated that systemic intravenous admin-

istration of the vector resulted in high circulating endostatin protein levels for more than 2 months in

129/J mice. In contrast, Balb/c mice receiving an identical dose of vector had significantly lower

endostatin levels that persisted for only a short time (62). These results may indicate a stain differ-

ence in how genes are regulated from the expression cassette of the vector. In a metastatic lung tumor
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model, systemic injection of the vector significantly reduced EOMA metastases compared to vector

control-treated 129/J mice. However, no reduction in B16 metastatic melanoma growth was found

using the identical viral dose in C57Bl/6 mice (62).

In an orthotopic colon metastases model to the liver, systemic adenoviral endostatin gene therapy

protected 25% of mice from developing metastatic lesions. This study took advantage of the tropism

of the adenoviral vector for the liver and aimed at creating a poor angiogenic environment for the

developing colon metastases (58). Preadministration of adenoviral vectors expressing endostatin was

also effective at inhibiting tumor development in a transgenic breast cancer mouse model. Angiopre-

vention, via systemic administration of the vector, could delay the switch from per-invasive mammary

lesions to invasion carcinomas (60).

Adenoviral gene therapy using receptor antagonists targeting angiogenic growth factors has been

reported to be effective. Vectors expressing soluble receptors to VEGF have demonstrated promising

results in animal models. Intramuscular injection of a vector producing soluble VEGFR1 (Flt-1 [fms-

like tyrosine kinase]) fused to the Fc portion of immunoglobulin G could inhibit the growth of a high-

VEGF-secreting lung tumor (63). Circulating levels of the VEGF antagonist could be detected for 21

days, and no toxicity to the animals was found. Soluble Flt-1 was also effective in reducing the

growth of T241 fibrosarcoma and LLC when the vector was given intravenously (61). This report

also demonstrated the effectiveness of an adeno vector producing soluble VEGFR2 (Flk-Fc [fatal

liver kinase-FC]) at inhibiting the growth of subcutaneous prostate and colon tumors in SCID mice.

These results demonstrated the effectiveness of both VEGF receptors in inhibiting the growth of

various tumor types. However, unexplained toxicity, the formation of ascites followed by mortality,

was reported when the Flt-1 vector was used (61).

Adenovirus expressing soluble Tie2 inhibited the growth of primary and metastatic tumors. Lin

and coworkers (64) demonstrated that systemic delivery of this vector acted in a manner mimicking

the actions of angiopoitein 2, inducing vascular disruption, resulting in regression of tumor vessels.

Delivery of tissue inhibitors of metalloproteinases (TIMPs), the natural antagonists of MMPs, has

been studied for inhibition of tumor cell invasion and angiogenesis. Vectors expressing TIMP1 or

TIMP2 inhibited the tumor invasiveness of intraperitoneal pancreatic cancer cells in mice when the

adenovirus was administered early in tumor development (65). Direct injection of a vector express-

ing Ad-TIMP2 was effective at inhibiting the growth of primary LLC as well as reducing the number

of metastases to the lung (66). Significant reduction in microvessel density was observed by vWF stain-

ing; however, the overall survival benefit was just 12 days as compared to control-treated animals.

The shortcomings of current adenoviral gene transfer aimed at the inhibition of angiogenesis may

be alleviated by the third-generation, “helper-dependent” adenoviral systems. Parks and coworkers

developed a helper-dependent adenovirus vector system with the removal of all viral coding se-

quences. These vectors can subsequently be used to carry up to 33.6 kb of exogenous DNA (67,68).

Moreover, because these vectors do not express viral proteins, they have much-reduced host immune

responses, leading to prolonged expression of transgenes, ideal for antiangiogenic therapy. The advan-

tages of this system have not yet been implemented in any in vitro or in vivo angiogenesis studies.

3.2. Adeno-Associated Virus Delivery of Antiangiogenic Genes

Recombinant adeno-associated viruses (rAAV) are replication-deficient, nonpathogenic vectors

belonging to the group of human parvovirus. These vectors have great potential for cancer gene ther-

apy because they can transduce both dividing and nondividing cells, are less immunogenic than other

vectors, and can integrate into the host genome, allowing long-term transgene expression (69). How-

ever, as with other integrating vector systems, a potential concern of insertional mutagenesis may

limit applications.

Few reports have used these vectors to deliver antiangiogenic genes for cancer therapy. Nguyen and

coworkers developed rAAV vectors containing the genes for angiostatin, endostatin, and antisense VEGF
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messenger ribonucleic acid (70). The study demonstrated the production of active angiostatin and endo-

statin protein and the ability to inhibit VEGF production from infected cultured tumor cells. How-

ever, the study did not extend to animal models.

Ma and coworkers successfully treated rat models of brain tumors using intracranial or intramus-

cular injection of rAAV-expressing angiostatin (71,72). Stable transfection of C6 glioma cells with

rAAV-angiostatin followed by intracranial implantation resulted in significant inhibition of tumor

growth. Tumors reached a maximum volume 2 weeks after implantation, but shrank considerably by

5 weeks. In contrast, control transduced tumor cells achieved lethal tumor volumes within 3 weeks (71).

Similar regressions were observed by direct injection of the vector into preexisting brain tumors. Sur-

vival increased significantly, with 40% of treated rats having small, poorly vascularized tumors at 6

months. This survival was further enhanced to 55% when an adenovirus expressing the suicide gene

RSVtk was coinjected. Toxicity related to subsequent ganciclovir treatment limited higher survival

rates (71). In a follow-up study, a single injection of rAAV-angiostatin into the leg muscles of nude

mice inhibited tumor vascularization and the intracranial growth of U87 cells. High circulating levels

of angiostatin increased the long-term survival of the treatment group, with 40% of mice surviving

more than 10 months (71).

Long-term expression is a key benefit of rAAV vectors. Portal vein injection of a vector producing

soluble Flk-1 demonstrated expression of the protein from the liver for up to 6 months (73). This was

shown to be effective in reducing tumor vessel density and the subsequent size of SK-NEP-1 tumors

in subcutaneous and orthotopic mouse models (73).

3.3. Retroviral Inhibition of Tumor Neovascularization

Retroviral-mediated gene therapy has been used by numerous groups to deliver long-term expression

of angiogenic inhibitors in tumor models. The majority of these studies have used Moloney murine leu-

kemia (MMuLv) retrooncoviruses. Replication-deficient, third-generation lentiviral vectors based on

human immunodeficiency virus 1 have been developed for antiangiogenesis applications (74). This is

an effort to overcome the restriction of the ability of the MMuLv vectors to infect only dividing cells.

Combined retroviral delivery of angiostatin and endostatin was shown to act in a synergistic man-

ner in treating models of melanoma and leukemia (75). Mice implanted with MMuLv-transduced

L1210 leukemia cells expressing both angiogenesis inhibitors had an overall tumor-free survival of

40%, whereas there was no survival advantage for the groups receiving cells transduced by angiostatin

or endostatin alone (75).

Retroviral vectors have also been used in rodent glioma models to deliver platelet factor 4 (PF4)

and a dominant negative Flk1. Tanaka and coworkers demonstrated that, 14 days after implantation,

RT2 glioma cells transduced with PF4 produced tumors that were small and with reduced vasculature

(76). In contrast, control tumors were hypervascularized and significantly larger. In a rat GS-9L glioma

study, cells transduced with the dominant negative Flk1, lacking the intracellular signaling domain,

could inhibit tumor growth when injected into the brain. No significant tumor reduction occurred

when virus-containing supernatant was injected into preexisting tumors, highlighting the poor in vivo

transduction efficiency of retroviral vectors (77).

The major shortcomings of these studies are illustrated by the fact that tumor cells were stably trans-

duced in vitro, followed by implantation of the cells into animals. This methodology runs counter to the

previously described vector technologies, which were administered to preestablished tumors. Although

these retroviral studies are important in demonstrating the beneficial effects of long-term angiogen-

esis inhibitor expression, practical applications to the treatment of human tumors may be limited.

4. CONCLUSIONS

The study of angiogenesis is a field that has only been established in the last 30 years. During this

period, it has been conclusively demonstrated that cancers require blood vessels to progress from
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premalignant, noninvasive growths into aggressive tumors that can metastasize to distant points in

the body. The last decade has seen the emergence of numerous angiogenesis inhibitors, many of which

are endogenous proteins or fragments of proteins found in the body. At present, clinical trials are

evaluating the safety and efficacy of these inhibitors. These recombinant proteins have unique proper-

ties, and numerous hurdles have to be overcome to understand the mechanisms of action, the dosing

schedule, and the biologic effectiveness in the clinic.

It has become evident that many of these protein inhibitors are structurally complex, and it is dif-

ficult to manufacture cost-effectively large quantities for use in cancer patients. The promise of gene

therapy would alleviate this shortcoming as the patients could make the inhibitors directly in their

own cells.

As with other cancer gene therapy applications, the major hurdle in the use of antiangiogenic

approaches is the development of appropriate and safe vectors. The optimal gene therapy vector for anti-

angiogenesis therapy would deliver consistent, therapeutically efficacious amounts of the transgene

for extended periods. In addition, the vector would have to be safe and poorly immunogenic to allow

multiple applications because cancer patients may have to remain on these inhibitors for months to

establish stabilization and ultimate regression of the disease. Ultimately, the appropriate vector used

may depend on the type of cancer and the biological properties of the antiangiogenic transgene it

carries. There is no doubt, however, that antiangiogenic gene therapy will be a significant treatment

for cancer in the near future.
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1. PROAPOPTOSIS STRATEGIES

With the recent availability of the human genome sequence and development of bioinformatic

tools to analyze these results, the promise of gene therapy is broad. Further, our understanding of the

causes of cancer are rapidly expanding with the developing tools of genomics, proteomics, and

metabolomics, which when analyzed with continually developing bioinformatics tools will provide

insight into the myriad cellular signaling pathways that become disturbed in cancer. Thus, there is

now an abundance of genes available for introduction into cancer to correct better-understood growth

aberrations.

The difficulty lies not in the choice of genes per se, but in the ability to deliver a corrective or

lethal gene to every cell in the cancer, as required in many gene therapy applications. This is further

compounded by the necessity of delivering the therapeutic gene to tumors at distant metastatic sites.

Presently, state-of-art of gene therapy does not allow this practice. Orthotopic introduction of genes,

via virus, naked deoxyribonucleic acid (DNA), or encapsulated in liposomes, at best is able to trans-

duce 25 to 30% of cells in the tumor. Regarding viral delivery, many tumor cells have variable

expression of the receptors that allow viral interaction and gene delivery, so in many cases the mul-

tiplicity of infection of virus needs to be relatively high to achieve even the 25–30% infectivity.

Thus, it is hoped that improved viral vectors will be developed. A large group of individuals is work-

ing on this subject.

Another complementary approach might be to define and deliver genes that not only cause

apoptotic cell death, but also transmit additional death signals to adjacent tumor cells, allowing the

so-called bystander effect. This chapter discusses the use of molecules that induce apoptosis, some

of which also exhibit the capacity to activate bystander activity. The chapter first discusses prodrug

bystander therapies, Bcl-2 family proteins, death receptor genes, death ligand systems, and functional

replacement of tumor suppressor genes. We finish by discussing the current status of clinical trials

using proapoptotic gene therapy along with combination therapies to elicit bystander activity.

2. PRODRUG THERAPIES

Prodrug therapy utilizes exogenously delivered genes to convert nontoxic prodrugs into toxic ana-

logues capable of inducing apoptosis. These toxic analogues interfere with DNA synthesis by incorpor-

ation into growing DNA strands to terminate DNA replication (1,2). Perhaps the two best examples

of this strategy are thymidine kinase (TK) and cytosine deaminase (CD), which convert ganciclovir

(GCV) and 5-fluorocytosine, respectively, into their toxic drug forms (3). There have been a number
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of reports of preclinical and clinical trials using this type of approach, although overall the results are

generally disappointing (4). One approach using orthotopic delivery of an adenovirus-expressing TK

under a tissue-specific promoter demonstrated modest efficacy in prostate cancer (5).

Other studies have contributed to understanding the cell-signaling mechanisms that occur follow-

ing TK-GCV treatment. For example, TK-GCV has been shown to induce cytochrome-c release from

mitochondria in glioblastoma tumor cells; furthermore, this study demonstrated that effector caspase

activation was mitochondrial dependent (6). It has also been shown that TK-GCV-induced cell death

is enhanced by death receptor agonists CD95L (Fas ligand) (5–8).

Prodrug therapy has been combined with gene therapy using caspase 3 introduction in combina-

tion with TK to treat ovarian carcinoma cells. This article by the LeMoine group demonstrated that

expression of TK from an adenoviral vector plus GCV led to cell death in ovarian carcinoma cells in

vitro, which could be significantly amplified if the ovarian cancer cells were engineered to express cas-

pase 3 (9). This linked procaspase 3 activation to this prodrug pathway. The concern for this approach,

however, is that a cancer cell would have to be infected by both a TK-expressing virus and a virus

expressing procaspase 3 to achieve amplification under clinical conditions.

3. BCL-2 FAMILY PROTEIN

There are more than 20 proteins in the Bcl-2 family that exhibit either pro- or antiapoptotic func-

tion. Most of them contain a hydrophobic c-terminal transmembrane domain that serves to anchor

them to membranes. However, there are a few members of the family that appear to be cytoplasmic

(10–12). Bcl-2 family proteins are characterized by the Bcl-2 homology (BH) domains.

There are four different BH domains, and some Bcl-2 family proteins contain all four. Typically,

BH1 and BH2 domains allow heterodimerization with Bax to repress programmed cell death (PCD).

The BH3 domain appears to function by allowing heterodimerization between Bcl-x
L
 and Bcl-2 and

agonistic family members (Bax, Bak) to promote PCD (13–17). The BH4 domain is conserved in antag-

onist members of the family (e.g., Bcl-x
L
), but tends to be absent in the agonistic members, and func-

tions to allow interaction with death regulatory proteins such as Apaf-1 and Bad.

Many Bcl-2 family members can be regulated posttranslationally by phosphorylation of the varia-

ble-loop domain, which alters activity. Studies using Bcl-x
L
 and Bax are demonstrative of the ability

of Bcl-2 family members to form ion-selective pores in membranes. Some of these molecules, such

as Bcl-2, inhibit the permeability transition phase and prevent apoptosis; others, such as Bax, counter

this effect. Many cancers appear to upregulate antiapoptotic members of the Bcl-2 family; therefore,

a therapeutic strategy has been to overexpress proapoptotic members (e.g., Bax, as discussed in the

next section).

One of the main functions of the proapoptotic members of this family is to alter and permeabilize

the inner and outer membranes of the mitochondria to release cytochrome-c. Cytochrome-c interacts

with Apaf-1 and caspase 9 to form the apoptosome, which transmits the apoptotic signal by activat-

ing caspase 9 (18). When molecules like Bcl-2 and Bcl-x
L
 are overexpressed in cancer, the release of

cytochrome-c from mitochondria is reduced or blocked, preventing activation of the apoptosome-

mediated death-signaling pathway (19). To determine their therapeutic role in inducing apoptosis, a

number of Bcl-2 family members have been used in gene therapy experiments, including Bax, Bak,

Bad, Bcl-x
S
, Bcl-Rambo, Blk, Bik, Harakiri, and Bim.

3.1. Bax

Bax is perhaps the most well-studied member of this family in relationship to gene therapy. Bax is

primarily a cytosolic 21-kDa protein mobilized in response to cell death signals; it translocates to the

mitochondrial membrane, where it forms a membrane-bound structure through a c-terminal confor-

mational change (20). A number of studies have focused on the role of Bax, delivered by adenovirus
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to ovarian (21,22), prostate (23), or glial cell (24) models growing in syngenic or nude mice. In most

of these studies, effective therapeutic results have been demonstrated, revealing that Bax is a relatively

strong inducer of apoptosis.

Bax has also been successfully used in conjunction with proapoptotic Bad in a study by Marcelli et

al. (25), who demonstrated that androgen-regulated expression of Bad in the LNCaP human prostate

cancer cell line was able to delay the growth of xenograft tumors in nude mice. However, it was

determined that LNCaP tumors, following treatment with the Bad-expressing adenovirus, eventually

regained the ability to grow. If they combined treatment using Bad- and Bax-expressing adenovirus,

several of the tumors disappeared completely at the end of the treatment period and did not reoccur in

the 8-week follow-up.

Why this approach succeeded is unclear because delivery of adenovirus to solid tumors in vivo is

at best only 25–35% efficient. It can therefore be concluded that the Bad/Bax combination described

in ref. 25 induces either a bystander activity in the tumor bed or an immune-mediated inflammatory

response in the nude mouse model. This is likely mediated by either neutrophils or natural killer cell-

targeted tumor killing. These systems are not well understood and are in need of more in-depth study, not

only with the introduction of the Bcl-2 family members, but also with many other forms of gene therapy.

3.2. Bik, Blk, Bcl-Rambo, Bak, Bid, Bim, and Harakiri

The proapoptotic Bik, which is found on chromosome 22Q, has been linked to the development of

breast and colorectal cancers when downregulated. This protein has a molecular weight of 18,000

kDa and contains a single BH3 domain, which allows it to form heterodimers with Bcl-2 and Bcl-x
L

(26). This association creates a proapoptotic phenotype through a p53-independent pathway (14). In

studies carried out at MD Anderson (27), Bik was administered as a plasmid DNA/cationic lipid emul-

sion to treat human breast cancer cell lines and xenografts and was demonstrated to induce apoptosis

in these models. When administered systemically to mice by intravenous injection, there was good

induction of apoptosis in the tumor, as assayed by TUNEL, with little to no apoptosis present in the

liver. This treatment greatly prolonged the survival of nude mice bearing MDA-MB-468 metastatic

xenografts. The mechanisms that prolonged survival are not entirely clear because of the caveat men-

tioned in Section 3.1. concerning efficiency of Bik gene delivery to tumor cells.

Bik-related murine protein Blk, which has some identity to human Bik, including conservation of

the BH3 domain, has been studied for its ability to induce PCD in mouse tissues (28). It was present

in the kidneys, lungs, and heart, but not in the skeletal muscles, spleen, and brain. Highest expression

was observed in the liver and kidney, and this pattern of expression differed from Bik. Further, this

protein was localized to the mitochondrial membrane and demonstrated a potent death effector with

its activity related to inhibition of Bcl-2 and Bcl-x
L
 antiapoptotic proteins. Blk appears to function

through the mitochondria because it activates caspase 9 (9). Blk has not as yet been delivered to xeno-

graft tumors for functional studies.

There are a number of other potential proapoptotic molecules that could be applied to gene therapy

approaches for treatment of cancer. The protein Bcl-Rambo, which is a novel Bcl-2 homologue, induces

apoptosis via a unique c-terminal extension (28). This molecule appears to be localized to mitochondria

and, when overexpressed, induces apoptosis that can be blocked by a downstream IAP family mem-

ber by inhibition of effector caspases. Upstream caspase inhibitors such as FLIP and dominant-nega-

tive FADD had no effect, strongly suggesting Bcl-Rambo exerts its proapoptotic effects through the

mitochondria.

Bak is another proapoptotic molecule efficient in the treatment of cancer cells both in vivo and in

vitro. In vivo, Bak has successfully been delivered to cancer cells using an adenoviral system (29).

Bak functions in a fashion similar to Bax by suppressing Bcl-2 function and inducing apoptosis by

cytochrome-c release from the mitochondria (30). Moreover, signaling through Bak appears to be via

caspase 3 (MCF-7) because, in at least one study (31) in which the cell lacked a functional caspase 3,
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Bak had little effect on inducing apoptosis. This differs slightly from Bax, in which both caspase-

dependent and caspase-independent pathways of activation exist. Both Bax and Bak are ideal agents

for treatment of cancers that have excessive expression of Bcl-2 because adenovirus typically over-

expresses the transgene, making it possible to overcome even high levels of the antiapoptotic Bcl-2

member in the cell and induce PCD.

Another molecule deserving consideration for molecular therapy is Bid, a BH3-containing mole-

cule. Bid becomes activated (t-Bid) following caspase 8 cleavage and translocates to the mitochondria,

in which it facilitates Bax oligomerization, allowing cytochrome-c release and subsequent apoptosis

(32). We were unable to find any reference to use of this molecule in gene therapy to date.

A molecule named Harakiri (HRK) was cloned and determined to interact selectively with Bcl-2

and Bcl-x
L
 to promote apoptosis (33). HRK lacks both BH1 and BH2 homology regions, but has a

BH3 region of high homology to the Bcl-2 family. This member of the Bcl-2 family appears to act by

direct interaction with Bcl-2 and Bcl-x
L
 to effect mitochondrial apoptotic signaling. To our knowl-

edge, its use in a gene therapy approach has not yet been attempted.

Finally, a splice variant of Bcl-x
L
, Bcl-x

S
, is proapoptotic and has been demonstrated in a gene therapy

approach to induce apoptosis of human mammary tumor xenografts (34). This study was carried out with

a first-generation adenovirus, perhaps limiting its efficacy; however, apoptosis was noted in the study.

In summary, much has been learned concerning the mechanism of action of Bcl-2, its many family

members, and their collective role in tumor apoptosis inhibition or induction. Some surprisingly posi-

tive results on the efficacy of these molecules in the induction of apoptosis in vitro and in vivo were

discussed and suggest that induction of apoptosis in the tumor setting is a valid and promising gene

therapy approach.

4. DEATH RECEPTOR AND LIGAND SYSTEMS AND PATHWAYS

There are a number of death receptor/ligand systems that can function to regulate apoptosis in

cells. These include tumor necrosis factor-�, tumor necrosis factor-related apoptosis inducing ligand

(TRAIL), and Fas ligand (FasL). In general, these ligands function at the proximal end of the apoptotic

induction pathway by causing conformational changes to their corresponding receptors. These changes

generate the death-inducing signaling complex (DISC), which is able to recruit additional molecules,

leading to activation of caspase 8 or 10 by autocatalytic cleavage mechanisms. Caspases 8 and 10 then

directly activate the executioner caspases, for example, caspase 3 and 7. Alternatively, the initiator cas-

pases can also cleave the full-length proapoptotic Bid molecule into its truncated version t-Bid, which

interacts with Bax, Bak, and other molecules on the mitochondrial membrane ultimately to release

cytochrome-c. Cytochrome-c then interacts with Apaf-1 and caspase 9 in a complex known as the

apoptosome to activate caspase 9, which subsequently activates caspase 3, 7, and/or other caspases

(35) and induces apoptosis.

Numerous studies have been carried out using TRAIL, FasL, and a dominant-negative FADD (inte-

gral component of FasL signaling in the DISC) to induce apoptosis in tumor cells (24,36–45). There

are several interesting aspects relative to these approaches. First, it has been widely observed that the

administration of TRAIL and FasL as native or crosslinked molecules is frequently not effective on a

number of different types of cancer cell lines (36,42,46,47). The reason for this is typically not because

of the lack of death receptors, but because of the presence of molecules that inhibit DISC formation

and autocatalytic cleavage of caspase 8, such as cFLIP (48–50). Of interest, when viral systems have

been used to deliver FasL or TRAIL to these cells, the ineffective external death receptor signaling

pathways are overcome by downregulation of cFLIP (48) and/or the IAPs or by other mechanisms,

including de novo ceramide synthesis to initiate a stress response-mediated apoptosis.

In the case of both TRAIL and FasL, virally induced cell death results in apoptotic vesicles that

form in the dying cells and are capable of presenting TRAIL or FasL to adjacent cells (40,51). If the

adjacent cells are responsive to FasL or TRAIL then bystander-mediated apoptosis occurs (i.e., an

amplification of the death signal). However, if tumor cells belong to the subset of tumors resistant to
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exogenous signaling, little benefit would be predicted in relation to bystander-mediated cell death

unless recruitment of the immune system occurs. Although the immune system is not covered in this

chapter, it is likely highly relevant to tumor eradication.

There are many laboratories investigating ways to downregulate the cellular apoptotic inhibitory

molecules such as cFLIP and the IAPs to sensitize cancer to apoptotic signals. Combination therapies

with small molecule therapeutics, including anthracyclines, triterpenoids, nucleoside chemothera-

peutic analogs, Taxol, ceramides, and ceramidase inhibitors, may amplify death ligand bystander

activity by downregulating apoptotic inhibitory molecules (45,48–50,52–54).

There have also been numerous studies demonstrating caspase overexpression induces apoptosis

in tumor cells (25,55–60). Although caspases have the potential for causing cell death in the trans-

duced cell, they suffer from similar pitfalls as those of the Bcl-2 family of proteins in that many of

these proteins do not induce a bystander effect. Thus, there is little chance for complete tumor eradi-

cation because of the limited delivery of adenovirally expressed genes into all the cells of the tumor.

In contrast, use of both TRAIL and the FasL viruses appears to have an advantage in gene therapy in

that they generate apoptotic vesicles, which continue to express functional death ligand.

5. TUMOR SUPPRESSOR GENES

THAT CAN FUNCTION TO INDUCE APOPTOSIS

Tumor suppressor genes function to regulate cellular division and apoptosis. As a result, malig-

nant neoplasms often arise because of a functional defect or absence of one or more tumor suppressor

genes. In fact, deregulation of the p53/MDM/p14
ARF

 and pRb/p16/CDK4/cycD pathways is thought

to be a fundamental requirement for the genesis of most human cancers because it results in disrup-

tion of cell cycle regulation and deactivation of the apoptotic response (61,62). Therefore, one of the

strategies used in cancer gene therapy is tumor suppressor gene replacement. This can either restore

the normal function of a defective tumor suppressor gene or eliminate the abnormal function of an

oncogene (63,64).

One of the most widely studied tumor suppressor genes is p53. The p53 gene encodes a transcrip-

tion factor that acts on hundreds of different promoter elements, many belonging to genes involved in

cell cycle regulation or apoptosis (65). Over 50% of all human cancers contain mutations in p53. Many

of these p53 mutant tumors are more resistant to conventional therapies, such as chemotherapy or ioniz-

ing radiation. Roth et al. (66) were the first group to demonstrate in a clinical trial that tumor suppressor

gene replacement could induce tumor regression in human cancer. In this study, non-small cell lung

cancer (NSCLC) patients were treated with a retroviral vector containing the wild-type p53 gene

under control of the �-actin promoter. Three of the seven patients evaluated showed signs of tumor

regression, and no vector-associated toxicity was evident. Limitations in the study arose from the low

transduction efficiency of retroviral vectors as well as difficulties in producing high titers of the virus.

A similar clinical trial involving NSCLC was later carried out using replication-defective adeno-

viral vectors containing the wild-type p53 gene (67). This approach yielded disease stabilization in

64% of the patients and partial response in 8% of the patients.

The p53 gene therapy has been studied in cancers of other tissues as well, and many of those studies

have produced encouraging results. Cancer tissues such as breast (68,69), brain (70,71), prostate (69,

72–74), colorectal (75,76), pancreatic, (77), thyroid (78), uterine (79), ovarian, and head and neck

(69) have all shown potential benefit from p53 gene therapy.

Many studies using oncolytic viruses are also based on the characteristic p53 deficiency observed

in many cancers. The first replication-competent adenovirus genetically engineered for tumor selec-

tivity based on p53 mutation was ONYX-015. The efficacy of ONYX-015 was originally thought to

be because of its selective replication in tumor cells harboring an inactive p53 (80,81). However, recent

data have shown ONYX-015 will replicate in tumor cells regardless of p53 status (82–84). The role of

p14
ARF

 status in the selective replication of ONYX-015 is also a source of controversy (81,83).
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Other tumor suppressor genes under study for gene therapy include the retinoblastoma susceptibil-

ity gene (Rb), pHyde, p16, p21, and MDA-7. Much like p53, a pRb mutation can result in deregulated

growth and/or apoptosis (85). pRb gene therapy has been shown to reduce transformation progression

in a number of Rb
+/�

 mouse tissues as well as to suppress lung metastasis (86,87). Use of an adenovirus

expressing a constitutively active form of pRb has also shown efficacy in treatment of human vascular

proliferative disorders (88).

The more recently cloned tumor suppressor gene known as pHyde has demonstrated its proapopto-

tic function in prostate cancer cell lines (89,90). Infecting human PCa cell lines with a pHyde-express-

ing adenovirus resulted in inhibition of proliferation in vitro as well as suppression of xenograft tumor

growth in vivo. This inhibition was because of induction of apoptosis and is apparently dependent on

the activation of caspase 3.

The p16 gene (INK4a, CDKN2, MTS) maps to the 9P21 chromosomal region (91,92). p16, also

known as the major tumor suppressor 1 gene, was isolated and characterized during studies of Adp53

(93). It encodes a protein that specifically binds to and inhibits cyclin-dependent kinase 4 (CDK4)

and CDK6. The CDKs are essential enzymes with activities that are tightly regulated by protein phos-

phorylation in association with other proteins called cyclins (94). The activation of CDK–cyclin

complexes is responsible for cell cycle progression via phosphorylation of pRb. In contrast, CDK

inhibitors, which include p15, p16, p21, and p27, prevent the activation of CDK–cyclin complexes.

Thus, hypophosphorylated pRb remains bound to the E2F transcription factor, resulting in an arrest

in the G1 phase of cell cycle and inhibition of entry into S phase (91,92). The abnormal activation of

CDK or overexpression of cyclins may lead to the uncontrolled growth characteristic of cancer.

It also has been demonstrated that levels of p16 gradually increase as cells proceed toward senescence

in response to Ras activation. This action likely constitutes the basis of its role as a tumor suppressor

gene in many cancers (95,96). p16 has also been implicated in other fundamental cellular processes,

such as angiogenesis (97), tumor invasion (98), contact inhibition (99), and apoptosis (100,101).

The tumor suppressor gene p16 is an important negative regulator of the cell cycle; its functional

loss may significantly contribute to malignant transformation. Overexpression of p16 arrests cell

division in cell lines with an intact pRb protein (102). Many tumors, including transitional cell carci-

noma, melanoma, leukemia, and glioma, contain heterozygous or homozygous deletions of the 9P21

region (103–106).

Subtle mutations of the p16 gene have also been reported in a variety of tumor cell lines and in some

primary tumors. Germline alterations of p16 have been found in a subset of patients with familial

melanoma (107). Moreover, deletion of p16 has been found in brain tumors (108,109), adult T-cell

leukemia (110), childhood acute lymphoblastic leukemia (111), NSCLC (112), primary malignant

mesothelioma (113), prostate cancer (114), and human pancreatic cell carcinoma lines (115).

Taking into account the significance of p16 as a tumor suppressor gene, studies were carried out

based on adenovirus-mediated transduction of p16. Adenovirus-mediated p16 gene transfer has been

studied in lung cancer (116,117), breast cancer (118,119), ovarian cancer (120,121), prostate cancer

(122–124), pancreatic cancer (125), glioblastoma (126), head and neck squamous cell carcinoma

(127), and melanoma (128) with variable degrees of success. It seems likely that delivery to all tumor

cells will be required by this approach.

Another gene that is a negative regulator of Rb phosphorylation is p21 (also called WAF1, CAP20,

Cip 1, and Sdi1) (129,130). p21 is the founding member of the Cip/Kip family of CKIs, which includes

p27 (131,132) and p57 (133). As a CDK inhibitor, p21 functions by binding to and inactivating a

number of the cyclin/CDK complexes involved in the G1-S transition in the cell cycle (129,134). By

preventing the CDKs from phosphorylating their targets, the cell cycle will arrest. p21 can mediate

cell cycle arrest in both a p53-dependent (130) and p53-independent (130,134,135) manner.

Under normal circumstances, p21 is induced following DNA damage (130), and this induction blocks

cell cycle progression from G1 to S phase (136). This pause in the cell cycle progression allows for DNA
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repair to occur before the replication of DNA in S phase. p21 is also shown to inhibit both PCNA-

dependent DNA replication and phosphorylation.

A number of studies suggested that p21 displays proapoptotic characteristics under certain condi-

tions in specific systems. The utility of p21 as an antitumor agent in a number of human cancer cell

lines has been reported. Introduction of p21 into human prostate cancer (137), brain tumor (138),

esophageal carcinoma (139), and colon carcinoma cells (140) can significantly inhibit cell growth and

tumorigenesis. p21 can also enhance the apoptotic response to the chemotherapeutic agent cisplatin

in glioma (141) and ovarian carcinoma cell lines (142). Overexpression of p21-promoted C6-cera-

mide-induced apoptosis in a p53-deficient human hepatoma cell line (143). Transducing cervical can-

cer cell lines with a p21-expressing adenovirus resulted in growth inhibition and apoptosis (144). p21

has also been shown to promote Fas/CD95-mediated apoptosis in T lymphocytes (145).

In summary, it would appear that tumor suppressor gene replacement has promise as a therapeutic

modality, and it would appear that p53 and p21 hold the most promise as gene therapies to date. Although

there is evidence that p53 mediates bystander activity, diminishing the requirement for delivery to all

cells in the tumor bed, the same cannot be said for p16- or p21-mediated therapies.

6. CLINICAL TRIALS USING p53 GENE THERAPY

There are a number of approaches for cancer gene therapy presently in clinical trials. Many of these

approaches are based on replacement of a defective gene, such as p53, with the functional wild-type

gene. Of all the tumor suppressor genes under study for cancer gene therapy, p53 has shown the most

promise (67). p53 gene therapy has great potential in that tumor cells expressing wild-type p53 are

often more sensitive to chemotherapeutic agents and radiation than those lacking functional p53 (24).

The p53 approach has been applied with some efficacy in head and neck, ovarian, and lung cancer.

As discussed in Section 5., Roth et al. (160) were the first to use p53 gene therapy clinically. The

group used a retroviral vector to deliver the wild-type p53 gene to nine patients with NSCLC who

previously failed conventional therapy. In addition to being safe and feasible, results showed tumor

regression in three patients and tumor growth stabilization in three others (160).

Swisher et al. later carried out a similar study involving adenovirus-mediated p53 gene transfer.

Investigators in this study treated 28 patients with NSCLC with Adp53, which resulted in disease

stabilization in 64% of the patients and a partial response in 8% (67).

Prostate cancer also has the potential to benefit from p53 gene therapy. One study involved treat-

ment of 30 patients with prostate cancer with Adp53 delivered by intraprostatic injection. Results of

this study demonstrated production of p53 proteins without significant side effects (161).

Gene transfer of p53 has also been studied in combination with chemotherapeutic drugs. Clini-

cally, this approach has been investigated in NSCLC, head and neck cancer, breast cancer, prostate

cancer, and hepatic metastasis of colon cancer (162,163). Adp53 gene therapy has also been studied

in combination with radiotherapy. NSCLC has received a great deal of attention regarding this thera-

peutic approach.

An additional approach taking advantage of p53 gene therapy is cancer vaccine development. For

example, a current phase I/II study is designed using an autologous dendritic cell-Adp53 vaccine fol-

lowing standard chemotherapy for treatment of extensive stage small cell lung cancer. This approach

uses the patients’ dendritic cells and a p53-expressing adenovirus to construct the vaccine. If in fact

gene therapy approaches can be utilized to harness the immune system and eradicate cancer, we will

likely be well ahead of most current chemotherapy modalities in use today in the oncology clinic setting.

7. COMBINATION THERAPIES

Combining proapoptotic gene therapy with another treatment can often result in a synergistic effect.

Adp53 gene therapy has been linked to many different combination therapies, such as chemotherapy
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(69), ionizing radiation (74,75), histone deacetylase inhibitors (78), and polygene therapy (77,146–

148). Enzyme prodrug therapies such as herpes simplex virus-TK or CD have also proven beneficial

if combined with other gene therapies. For example, herpes simplex virus-TK suicide gene therapy has

been used in a variety of polygene therapy studies, including genes that encode for antiangiogenesis

factors (149), connexins (150), cytokines (151–153), caspases (9), and double-suicide gene therapy (3).

Strategies using apoptotic genes like Bax can also be beneficial if combined with other agents. Lee

et al. (154) showed that a Bax-expressing herpes virus enhanced the efficacy of BCNU treatment in a

rat glioma model. Bax polygene therapy has also been studied in combination with Bad (155), Bak, and

p53 (148). Additional apoptotic molecules such as FasL or TRAIL can also exhibit synergistic effects

when combined with other treatment modalities, such as doxorubicin or p53 (42,146,156–159).
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1. INTRODUCTION

Metastasis is the major cause of death for cancer patients. The presence of metastatic tumors often

indicates the late stage of the disease progression in which the tumor cells have undergone multiple

genetic changes that may have contributed to resistance to radiation and chemotherapy treatment. To

treat the elusive metastatic tumors, an efficient systemic delivery system that carries the therapeutic

payload to multiple tumor targets in a patient would be needed. The therapeutic agent has to be

powerful enough to inhibit the tumor growth or to eliminate it. In this chapter, we focus the discus-

sion on our experience using adenovirus E1A (Ad.E1A) as a therapeutic gene in cancer gene therapy

treatment for metastatic tumors. Finally, we describe our findings that show the antitumor and

antimetastasis activities of a novel therapeutic gene, p202, and its potential use against metastatic

tumors.

2.E1A AS ANTIMETASTASIS GENE

2.1. E1A as a Metastasis Suppressor Gene

Ad.E1A is a multifunctional protein that has a wide range of effects on transformation, deoxyribo-

nucleic acid (DNA) synthesis, apoptosis, differentiation, and tumor suppression (1–3). E1A was initi-

ally characterized as an oncogene mainly because of its ability to promote growth and immortalization

of quiescent rodent cells (4,5) and to cooperate with ras oncogene to transform these cells (6). How-

ever, E1A has not been associated with human malignancies despite extensive studies to look for

such a link. Rather, E1A was shown to suppress experimental metastasis of rodent cells transformed

by the ras oncogene (7–9) and by the neu oncogene (10). E1A was also shown to suppress metastasis

of certain human tumor cell lines (11).

Metastasis is a complex, multistep process in which tumor cells must interact with extracellular

matrix and stroma cells to initiate and finish the metastatic process. Therefore, it is not surprising to

find the relationship between E1A-mediated suppression of metastasis and the upregulation of metasta-

sis suppressor genes such as E-cadherins (12,13), a nucleoside diphosphate kinase (NM23) (8), and tis-

sue inhibitors of metalloproteinase (TIMPs) (14) and the downregulation of metastasis-promoting genes

such as matrix metalloproteinases (MMPs) like MMP-1 (11), MMP-3 (15,16), MMP-9 (10,11,17–20),

urokinase-type plasminogen activator (11), adhesion molecules (e.g., CD44s) (21), and HER-2 (10,22).

Although E1A was reported initially not to have the tumor suppressor activity (11), increasing

experimental data point to the ability of E1A to suppress tumorigenesis, as illustrated by the observa-

tions that E1A was able to inhibit the tumorigenicity of the transformed rodent cells (22–25) and of
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the human cancer cell lines (26–29). Therefore, based on its ability to suppress both tumorigenicity

and metastasis, E1A has been considered a tumor suppressor gene (2,30–34).

The above-mentioned experiments primarily used the E1A stable transfectants to define the tumor

suppressor activity of E1A. These experiments provide proof of principle for E1A-associated tumor

suppression activity, but are not “therapy” per se. To translate E1A into an effective therapeutic gene,

we have developed several gene therapy strategies using liposome and viral vectors as gene delivery

systems. We demonstrated that E1A-based gene therapy treatments could indeed yield therapeutic effi-

cacies in human xenograft mouse models that mimic breast (35), ovarian (36,37), and lung (38) cancers.

With these encouraging preclinical studies, the safety issue remained a serious concern for mov-

ing E1A to clinical trials because the prevailing conception was that E1A was an oncogene (39,40). In

1995, we proposed to the Food and Drug Administration and the Recombinant DNA Advisory Com-

mittee of the National Institutes of Health a phase I clinical trial of E1A treatment targeting only

patients with HER-2-overexpressing tumors. At the time, our proposal provided the only available gene

therapy data with the clear mechanism that E1A transcriptionally downregulates HER-2 oncogene,

leading to suppression of tumorigenicity and metastasis. In this section, we focus the discussion on

our experience regarding how the laboratory findings were translated into clinical trials.

2.2. E1A Suppression of HER-2 Overexpression-Mediated

Tumorigenesis and Metastasis

2.2.1. HER-2 Overexpression and Metastasis

Amplification/overexpression of the HER-2 proto-oncogene was found in approx 30% of human

breast (41–44) and ovarian (45–47) cancers. Significantly, patients with breast and ovarian cancer

with HER-2 overexpression in their tumors often have a poor overall survival rate and shorter time to

relapse compared with other patients without HER-2 overexpression. Thus, HER-2 overexpression has

been a useful pathological marker for poor prognosis (41,45,46). HER-2 overexpression was also found

with high frequency in lung (48,49), gastric (50), bladder (51), and oral cancers (52–54), suggesting

that HER-2 overexpression likely plays a critical role in the development of human malignancies.

Clinically, HER-2 overexpression is also associated with disease progression and metastasis (55).

HER-2 overexpression is correlated with early metastasis as well as with increased incidence of metas-

tasis (56,57). In experimental systems, for example, enforced HER-2 overexpression in the non-small

lung cancer cell line NCI-H460, which expresses a very low level of HER-2, enhances metastatic

potential (58). More important, all of the HER-2-overexpressing NCI-H460 transfectants developed

extrapulmonary metastases (in the ribs, mesentery, ovary, and stomach). Formation of extrapulmo-

nary metastasis requires tumor cells to grow in a less-favorable nonorthotopic microenvironment;

therefore, the HER-2-overexpressing transfectants may have gained the ability to overcome organ

selectivity of growth. Enforced HER-2 expression also partially restored the metastatic potential of

the otherwise less-metastatic breast cancer cells in vitro and in vivo (59), confirming that HER-2 over-

expression is one of the causes for the metastatic phenotype.

Because HER-2 is expressed at low levels in normal tissues, HER-2-based cancer drugs should have

selective therapeutic effects against HER-2-overexpressing tumors. Based on this idea, many thera-

peutic strategies have been developed to target HER-2-overexpressing tumors (60–62). One of them

is E1A-based gene therapy treatment for HER-2-overexpressing tumors.

2.2.2. E1A Suppression of HER-2 Overexpression-Mediated Metastasis

E1A represses the expression of steady-state HER-2 messenger ribonucleic acid (RNA) and pro-

tein by downregulating HER-2 promoter activity (63,64). Because HER-2 overexpression enhances

the metastatic potential of the cancer cell (10,58), it is conceivable that E1A may downregulate HER-2

expression, leading to suppression of metastasis. Indeed, E1A expression in HER-2-overexpressing

cancer cells rendered the cells less metastatic (10,22). However, E1A could suppress metastasis regard-
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less of HER-2 expression level. This idea is supported by the observation that, although reexpressing

HER-2 in E1A-expressing cancer cells could restore their tumorigenicity, it failed to restore the

metastatic potential or the MMP expression (22). This result is consistent with earlier reports that

indicated E1A is associated with metastasis suppression activity (7,11) and further suggests that E1A

mediates metastasis suppression by targeting the downstream molecules of the HER-2-induced me-

tastasis-signaling pathway.

2.3. E1A Gene Therapy

2.3.1. Preclinical Studies

To test the efficacy of an E1A-based gene therapy in mice bearing human HER-2-overexpressing

tumors, three orthotopic cancer xenograft models (i.e., ovarian, breast, and lung) were established,

and two E1A delivery systems were used: a cationic liposome 3�[N-(N'-dimethylaminoethane)-car-

bamoyl] cholesterol:dioleoylphatidylethanolamine (3:2) (DC-Chol):DOPE (65) and Ad.E1A (64).

2.3.1.1. OVARIAN CANCER MODEL

The orthotopic ovarian cancer model was established by injecting human HER-2-overexpressing

ovarian cancer cells (i.e., SKOV3) intraperitoneally into female nu/nu mice (Fig. 1). The implanted

ovarian tumors obtained from the mesentery and inside the peritoneal cavity showed HER-2-positive

Fig. 1. Mice treated with wild-type E1A: Liposome complexes (heavy solid line) survived longer than untreated

mice (solid line with crosses) or mice treated with wild-type E1A DNA alone, with liposome alone, or with lipo-

some plus E1A frame-shift DNA (Efs) (p < 0.01). Mice were given intraperitoneal injections of 2 � 10
6
 via-

ble SKOV-3 human ovarian cancer cells 5 days before treatment. In two experiments, a total of 7 or 12 mice

made up each experimental group (as indicated in the figure key). Mice were examined for tumor symptoms and

were killed when they appeared moribund. Similar results were obtained from these experiments, and results

were combined for analysis. The survival curves were obtained by recording the total survival days for each

mouse in different groups from the day of injection with SKOV-3 cells (day 1, 100% survival) to the day they

died. (Excerpt from Fig. 2 in ref. 37. The permission to use this figure was granted by Nature Publishing Group.)
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staining (37). The tumor-bearing mice received intraperitoneal injection of either E1A expression

vector complex with DC-Chol (DCC-E1A) (37) or Ad.E1A (36).

Necropsy analysis showed that some of E1A/DC-Chol-treated mice, although they died of tumor-

related symptoms, had no detectable tumor invasion and metastasis as commonly seen in mice in the

control groups, (i.e., no treatment, mutant E1A/DC-Chol, E1A alone, or DC-Chol alone) (37). When

examined, tumor tissues excised from the E1A/DC-Chol-treated mice, it was clear that E1A expres-

sion correlated well with downregulation of HER-2 protein, but there was no decrease in HER-2 pro-

tein level in the tumors obtained from the control groups. Remarkably, 70% of the E1A/DC-Chol-treated

mice survived more than a year; the controls all died within 200 days (37). The surviving mice

appeared normal and healthy because there were no detectable tumors inside the mice or any obvious

side effect associated with the treatment. These results showed that (1) by intraperitoneal injection,

E1A/DC-Chol complex is a useful vehicle to transduce E1A into ovarian cancer cells in vivo, and (2)

E1A/DC-Chol treatment could repress HER-2 expression, suppress tumor growth, reduce metastasis,

increase survival, and have no obvious side effect. This observation was among the first evidence to

indicate the efficacy and the feasibility of using E1A/DC-Chol-based gene therapy to treat ovarian

cancer effectively in a xenograft model.

The efficacy of using Ad.E1A in the above orthotopic ovarian cancer model appeared similar

to that obtained from the E1A/DC-Chol treatment (36,37). In addition to SKOV3, the Ad.E1A study

included a low HER-2-expressing human ovarian cancer cell line, 2774. Intriguingly, although Ad.E1A

could effectively increase survival in the SKOV3 tumor model, it failed to do so in the 2774 tumor model

(36,66). This result was not caused by a difference of viral infection efficiency between SKOV3 and

2774 cell lines because both could be infected equally, as determined by adenovirus-carrying �-galac-

tosidase gene (Ad.LacZ) (36).

This observation raises a possibility that E1A may mediate a preferential antitumor effect on

HER-2-overexpressing ovarian cancer cells, but not on ovarian cancer cells with low HER-2 expres-

sion. Alternatively, a more rigorous treatment may be needed for such low HER-2-expressing cancer

cells as 2774 to achieve a similar efficacy seen in treating the HER-2-overexpressing cancer cells.

SKOV3 tumors excised from Ad.E1A-infected mice showed positive staining for E1A proteins and

concurrent reduction of HER-2 protein expression on the same tumor samples. This result therefore

confirms in vivo a causal relationship between E1A expression and HER-2 downregulation. Using

Ad.LacZ to monitor the E1A expression spectrum in SKOV3 tumor model, it is encouraging to know

that high LacZ expression was found in malignant ascites and tumors compared with that in other

tissues and organs, suggesting that Ad.E1A may preferentially target these tumor sites (36).

2.3.1.2. BREAST CANCER MODEL

Ad.E1A infection preferentially inhibited the growth of HER-2-overexpressing breast cancer cells

(e.g., MDA-MB-361 and SKBR3), whereas there was little or no E1A-mediated growth-inhibitory

effect on the low HER-2-expressing cancer cells (e.g., MDA-MB-435 and MDA-MB-231) (35). Based

on this observation, both Ad.E1A and E1A/DC-Chol were used to assess the potential efficacy in an

orthotopic, HER-2-overexpressing breast cancer model.

MDA-MB-361 cells were transplanted into the mammary fat pads of female nu/nu mice. The mam-

mary tumors usually become palpable about 45 days after implantation. Ad.E1A or E1A/DC-Chol

was intratumorally injected. Six months of E1A treatment by either Ad.E1A or E1A/DC-Chol pro-

longed survival (the mean survival was longer than 2 years, as opposed to less than 15 months in the

control groups) and inhibited tumor growth. The Ad.E1A treatment appeared slightly better than

E1A/DC-Chol treatment. Remarkably, no metastasis was found in intraperitoneal organs, such as liver,

intestine, spleen, and kidney (35).

These results are consistent with the ability of E1A to inhibit metastasis and are reminiscent of the

E1A-mediated antitumor effect on the HER-2-overexpressing ovarian cancer model, in which no

detectable metastasis was found in E1A-treated mice (37). The mammary tumor suppression corre-
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lated well with the expression of E1A and the downregulation of HER-2 protein as determined by

Western blot and immunohistochemical analysis on the tumor samples (35). The data suggest the

feasibility of an E1A-based gene therapy (either by Ad.E1A or by E1A/DC-Chol) against HER-2-over-

expressing breast cancer in vivo.

A toxicity study was subsequently conducted in immunocompetent mice to ensure the safety of

the procedure and the minimum side effects associated with the E1A gene therapy treatment (66,67).

2.3.2. Clinical Trials

2.3.2.1. PHASE I BREAST AND OVARIAN CANCER

2.3.2.1.1. Intracavity Administration. To evaluate the feasibility of using E1A gene therapy for

patients with HER-2-overexpressing cancer, a phase I clinical trial was conducted in a group of

patients with advanced breast and ovarian cancer. E1A/DC-Chol cationic liposome complex (DCC-

E1A) was injected into the thoracic or peritoneal cavity. These results obtained from the phase I

studies demonstrated limited toxicity (may be because of DCC-E1A rather than E1A expression),

efficient E1A gene transfer (indicated by the E1A messenger RNA expression in tumors as well as in

certain distant organs), and downregulation of HER-2. DCC-E1A treatment was also associated with

decreased tumor clumps and proliferating cell population and increased apoptotic cells. Interestingly,

the increase of apoptotic cells correlates well with an increase of tumor necrosis factor-� (TNF-�)

level. Because E1A inactivates NF-�B (68), an antiapoptotic molecule induced by TNF-�, it is likely

that the increase of apoptotic cells is because of the sensitization to TNF-�-induced apoptosis by

E1A. Overall, of 18 patients with advanced cancer of the breast (n = 6) or ovary (n = 12) treated with

DCC-E1A, at least 1 patient with breast cancer had no pathological evidence of tumor; 2 patients had

minor responses; 8 had stable disease; and 6 had progressive disease (69). These results suggest the

feasibility of the DCC-E1A trial.

2.3.2.1.2. Intratumoral Administration. In a phase I trial, nine patients with recurrent and unre-

sectable breast tumors were treated with DCC-E1A through intratumoral injection. There were no dose-

limiting drug-related toxicities, and no drug-related adverse effects were observed. E1A expression

was readily detectable in tumor samples after DCC-E1A treatment. In one patient with breast cancer,

no apparent pathological evidence of tumor at the tumor site of treatment was observed (70).

2.3.2.2. PHASE II HEAD AND NECK CANCER WITH INTRATUMORAL ADMINISTRATION

A phase I study of DCC-E1A treatment with 9 patients with head and neck cancers has been com-

pleted (70). The results of this study indicated no dose-limiting toxicity, and doses used were below

the maximally tolerated dose. E1A expression and HER-2 downregulation were seen in DCC-E1A-

treated tumor biopsies. After the successful phase I study, a multicenter phase II study was completed

(71). DCC-E1A was used as a single agent and was administered by intratumoral injection. Among

24 patients with recurrent, unresectable, head and neck cancer treated, 4.2% (1 of 24) showed a com-

plete response, and 37.5% (9 out of 24) showed an objective response or reached a state of stable dis-

ease. The most common side effect was pain at the injection site, but there were no serious adverse

events related to DCC-E1A administration.

These results suggest that intratumoral injection of DCC-E1A is safe and well tolerated. Based on

the encouraging results of the phase II trials, a possible combined DCC-E1A therapy with ionizing

radiation and/or chemotherapy should be feasible in the near future.

3. p202 AS ANTIMETASTASIS GENE

3.1. p202

The p202 protein is encoded by one of the six or more murine interferon-inducible genes of the

gene 200 cluster on chromosome 1q21–23 (72). This family of proteins shares, close to their carboxyl

termini, partially homologous segments 200 amino acids long. So far, p202 is the best-characterized
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member of this family, which includes p203, p204, and D3 in the mouse (72) and MNDA, IFI 16, and

AIM2 in human (73). The pathological relevance of p202 was realized by the identification of p202

as a candidate gene using a mouse model for systemic lupus erythematosus (74). The human counter-

part of p202, however, has not been identified.

p202 is primarily a nuclear, chromatin-associated 52-kDa phosphoprotein and is primarily involved

in protein–protein interactions. Notably, several important transcriptional regulators, including retino-

blastoma gene (Rb) (75), E2F-1 (76), E2F-4, p107 and p130 (77), Fos/Jun (AP-1), a p53-binding pro-

tein (53BP-1) (78), c-Myc (79), MyoD, and myogenin (80) were physically associated with p202 in

vitro and in vivo. These observations strongly suggest a functional significance of p202 in cell cycle

regulation, signal transduction, apoptosis, and differentiation. The p202-associated protein–protein

interactions generally result in inhibition of the promoter activities (76,77,79,80–83). In most cases,

direct blocking of the transcriptional factor binding to its cognate DNA element by p202 is respon-

sible for the transcription repression.

Similar to the interferon-induced growth inhibition, persistent expression of p202 was shown to

be growth inhibitory in rodent cells (76–78,81,84,85) and human cancer cells (82,83,86,87). The

p202-mediated growth inhibition was associated with attenuation at the G1/S cell cycle transition.

Although the molecular mechanism of p202-mediated growth inhibition is not well understood, the

observation that p202 binds to several important cell cycle regulatory molecules in vitro and in vivo,

such as Rb, p107, p130, E2F-1, E2F-4, and c-Myc, has shed light on the p202 action in cell cycle reg-

ulation (75–77,79). For example, p202 interacts with E2F-1 and abrogates E2F-1-mediated transcrip-

tional activation of certain S-phase genes, such as DHFR, b-Myb, and PCNA, resulting in attenuation

of S-phase entry (76). p202 also suppresses transformation, as indicated by the inability of p202-

expressing cancer cells to grow in soft agar (82,83,86).

In addition to growth inhibition, we recently showed that p202 expression promotes apoptosis

(87). The p202-mediated apoptosis appears to be dependent on the activation of caspases. Based on

the growth-inhibitory and proapoptotic activities of p202, we performed preclinical studies to evalu-

ate the feasibility of using p202 in gene therapy treatment of experimental tumors.

3.2. p202 in Preclinical Gene Therapy Studies

3.2.1. Breast Cancer Model

Metastatic breast cancer is a deadly disease. Conventional treatments using chemotherapy and

radiation with or without surgical intervention have yielded limited success. We have shown ex vivo

antitumor activity using p202 expression vector and polyethylenimine complex in an orthotopic breast

cancer xenograft model (83). Because breast cancer is a metastatic disease, it is critical to develop a

systemic delivery system that would allow delivery of p202 gene through intravenous injection to the

primary and metastasized tumor sites.

To this end, we undertook two approaches and compared the efficacy of systemic p202 gene ther-

apy treatment using either a p202-expressing recombinant adenovirus (Ad-p202) or CMV-p202/SN2

liposome complex in an orthotopic breast cancer xenograft model. CMV-p202 is a p202 expression

vector driven by cytomegalovirus (CMV) promoter. SN2 liposome formulation has been tested and

showed high gene delivery efficiency in systemic gene therapy animal models (88). We found that

tumor growth was significantly reduced in both Ad-p202 and CMV-p202/SN2 treatment groups (87)

(Y. Wen and M.-C. Hung, unpublished data).

These data are highly significant because CMV-p202/SN2 and Ad-p202 had to overcome many

immunological, physiological, and structural barriers inside and outside the blood vessels to reach

tumor cells and release their therapeutic effect as compared with other experimental therapy models,

such as intratumoral injection (89). These results strongly suggest the feasibility of a systemic p202-

based gene therapy treatment for breast cancer.
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On examining the tumor treated with Ad-p202 or CMV-p202/SN2 by immunohistochemical assays,

we found that the level of p202 protein correlated well with the extent of apoptosis in tumors in both

models as determined by terminal deoxynucleotide transferase-mediated dUTP nick end labeling

assay that stains the ends of DNA fragments. This observation is in agreement with our in vitro data

that showed Ad-p202 infection induces apoptosis (87). Thus, the p202-induced apoptosis contributed

to the overall antitumor activities in vivo.

In addition, we observed a much reduced level of an angiogenic factor, vascular endothelial growth

factor (VEGF), in breast tumors treated with either CMV-p202/SN2 or Ad-p202 compared with that

of the control treatments. This result is consistent with our previous observation that p202 expression

suppressed metastasis and angiogenesis in pancreatic tumors (82) (discussed in the next section). Thus,

our data strongly suggested p202 is a potent therapeutic gene suitable for breast cancer gene therapy.

3.2.2. Pancreatic Cancer Model

Pancreatic cancer is highly aggressive and is a leading cause of cancer death in Western countries.

The deadliness of this disease is illustrated by the prediction in 1999 that 28,600 new cases would be

diagnosed, and most cases would be fatal (90). The main reason for the extremely poor prognosis is

that patients often present with advanced stage at the time of diagnosis. The median survival varies

between 4 and 6 months, and the 5-year survival rate is less than 2% (91). Currently, there is no effec-

tive treatment for this deadly disease because conventional chemotherapy and radiation treatments

have had very limited success in improving patient survival (92). Therefore, novel treatment strate-

gies against this disease are urgently needed.

We showed previously that p202 is able to suppress the transformation phenotype (e.g., inhibition

of growth in soft agar) of pancreatic cancer cells (Panc-1) in vitro (82). It is possible that p202 could

suppress tumorigenicity in vivo. To test the therapeutic effect of p202 in pancreatic cancer xenograft

models, we performed tumorigenicity assays using both subcutaneous and orthotopic mouse models.

We showed that, in either model, the tumorigenicity of p202-expressing Panc-1 cells was greatly

reduced compared with that of the parental pancreatic cancer cells. In particular, we found that, in the

orthotopic model, the p202-expressing Panc-1 cells not only formed tumors at a lower frequency, but

also that those mice with tumors had a significantly longer survival rate compared with the mice bear-

ing Panc-1 tumors. These results clearly demonstrated that p202 possesses potent antitumor activity

in vivo (82).

3.2.2.1. P202 SUPPRESSION OF METASTASIS

On examining the orthotopic pancreatic tumor growth in mice, we noticed 40% of Panc-1 tumor-

bearing mice and 20% of vector control tumor-bearing mice with liver metastasis. In contrast, there

was no detectable liver metastasis in mice with p202-expressing tumors. This result suggested that

p202 may have an antimetastasis activity in vivo.

To test this hypothesis in vitro, we employed a double-chamber assay (58) in which the test cells

were grown in the top chamber, and the bottom chamber was filled with the conditioned media con-

taining chemoattractant (e.g., laminin). A Matrigel-coated membrane was used to separate the two

chambers. To migrate from the top chamber to the bottom chamber, cells must digest the barrier (i.e.,

the reconstituted basement membrane matrix) by producing secretory proteases such as MMPs before

they penetrate the pores on the membrane. Thus, this assay somewhat mimics the metastatic process,

and the number of cells found in the bottom chamber therefore is indicative of the metastatic poten-

tial of the test cells.

Based on this criterion, we found that p202-expressing Panc-1 cells were less able to penetrate the

membrane than the parental Panc-1 cells and thus were less metastatic. This in vitro observation is

consistent with the in vivo data and lends support to the hypothesis that p202 suppresses metastasis.

Consistent with the antimetastasis activity of p202, we also showed the activity of MMP-2, a metas-

tasis promoter, is reduced in p202-expressing Panc-1 cells (82).
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3.2.2.2. P202 SUPPRESSION OF ANGIOGENESIS

It has been well documented that tumor growth and metastasis require persistent growth of new

blood vessels (neovasculature) (reviewed in ref. 93). To examine further the p202-mediated antitu-

mor activity in pancreatic tumor, we analyzed the formation of neovasculature in p202-expressing

tumors and Panc-1 tumors. We found that the number of blood vessels (as stained by antibody against

a blood vessel marker, i.e., CD31; 94) was significantly reduced in p202-expressing tumor compared

with Panc-1 tumor (82). Consistent with the reduced angiogenesis, we also found, using immunohis-

tochemical analysis, the expression of angiogenic factors such as interleukin 8 (IL-8) and VEGF

(reviewed in ref. 93) are reduced in p202-expressing tumors (82).

Because p202 is generally known as a negative transcriptional regulator, we tested if the repression

of IL-8 or VEGF protein in p202-1 tumor is because of transcriptional repression by p202. We per-

formed a reporter assay by cotransfecting p202 expression vector with a luciferase reporter driven by

either IL-8 or VEGF promoter into Panc-1 cells. Interestingly, we found p202 transfection resulted

in an inhibition of both IL-8 and VEGF promoter activities (Y. Wen and M.-C. Hung, unpublished

results). Thus, this observation suggested that p202 suppresses IL-8 and VEGF expression on the

transcriptional level. Taken together, our data strongly indicate that p202 expression is associated

with reduced angiogenesis, which may contribute in part to the reduced tumor growth and metastatic

potential of the p202-expressing tumors.

3.2.2.3. P202/LIPOSOME ADMINISTRATION SUPPRESSION OF TUMOR GROWTH

IN HUMAN PANCREATIC CANCER XENOGRAFT MODEL

To test the therapeutic effect of a p202-based treatment in a preclinical gene therapy model, we

treated the subcutaneous Panc-1 tumors via intratumoral injection of CMV-p202 using a nonviral

delivery system, SN2. We showed that CMV-p202/SN2 treatment resulted in significant tumor growth

inhibition compared with the control treatments. On examining the tumor biopsies by immunohisto-

chemical methods, we found that the level of p202 protein expression correlated well with the extent

of apoptosis in CMV-p202/liposome-treated tumors by terminal deoxynucleotide transferase-medi-

ated dUTP nick end labeling. Again, this result is consistent with the idea that the p202-mediated

apoptosis contributes to the overall antitumor activities (87). This result provides a scientific basis

for further investigation into the utility of p202-based gene therapy in pancreatic cancer treatment.

4. FUTURE DIRECTION

In this chapter, we summarized our findings related to suppression of metastasis by two therapeu-

tic genes, E1A and p202. Both are potent in suppressing tumorigenesis, metastasis, and angiogenesis.

E1A is in phase II clinical trials, and the preliminary data obtained have been encouraging (95). Both

E1A and p202 could sensitize cancer cells to apoptosis induced by TNF-� or �-irradiation (68,83,87,96).

Mechanistic studies suggested that E1A and p202 inactivate NF-� (97), an antiapoptotic factor induced

by TNF-� or �-irradiation, leading to enhanced apoptosis. These data provide a rationale to develop

the combined therapy of E1A (or p202) and TNF-� (or �-irradiation), which should yield a better ther-

apeutic effect than using a single agent. It is also likely that E1A or p202 combined with chemothera-

peutic agents (98), which activate NF-�B, may enhance the effectiveness of tumor killing.

Furthermore, because systemic treatment is imperative for treating metastatic tumors, the targeting

specificity should be of concern for minimizing potential side effects. One way to overcome this draw-

back is to express E1A or p202 gene under the control of a tumor-specific promoter or by delivery by

a tumor-specific gene delivery system. By the specific expression of E1A or p202 at tumor sites

combined with appropriate chemotherapeutic agents that sensitize cancer cells to apoptosis, we would

expect much effective killing of metastatic tumors.
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1. INTRODUCTION: UNIQUE OBSTACLES

IN ATTACKING METASTATIC PROSTATE CANCER

The treatment of disseminated cancer remains a great challenge for the urologists, oncologists,

radiation therapists, and, more importantly, the patients and families affected by the devastating

diagnosis and various treatments. At the time of initial diagnosis, individuals will have a 7 to 55%

incidence of metastases, depending on the site of the initial tumor (1). The ideal therapy is one that will

destroy the cancer cells, but spare the patient’s normal cells. Chemotherapy, the most common ther-

apy for metastases or systemic cancer, is targeted at the growth differential between normal and cancer

cells. Unfortunately, normal cells attempting division will often be inadvertently targeted, resulting

in toxicities. The dose-limiting toxicities associated with classical cancer chemotherapies limit the

amount of drug that can be delivered to the tumor and often allow the tumor to survive and cause

failure of the chemotherapy.

Gene therapy provides a novel vantage point to overcome this formidable challenge. If the ideal

treatment provides cure without additional suffering, then gene therapy may become the ideal treat-

ment. It is a “silver bullet” created to seek out a cancer cell and alter its internal functions to arrest its

further growth or its further existence. This chapter describes the approaches used for developing

gene therapy strategies based on transcriptional targeting for a series of metastatic cancers.

Localized and locally advanced cancer can cause great suffering, but are not generally the cause

of death in patients with cancer. Mortality is usually secondary to the inability to inhibit metastatic

cancer growth. The systemic spread of cancer cells to multiple organs throughout the body provides

a significant obstacle to effective therapy. In addition, the metastatic cancer cell often possesses the

ability to interact with its surroundings and establish new sites of metastasis.

Investigations over the past several decades have led to the elucidation of the molecular mecha-

nisms that enable the epithelial and stromal interactions. For instance, the interactions of prostate

cancer cells with bone stromal cells have been well established and have begun to provide molecular

targets for gene therapy, that is, specific targets for prostate osseous metastasis (2–8). Molecular under-

standing of prostate cancer cells and the supportive noncancerous cells of a metastasis is the critical

step in the successful development of a gene therapy strategy against metastatic prostate cancer.

Fortunately, the past several decades have provided an explosion of information that has allowed

several novel approaches to be developed using gene therapy for prostate cancer (9).
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2. DISSECTING THE COMPONENTS OF A METASTASIS:

ELUCIDATION OF POTENTIAL TARGETS

Tumor development and progression are a highly regulated and coordinated cascade of multistage

molecular processes in which cancer cells undergo genetic changes that lead to phenotypic alter-

ations, including the capacity to metastasize. Metastasis is defined as the formation of progressively

growing secondary tumor foci at distant sites discontinuous with the primary tumor (10). Each meta-

static focus is clonal in nature because it originates from a single tumor cell. For a cell to form a

clinically significant metastasis, it must complete a series of well-defined steps collectively known as

the metastasis cascade.

The act of metastasis generally involves the following stages (Fig. 1):

1. Activation of the oncogene, causing genetic alteration and transformation of the target cell.

2. Proliferation of the transformed cells and the shift in the balance with cell death.

3. The ability of the transformed cells to avoid destruction by the immune surveillance mechanisms.

4. Stimulation of the proangiogenic factors and ingrowth of new blood vessels from the preexisting ones (angio-

genesis/neovascularization).

Fig. 1. Progression of prostate cancer from primary lesion to osseous metastasis: (1) normal prostate acinar

gland with basal and luminal layers; (2) development of prostate intraepithelial neoplasia (PIN) within the

lumen; (3) development of prostate cancer occurs with loss of the basal layer; (4) migration of prostate cancer

cells and attachment to extracellular matrix (ECM); (5) intravasation of tumor cells into blood vessel; (6)

embolization of cancer cells and endothelial–epithelial interactions leading to attachment of cancer cells to the

vessel wall; (7) extravasation of cancer cells at the metastatic site; (8) interaction with ECM components; (9)

prostate cancer cell binding to osteoclasts mediated by RANK ligand; (10) prostate cancer cells accommodated

within bone pits leads to proliferation and metastatic colonization; (11) angiogenesis and intravasation leads to

further dissemination of the cancer.
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5. Localized invasion and destruction of extracellular matrix components and parenchymal cells.

6. Migration of the tumor cells away from the primary tumor mass.

7. Penetration of the tumor cells through the blood vessel wall (intravasation).

8. Embolization of cancer cells to distant organs.

9. Molecular interaction of cancer cells with erythrocytes, neutrophils, platelets, and components of coagula-

tion factors within the bloodstream.

10. Arrest of cancer cells within the lumen of small blood vessels or lymphatics and adhesion to endothelial cells.

11. Reverse penetration of the cancer cells through the blood vessels at the metastatic site (extravasation).

12. Proliferation of cancer cells, resulting in the formation of secondary tumors and metastatic colonization.

The failure of the cancer cell to complete any one of the steps in the metastatic cascade eventually

results in its failure to form clinically significant metastasis. Several metastasis-associated genes have

been identified that play a critical role either in progression or metastasis of the carcinoma cells (11–

22). Each of these many steps may provide targets for gene therapy strategies and possible escape

routes for prostate cancer cells. Thus, targeting several key steps may provide the best approach.

The components of a prostate cancer metastasis can be separated into three main function groups:

seed, soil, and irrigation system (prostate cancer cell, supportive bone environment, and angiogen-

esis, respectively). Each process described above is a potential step for interference in the metastatic

cascade, and each of the proteins discussed next provides a target to inhibit the transition from one or

several of the steps described.

2.1. Prostate Cancer Epithelial Cell Component (Seed)

The prostate cancer epithelial cell component provides excellent targets for gene therapy. Because

the prostate gland becomes a vestigial structure for men after their reproductive years, prostate-spe-

cific proteins present good prostate cancer targets. For example, several proteins (prostate-specific

antigen [PSA], prostate-specific membrane antigen [PSMA], and prostatic acid phosphatase [PAP]) are

prostate-specific proteins used in immune therapy against prostate cancer via a variety of gene transfer

approaches. These and several other proteins produced are detailed next in the context of transcrip-

tional regulation.

2.1.1. Tumor Metastasis Suppressors

Tumor metastasis suppressors such as KAI1 and MKK4/SEK1 as well as cell surface protein alter-

ations (i.e., CD44, integrins, selectins, cadherins, and the immunoglobulin superfamily) permit the

metastasis to occur and survive. They are a few of the numerous potential targets for gene therapy.

The localization of metastasis suppressor activity to rat chromosome 2 prompted the search for homo-

logous metastasis suppressor genes in prostate cancer. Microcell-mediated chromosomal transfer of

human chromosome 11 into Dunning AT6.1 and AT3.1 rat prostate cancer cells and the analysis of

the resulting microcell hybrids for metastasis suppression in immunodeficient mice led to the identifi-

cation of KAI1 (also known as CD82), which maps to 11p11.2–p13 (19,23). KAI1 contains peptide

motifs that place it in the tetraspanin family of proteins, which function as membrane adaptors that

organize large oligomeric complexes containing other tetraspanins, integrins, cell adhesion molecules

(CAMs), kinases, GTPases, and phosphatases. Ectopic expression of KAI1 in AT6.1 Dunning rat

prostate cancer cells reduced the number of overt lung metastases by 66% compared with parental

AT6.1 controls (19). KAI1 expression had no effect on primary tumor growth, meeting the criteria of a

metastasis suppressor gene. KAI1 expression is downregulated in metastatic and high-grade prostate

tumors as well as in 100% of lymph node metastases (24,25). Studies indicated that KAI1 forms com-

plexes with E-cadherin, �
1
 integrins, and epidermal growth factor receptor (EGFR), which have been

implicated in metastasis progression (19). Expression of KAI1 decreases both the invasiveness and

motility of cells in vitro and alters cell–cell interactions (19,26). Lowered KAI1 expression has also

been associated with progression in a wide variety of cancers, including pancreatic, hepatocellular,

bladder, breast, and non-small cell lung cancers (27–31).
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2.1.2. MKK4/SEK1

MKK4/SEK1 is a metastasis suppressor when transfected into metastatic prostate and ovarian can-

cer cell lines. Immunohistochemical studies indicated that MKK4 expression is reduced in primary

prostate tumors and in metastatic ovarian carcinomas (32,33). MKK4 occupies the mitogen-activated

protein kinase position upstream of JUN-terminal kinase and p38 and has been mapped at the chromo-

somal location 17p11.2 (34,35). Upstream of MEKK4/SEK1 is MEKK1 (36). Although originally

named because of its ability to activate MEK1, MEKK1 is a much more specific activator of MKK4/

SEK1 than it is of MEK1 (37). Expression of human MKK4 in AT6.1 cells has been shown to reduce

the number of spontaneous metastases by approx 77% without affecting the primary tumor growth

(35). MKK4-mediated suppression occurs by inhibiting the growth of disseminated cancer cells after

their arrival at the secondary site (35,38).

2.1.3. CD44

To allow and encourage the epithelial–stomal interaction described in Section 2.2 to occur, several

cell surface proteins have been implicated. CD44, integrins, cadherins, selectins, and the immunoglo-

bulin super family each facilitate the cell-to-cell interactions and provide potential targets for transduc-

tional targeting. For instance, the main form of CD44 (CD44H), a transmembrane 80-kDa glycoprotein,

is widely expressed in a variety of lymphoid and epithelial cells and in malignant tumors. CD44 has

many variant forms generated by alternative splicing. The expression of certain variant CD44 iso-

forms has been correlated with the degree of tumor differentiation, tumor cell invasion, and metastatic

potential (39,40). In fact, CD44 was identified as another prostate cancer metastasis suppressor gene (41).

Ectopic expression of the standard isoform (CD44-s) in AT3.1 Dunning rat prostate cancer cells

leads to more than 60% reduction in the number of spontaneous lung metastases without affecting

the primary tumor growth. Several clinical studies strongly supported the role of CD44 in the sup-

pression of human prostate cancer metastasis. There is an inverse correlation between the expression

of CD44 and the grade and metastatic stage of prostate tumors (42–46). In addition, CD44 expression

is either lost or very weak in all prostate cancer metastases (43–47); CD44-s loss predicts poor prog-

nosis after radical prostatectomy independent of stage and grade (42,45,47).

The precise mechanism by which CD44 suppresses metastasis is not clear. It has been speculated

that CD44-mediated metastasis suppression may occur through contact inhibition of cancer cell growth

within micrometastatic foci at the secondary site. Consistent with such a model, CD44 downregulation

has been observed in experimental models during the outgrowth of micrometastasis into overt meta-

static lesions (48). The association of CD44-merlin/ezrin/radixin/meosin complexes with osteopontin,

a bone matrix remodeling protein, is thought to promote the metastasis of several cancers, including

cancer of the prostate (49).

2.1.4. Integrins

Integrins are a diverse family of transmembrane glycoproteins that mediate cell–matrix and cell–

cell interactions (50,51). Integrins consist of an �- and a �-subunit; so far, 18 �- and 8 �-subunits have

been identified that can associate in a variety of combinations to give rise to 25 distinct heterodimers,

with each specific for a unique ligand (52). Each integrin consists of a noncovalently linked �- and �-

subunit, with each subunit having a large extracellular domain, a single membrane-spanning domain,

and a short, noncatalytic cytoplasmic tail. Several studies have demonstrated the association between

the regulation of integrin expression and cancer (53).

Changes in the integrin pattern during malignant transformation are highly dependent on the type

of cancer. An altered integrin expression pattern allows the cancer cells to recognize variable matrices,

but it may also lead to altered signaling and changes in gene expression. The action of integrins has

been extensively studied in melanoma, breast cancer, and prostate cancer.

The integrin �
v
�

3
 is strongly expressed at the invasive front of malignant melanoma cells and angio-

genic blood vessels, but weakly expressed on preneoplastic melanomas and quiescent blood vessels (54).
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The increase in its expression correlates with the conversion of melanoma growth from radial to verti-

cal (55). However, there are metastatic melanoma cells that express little or no �
v
�

3
 integrin on their

surface (56,57), suggesting that no single adhesion receptor is irreplaceable in melanoma progression.

Integrins �
2
�

1
 and �

3
�

1
 have been found to play a role in melanoma cell migration, and their expres-

sion was increased in metastatic cells compared to the cells in the primary tumor (58–63).

The expression of �
1
 integrin in primary melanoma facilitates the emergence of regional lymph node

metastasis (64); the expression of �
1
 integrins in metastasis of melanoma has been shown to predict

a longer disease-free survival period (65). The expression of integrin �
3
 has been reported to corre-

late positively to lung metastasis and is associated with poor survival rates (66).

The laminin receptors, especially �
6
�

1
, are involved in metastatic processes, possibly during extra-

vasation. Multiple binding epitopes on �
6
�

1 
may contribute to the migratory and adhesive properties

mediated by this integrin (62,67). In contrast to
 
�

6 
integrins, the expression of laminin receptor �

7
�

1

has been shown to inhibit malignant features like cell growth and metastasis in mouse melanoma cell

lines (68).

Fibronectin-binding integrin �
5
�

1
 has a stimulatory effect on the growth of quiescent human mela-

noma cells; another fibronectin receptor, �
4
�

1
, has been found to facilitate melanoma cell migration

(69,70). The �
IIb
�

3
 integrin, which is typically found in platelets, may also occur on metastatic murine

and human melanoma cells and may contribute to invasion (72,72).

Several studies have reported on the alteration in the expression pattern of integrins in breast can-

cer. Immunohistochemical analyses of poorly differentiated breast adenocarcinomas have shown sig-

nificant decrease in integrin �
2
�

1
 and slight decrease in �

5
�

1
 and �

v
�

3
 integrin expression levels (73).

In the case of breast cancer, the interactions between bone matrix proteins and invading breast cancer

cells are pivotal because bone is a typical site of breast cancer metastasis. Integrins �
v
�

3
 and �

v
�

5
 are

involved in bone sialoprotein-induced cancer cell adhesion, proliferation, and migration. However,

the function of these integrins differs, so that �
v
�

3
, with expression that is involved in metastasis, par-

ticipates in cell migration, whereas �
v
�

5
 is likely to facilitate cell adhesion and proliferation (74,75).

In highly invasive mammary epithelial cells, the process of osteopontin-induced migration is depen-

dent on �
v
�

3
 integrin and involves the activation of the hepatocyte growth factor receptor (Met) (76).

Integrin �
3
�

1
 is involved in breast cancer cell migration and invasion by regulating the production of

matrix metalloproteinase 2 (MMP-2) (76) and is related to the metastatic capacity of breast cancer

cells by increasing the activity of MMP-9 (77).

Immunostaining of breast cancer tissue specimens has indicated that the loss of �
1
�

1
, �

2
�

1
, �

3
�

1
,

�
6
�

1
, and �

v
�

5
 integrins is associated with the formation of axillary metastases (78). The expression

of �
6
�

4
 integrin inhibits malignant properties of breast cancer cells by inducing apoptosis via activa-

tion of p53. However, the expression of this integrin may facilitate carcinoma progression if p53 is in

a mutated, inactive form (79,80). It has also been suggested that integrin �
6
�

4
-mediated invasion occurs

through PI3-kinase signaling (81).

The studies on integrin expression patterns in prostate cancer are limited. According to one report,

all primary and metastatic carcinomas expressed �
2
�

1
 and �

6
 integrins. The expression level of �

2
�

1

was downregulated in grade I and II prostate tumors; in grade III tumors, the expression was hetero-

geneous, but in lymph node metastasis, �
2
�

1
 expression was upregulated (81). The increased expres-

sion of �
6
 integrin may contribute to the invasive capacity of prostate cancer cells (53,82).

On the other hand, the loss of �
4
 integrin has been reported to occur in prostate cancer progression

concomitantly with the loss of its ligand, laminin 5 (83). The malignant prostate cancer cells may lose

their ability to polarize and regulate a normal acinar morphogenesis because of decrease or change in

the distribution of �
6
�

1
 integrin (84,85). The decrease in �

6
�

4
 integrin expression may occur because

of androgen regulation in androgen-sensitive cancer cells. In contrast, androgen-independent prostate

cancer cells may maintain their expression of �
6
�

4
, which supports their high invasion capacity, whereas

�
6
�

1
 and �

3
�

1
 expression may be related to less-invasive phenotypes (86,87). Transforming growth

factor-�1 has been shown to upregulate the integrin �
2
�

1
- and �

3
�

1
-mediated adhesion of prostate
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cancer cells to type I collagen (3,88). Similarly, in studies on the adhesion of prostate epithelial cells or

human prostate carcinoma cells to type I collagen or to the stroma of human bone marrow, it has been

clear that the interactions are predominantly mediated by �
2
�

1
 integrin (88–90). Integrin �

IIb
�

3
 has also

been implicated as having a role in the metastasis of prostate cancer (91,92).

2.1.5. Cancer Cell Component

CAMs facilitate communication between the tumor cells and the extracellular environment (93,94).

A wide variety of CAMs with distinctive structural and functional features have been identified. They

can be broadly classified into four different categories: selectins, cadherins, immunoglobulin super-

family, and integrins.

2.1.5.1. SELECTINS

Selectins are a class of calcium-dependent transmembrane glycoproteins that can specifically bind

to many carbohydrate moieties (95). Selectins have a conserved structural motif with an N-terminal

calcium-dependent lectinlike domain, an EGF-like domain, multiple complement regulatorylike regions,

a transmembrane domain, and a short cytoplasmic tail (95). The E, P, and L selectins are the best-char-

acterized members and are involved in weak cell–cell interactions and leukocyte rolling (96). Many

epithelial tumors express high levels of sialyl Lewis X antigen and exhibit enhanced tumor growth

and metastasis in vivo (97–100). The selectins can bind specifically to many carbohydrate moieties,

including sialyl Lewis X, and may play a role in mediating tumor cell interactions with the microvas-

culature, thereby contributing to the metastatic cascade (99). Monoclonal antibodies and peptido-

mimetics directed against selectins have been shown to block tumor cell metastasis in vivo (99,101).

2.1.5.2. CADHERINS

Calcium adhesion molecules of the cadherin family (E-cadherin, P-cadherin, and N-cadherin) medi-

ate cell–cell binding and generally display an inhibitory effect on the metastatic process. Cadherin pro-

teins are diminished in cancer cells. Cadherins contain a large extracellular region composed of at

least five ectodomains, a transmembrane domain, and a cytoplasmic tail (102,103). The intracellular

domain of cadherins is connected to catenins, which function as a link to the actin cytoskeleton. The

functional cadherin-catenin complexes have been implicated in tumor invasion and metastasis. Trans-

fection of E-cadherin-negative cells with E-cadherin complementary DNA resulted in inhibition of

motility and invasion (104,105). In contrast, the transfected cancer cells expressing both E- and N-

cadherin display enhanced migration, invasion, growth factor-induced MMP-9 synthesis, and meta-

static potential (106). Taken together, these findings indicate that cadherins may regulate tumor cell

metastasis by a variety of mechanisms, including altering tight cell–cell interactions and sensitizing

tumor cells to growth factor-induced upregulation of proteolytic enzymes.

2.1.5.3. IMMUNOGLOBULIN SUPERFAMILY

Besides selectins and cadherins, the members of the immunoglobulin superfamily are involved in

mediating homotypic cell–cell interactions (107). Members of the immunoglobulin superfamily have

an extracellular domain composed of immunoglobulin homology units stabilized by disulfide bonds.

Some members, such as NCAM, have a transmembrane domain and a cytoplasmic tail; others are

anchored to the cell surface through lipid interactions. The immunoglobulin superfamily includes

well-characterized members like ICAM-1, VCAM, NCAM, carcinoembryonic antigen, DCC, and

MUC18 (93,94,107–109).

Many of these molecules are involved in immune cell recognition, leukocyte trafficking, and

neural development (100,107,109). Several studies have implicated members of the immunoglobulin

superfamily in the regulation of metastasis. For example, immunohistochemical studies have revealed

that ICAM-1 expression levels are elevated in metastatic hepatocarcinomas compared to more benign

tumors (110), and ICAM-1 knockout mice have demonstrated a resistance to T-cell lymphoma metasta-

sis (111). Other studies have shown a positive correlation between expression of carcinoembryonic
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antigen in colon carcinoma progression and upregulation of MUC18 in malignant melanomas (93,

110,112,113). These findings strongly suggest that the members of the immunoglobulin superfamily

play an important role in the regulation of tumor invasion and metastasis.

Each the proteins and protein families above are directly or indirectly involved in enhancing can-

cer cell survival or its ability to interact with the stromal cells at the site of a metastasis. The summa-

tion of functions of the above proteins allows a prostate cancer cell, as well as other tumor types, to

develop independent growth and to communicate with the stromal cells of a potential metastatic site,

establishing the epithelial–stromal interaction described in Section 2.2.

2.2. Epithelial–Stromal Cell Interaction Component (Soil)

The osseous metastasis is a rich environment that supports the establishment of a metastatic focus

of prostate cancer and, via cell-to-cell interactions, promotes sustained growth. For the prostate can-

cer epithelial cell to survive in the bone marrow, it needs to mimic the activities of the supportive

stoma (i.e., osteoblasts, osteoclasts, and osteocytes) (114). Prostate cancer cells obtain the ability to

mimic the activities of bone cells by producing several proteins necessary for skeletal homeostasis,

such as osteocalcin, osteopontin, osteonectin, and bone sialoproteins.

We have hypothesized that this transformation of prostate epithelial cells is a critical step and as

such provides a significant target. Normal prostate epithelial cells do not make typical bone proteins,

but when they acquire the ability to form a tumor and metastasize, the bonelike nature of these tumor

cells is readily apparent. We have termed this capacity the osteomimetic property or osteomimicry of

prostate cancer cells. Osteomimetic properties are also typical for breast cancer cells, which have the

propensity to metastasize to bone. The exact mechanisms leading to the overt manifestation of this

ability remain to be elucidated.

The osteocalcin protein under the transcriptional control of the osteocalcin promoter is one of the

osteomimetic mechanisms investigated by our laboratory. Through transcription factor switching,

transacting factors in AI prostate cancer cells may be upregulated so that they are capable of recruit-

ing critical transcription factors to cis-elements residing within the human OC (hOC) promoter for

enhanced gene transcription (115). These findings have led hypothesis-driven investigations and clin-

ical trials to confirm this hypothesis.

The metastatic cascade represented in Fig. 1 illustrates the critical communication between the

cancer cell and the extracellular matrix and stromal cells of a future osseous metastasis. Once the pros-

tate cancer cells have migrated to the bone marrow, the osteomimetic properties of these cells both

aid in obscuring these cells from immune surveillance and recruit resident cells such as osteoclasts to

prepare the bone matrix for further prostate cell growth. For example, the metastatic cells secrete RANK

ligand (RANKL), a ligand for RANK (receptor activator of NF(B). RANKL is a regulator of bone resorp-

tion and remodeling (116).

The prostate cancer cells will then bind to RANK on the osteoclasts. This binding allows for osteo-

clast activation, “pit” development of the bone matrix, and eventual accommodation of the prostate

cancer cell. A publication demonstrated that invading prostate cancer cells not only express soluble

RANKL, but also develop other mineralizing characteristics of an osteoblastic phenotype, including

production of alkaline phosphatase, osteocalcin, osteonectin, bone sialoprotein, osteoprotegerin, and

most crucially for mineralization, formation of hydroxyapatite (117).

2.3. Angiogenic Component (Irrigation System)

To metastasize, a tumor cell must overcome a series of physical barriers. Usually, less than 1 cell

in approx 100,000 has all the attributes to produce a successful metastasis (118). Folkman first put

forward the hypothesis that the growth of solid tumors is angiogenesis dependent (119,120). It is now

widely accepted that tumor growth and metastasis require vascularization to provide both nourish-

ment and a route for tumor cell extravasation (121).
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This has led to the consideration that angiogenesis is a viable target for antitumor therapy (122).

The angiogenic process consists of a series of interactive events: Quiescent endothelial cells are stim-

ulated by angiogenic factors to degrade the underlying basement membrane, to migrate within the

interstitial matrix, to proliferate, and to organize themselves into tubular structures, which in turn

become mature blood vessels. During angiogenesis, the endothelial cells undergo functional changes

and show molecular features that are different from normal, quiescent endothelium.

These differences can be exploited to target tumor endothelium selectively and to prevent neovas-

cularization. A diverse array of multifunctional cytokines from multiple cellular sources are involved

in sustaining the growth and progression of tumors through neovascularization. The angiogenic pro-

cess reflects a competition among cytokines that, on one hand, functions to promote angiogenesis

and, on the other hand, suppresses the angiogenic response. Tumor neovascularization occurs when

the dynamic equilibrium that governs the orderly production of proangiogenic and angiostatic mole-

cules becomes disrupted in favor of those members that promote angiogenesis (123–127). In a pioneer-

ing study, O’Rielly et al. showed that a disruption in the net balance between positive and negative

regulators of angiogenesis can have a profound effect on tumor growth and metastasis (128).

Many molecules influence the various components of the angiogenic response (129–131). Some

of the most extensively studied mediators shown to stimulate tumor angiogenesis include basic fibro-

blast growth factor (132–135), vascular endothelial cell growth factor or vascular permeability factor

(115,136–138), interleukin-8, angiogenin, platelet-derived endothelial cell growth factor, platelet-

derived growth factor, hepatocyte growth factor, transforming growth factor-� and -�, and tumor

necrosis factor-�, a TIE-2 receptor ligand called angiopoietin (139). The negative regulators so far

identified include thrombospondin (140), the 16-kDa N-terminal fragment of prolactin (141), angio-

statin (128), endostatin (141), and tumstatin (143).

3. IDENTIFICATION OF TRANSCRIPTION

TARGETS OF PROSTATE CANCER METASTASIS

Investigations into the molecular attributes of prostate cancer led to the elucidation of several pros-

tate cancer-specific proteins. Several of these proteins have stimulated investigations into the regula-

tory elements and have led to transcriptional-targeted therapies. Several of the more interesting proteins

and regulatory elements are described in this section and in other reviews (144,145).

3.1. Osteocalcin Promoter

Osteocalcin (bone �-carboxyglutamic acid)-containing protein (BGP) is a 50-amino acid, 5.8-kDa,

major noncollagenous protein found in adult bone and has been shown to be transcriptionally regu-

lated by 1,25-dihydroxyvitamin D
3
 (146,147). The human, rat, and murine osteocalcin genes have

been cloned, and each consists of 4 exons and 3 introns (148–151). Interestingly, the human and rat

promoter are positively regulated by 1,25-dihydroxyvitamin D; the mouse OC promoter is negatively

regulated by1,25-dihydroxyvitamin D
3
.

Montecino et al. (152) reported that the key promoter elements are located in two DNase I hyper-

sensitive sites. The proximal hypersensitive site (–170 to –70) includes sequence motifs that specifi-

cally interact with basal transcription factors such as Msx (153–155), HLH protein Id-1 (156), AP-1

(157), a bone-specific nuclear matrix associated protein NMP-2 (158), and a member of the AML

family of transcription factors (159,160). The distal hypersensitive domain (–600 to –400) contains

the vitamin D-responsive element (–465 to –437), which interacts with the VDR-RXR� complex in

a ligand-dependent manner. Others (161–164) demonstrated that the promoter segment –343 to –108 is

critical for inducing both proximal nuclease hypersensitivity and basal transcriptional activity, and the

DNase I hypersensitivity at –600 is not essential for vitamin D-dependent transcriptional upregulation.

The stimulation of osteocalcin gene expression by 1,25-dihydroxyvitamin D
3
 is associated with

sequence-specific binding of nuclear factors to a 26-bp sequence 5'-CTGGGTGAATGAGGACATT
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ACTGACC-3' located between –462 and –437. This sequence contains a region of hyphenated dyad

symmetry and shares homology with consensus steroid-responsive elements The promoter region has

been shown to contain two sites of an E-box motif (a consensus binding site for HLH proteins) termed

OCE1 (CACATG at –102) and OCE2 (CAGCTG at –149) (156).

Mutagenesis studies have indicated that osteoblastic-specific gene transcription is regulated via the

interaction between certain E-box binding transcription factors in osteoblasts and the OCE1 sequence

in the promoter region of the osteocalcin gene. Banerjee et al. (157) demonstrated that an AML-1

binding sequence within the proximal promoter (nucleotides –138 to –130) contributes to 75% of the

level of osteocalcin gene expression. The promoter region is not GC rich and does not contain a con-

sensus sequence for the SP1-binding site (165).

Regarding in vitro and in vivo experiments, Ko et al. (166) developed an osteocalcin promoter-

driven thymidine kinase (TK)-expressing recombinant adenoviral vector to achieve tissue-specific

killing of osteosarcoma cells in an experimental animal model. Administration of this vector followed

by acyclovir treatment led to significant growth inhibition of osteosarcoma in the experimental animal

model.

Cheon et al. (167) used a chemogene therapy approach by combining OC promoter-driven TK

expression and acyclovir plus methotrexate treatment regimen in nude mice bearing either subcuta-

neous human osteosarcoma (MG-63) or rat osteosarcoma. Their results indicated that osteosarcoma

tumor growth was more efficiently inhibited because of synergistic effects of combined methotrexate

and acyclovir treatment.

Shirakawa et al. (168) further demonstrated the potential utility of an adenoviral osteocalcin pro-

moter-mediated suicide gene therapy for osteosarcoma pulmonary metastasis in nude mice. Hou et al.

(169) demonstrated osteoblast-specific gene expression in adherent bone marrow cells using a 1.7-kb

rat OC-CAT gene. Recipient mice were positive for osteoblast-specific expression following bone mar-

row transplantation.

3.2. PSA Promoter

3.2.1. Protein and Promoter

The gene for PSA, a member of the glandular kallikrein family, was independently characterized

by Riegman and colleagues (170,171) and Lundwall (172). The gene is 7130 bp long, includes 633

bp of 5' and 639 bp of 3' flanking untranslated sequence, contains five exons, and is located on the

long arm of chromosome 19, in the region q13.3-qter (171). The promoter contains a variant TATA

box (TTTATA) at position –28 to –23, a GC box at –53 to –48, and a CACCC box at –129 to –125. An

imperfect palindromic sequence AGAACAGCAAGTGCT is found at position –170 to –156; GGGAGGG

and CAGCCTC repeats are located in the region –123 to –72. The expression of PSA is only detected

in human prostate (173–175) and has been shown to be androgen responsive (176). This is achieved

by several transcription factors involved in regulating PSA gene.

Two functionally active androgen receptor-binding sites or androgen response elements have been

identified at positions –170 (ARE-I) and –394 (ARE-II) (176–180). Cleutjens et al. (178) identified

a complex, androgen-regulated, 440-bp enhancer (–4366 to –3874) that contains a high-affinity, AR-

binding site ARE-III 5'-GGAGGAACATATTGTATCGAT-3' at position –4200. In subsequent studies,

a 6-kb PSA promoter fragment was shown to confer prostate-specific and androgen-regulated expres-

sion of �-galactosidase in transgenic mice (181).

Pang et al. (182) identified an 822-bp PSA gene regulatory sequence PSAR that, when combined

with the PSA promoter (PCPSA-P), exhibited enhanced luciferase activity in LNCaP cells. On stimula-

tion with 10 to 100 nM dihydrotestosterone, a more than 1000-fold increase in expression was observed

compared to androgen-negative controls. Their studies further suggested that this 822-bp sequence

alone could serve as a promoter, thereby indicating that the complete PSA promoter contains two func-

tional domains: A proximal promoter and a distal promoter, which can also function as an enhancer.
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Yeung et al. (183) identified two cis-acting elements within the 5.8-kb PSA promoter that are essen-

tial for the androgen-independent activity of PSA promoter in prostate cancer cells. Their studies

provided evidence that androgen-independent activation of PSA promoter in androgen-independent

prostate cancer cell line C4-2 involves two distinct regions, a 440-bp AREc and a 150-bp pN/H, respon-

sible for upregulation of the PSA promoter activity by employing two different pathways. AREc con-

fers high basal PSA promoter activity in C4-2 cells; pN/H is a strong, AR-independent, positive-regu-

latory element of the PSA promoter in both LNCaP and C4-2 cells. Further, a 17-bp RI fragment within

the pN/H region was identified as the key cis-element that interacts with a 45-kDa prostate cancer

cell-specific transcription factor to mediate androgen and AR-independent transcriptional activation of

the PSA promoter. By juxtaposing AREc and pN/H, a chimeric PSA promoter has been created that

exhibits two- to threefold higher activity than wild-type PSA promoter in both LNCaP and C4-2 cells.

Oettgen et al. (184) identified a novel prostate epithelial-specific Ets transcription factor PDEF that

is involved in PSA gene regulation and acts as a coregulator of AR. PDEF acts as an androgen-inde-

pendent transcriptional activator of the PSA promoter. It also directly interacts with the DNA-bind-

ing domain of AR and enhances androgen-mediated activation of the PSA promoter. Thus, strong

tissue specificity of the PSA promoter makes it an ideal candidate for prostate cancer gene therapy.

Latham et al. (185) compared tissue-specific expression of luciferase reporter vectors by employ-

ing PSA, human glandular kallikrein (hKLK2), and cytomegalovirus (CMV) promoters in PSA-posi-

tive LNCaP and PSA-negative CoLo320, DG75, A2780, and Jurkat cells. Their studies revealed that

minimal 628-bp PSA and hKLK2 promoters showed only low-level androgen-independent expres-

sion in both PSA-positive and PSA-negative cell lines. Tandem duplication of the PSA promoter

slightly increased expression in LNCaP cells. Addition of CMV enhancer upstream of the PSA or

hKLK2 promoter led to substantially enhanced and nonspecific luciferase expression in all the cell

lines. By placing a 1455-bp PSA enhancer sequence upstream of either the PSA or hKLK2 promoter,

a 20-fold increase in tissue-specific luciferase expression was observed. Tandem duplication of the

PSA enhancer increased the expression 50-fold higher than either promoter and retained tissue speci-

ficity. The expression from all the enhancer constructs was 100-fold above the basal levels on induc-

tion with androgen dihydrotestosterone.

3.2.2. In Vitro and In Vivo Experiments

These prostate-specific enhancer sequences were incorporated in adenoviral vectors to express EGFP

and nitroreductase. The results indicated low-level expression of EGFP by PSA enhancer/promoter in

LNCaP and no expression in non-PSA-producing EJ cells when compared with CMV promoter-driven

EGFP. However, PSA enhancer/promoter was able to express comparable levels of nitroreductase in

a tissue-specific manner in LNCaP cells alone. These transduced LNCaP cells, on treatment with CB1954,

exhibited cytotoxicity. The replication-competent adenoviral vector CN706, in which the E1A gene

is under the transcriptional control of the PSA enhancer/promoter, has been shown to exhibit selec-

tive toxicity toward PSA-expressing prostate cancer cells (186).

Martiniello-Wilks et al. (187) examined the efficacy of adenoviral vectors with 630-bp PSA pro-

moter-driven herpes simplex virus (HSV)-TK and Escherichia coli PNP genes for their ability to kill

AI prostate cancer cell line PC-3 tumor xenografts in a nude mouse model. Both HSV-TK- and E. coli

PNP-expressing adenoviral vectors were able to achieve significant tumor regression in vivo follow-

ing ganciclovir or 6MPDR treatment.

Gotoh et al. (188) developed transcriptionally targeted recombinant adenoviral vectors by incor-

porating either 5837-bp long or 642-bp short PSA promoter elements to drive the expression of

HSV-TK. The long PSA promoter had superior activity over the short promoter and was more active

in C4-2 cells than in LNCaP cells. In vitro expression of TK conferred marked killing of C4-2 cells

on acyclovir treatment. Administration of this virus in an in vivo subcutaneous C4-2 tumor model

followed by acyclovir treatment revealed significant reduction in tumor burden.
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Lee et al. (189) demonstrated tissue-specific growth suppression of PSA-positive and PSA-negative

cell lines by transfecting PSA promoter/enhancer-driven p53 tumor suppressor gene. Human prostate

cancer- and tissue-specific genes P503, P540S, and P510S have been identified using a combination

of complementary DNA library subtraction and high-throughput microarray screening (190). It would

be interesting to characterize the promoter regions of these genes and use them in developing tran-

scriptionally targeted adenoviral vectors.

3.3. PSMA Promoter

PSMA, a 100-kDa type II membrane glycoprotein, was originally identified as an antigen interact-

ing with a prostate-specific monoclonal antibody, 7E11-C5.3, raised against an insoluble fraction of the

LNCaP prostate cancer cell line (191). A variety of approaches, such as immunohistochemical staining,

reverse transcriptase polymerase chain reaction, and in situ hybridization, demonstrated that PSMA is

expressed predominantly in prostate tissue and tumor neovasculature, with low levels of expression

detected in several other tissues; the highest expression was in prostate cancer and tumor neovascu-

lature, with expression decreasing in order as follows: Prostate, proximal gastrointestinal tract, sali-

vary glands, kidney, and brain (192). Northern blot analysis and affinity column purification detected

two different forms of PSMA, full length and an alternatively spliced variant PSM, which lacks the first

57 amino acids. The physiological substrates of PSMA and its variant in the prostate remain unknown,

but PSMA and PSM have the following enzymatic activities: Folate hydrolase activity (193), N-acety-

lated-linked acidic dipeptidase (NAALADase) activity (194), and dipeptidyl peptidase IV activity (195).

Interestingly, a PSMA enzymatic inhibitor (quisqualate) and antisense RNA-to-PSMA delay the growth

of LNCaP (192), suggesting that PSMA may have an important role in prostate cancer (Pca) growth.

The gene encoding PSMA, called FOLH1, is located at chromosome 11p11–p12, containing 19 exons

(196). Further study mapped a PSMA-like gene to another chromosomal region, 11q14. It was suspected

that the PSMA gene was duplicated (exons 2–19) from the PSMA-like gene an estimated 20 million

years ago (196,197). Mice harbor only PSMA-like gene, which is expressed mainly (in decreasing order)

in kidney, brain, testis, and salivary gland, but not in prostate (198). There is a strong likelihood that

PSMA expressions detected in some human tissues are the result of expression of PSMA-like gene (192).

PSMA has drawn attention for clinical use because of its expression patterns. Serum PSMA in patients

with prostate cancer is significantly higher than in normal men and patients with benign prostate hyper-

plasia, suggesting that PSMA can be a marker protein for prostate cancer diagnosis. Because the level

of PSMA expression is downregulated by androgen, patients undergoing hormone ablation therapy

exhibit increasing serum PSMA expression. Consistently, its expression is further elevated in patients

with more malignant bone and lymph node metastatic prostate cancers (199,200), suggesting enhanced

expression of PSMA as prostate cancer progresses (201,202).

Such expression patterns have led to several studies using PSMA for prostate cancer diagnosis and

therapy. Currently, the PSA level in serum is a widespread diagnostic marker for prostate cancer, but

PSA is limited in its usefulness (203) to predict tumor burden and metastatic potential. Furthermore,

PSA levels in serum are unable to differentiate between prostate cancer and benign prostatic hyper-

plasia. These limitations require other marker proteins for diagnostic purposes. Reports indicated that

PSMA could be an alternative or complementary marker for prostate cancer progression (204–206).

PSMA is a marker protein for prostate cancer, and its almost-exclusive, prostate-restricted expres-

sion enabled several studies using PSMA as a target protein for prostate cancer therapy. Primary T lym-

phocytes expressing artificial T-cell receptor-zeta-CD28 fusion protein, which recognizes PSMA,

effectively lysed tumor cells expressing PSMA (207). Warren et al. (208) used the enzymatic activity

of PSMA to convert a synthetic amoebapore helix 3 peptide to cytolytic peptide directed against

PSMA-expressing cells. Antibodies against PSMA have been developed for diagnostic purposes and

for targeting the prostate. Despite these promising beginnings, study of the regulation of PSMA expres-

sion is far from complete.
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A 1.2-kb PSMA promoter upstream of FOLH1 gene mediating high reporter activity has been cloned

(196). However, we and others have observed significant activity of this 1.2-kb PSMA promoter in

several PSMA-negative cells, such as PC-3, HEK293, HeLa, and MCF-7 cells (209,210; Kao, C., 2003,

unpublished data). This leaky activity of the 1.2-kb PSMA promoter might contribute to the weak

expression of PSMA in organs other than the prostate. Unlike 1.2-kb PSMA promoter, the PSMA

enhancer core (PSME) residing in intron 3 of PSMA gene (FOLH1) exhibited very strong prostate-

specific activity only in PSMA-positive LNCaP, C4-2, CWR22rv, and MDA Pca 2b cells, with very

low activity in PC-3 cells and no activity in other PSMA-negative cells tested (211).

Like PSMA expression, PSME is negatively regulated by androgens, so it exhibits much higher

activity at low levels or in the absence of androgens (200–211). The PSME enhancer element can be

functionally split into three regions: an upstream region, a direct repeat region, and a partial Alu repeat

sequence, which is a member of the SINE (short interspersed element). We believe that the direct repeat

region is the main element that controls the prostate-specific activity of PSME.

3.4. Chimeric Promoter PSES

Unlike probasin and OC, PSA and PSMA are well-characterized human PSAs. We are actively inves-

tigating the regulatory mechanism of PSA and PSMA expression in AI prostate cancers to achieve

better control of E1a and E1b expression. We found that the main prostate-specific enhancer activity

of PSA enhancer core is located in a 189-bp region called AREc3. The main prostate-specific enhancer

activity of the PSMA enhancer core is located in a 331-bp region called PSME(del2). A combination

of AREc3 and PSME(del2), called PSES, showed much stronger transcriptional activity than either

AREc3 or PSME(del2) alone in the presence or absence of androgen and retained tight prostate-spe-

cific activity in cell lines (211). Patients with AI tumors are still in androgen ablation therapy, for which

only low levels of androgen will be present. Overexpressed or mutated AR in AI prostate cancer

together with low levels of residual androgen in the patient might weakly activate AREc3 and slightly

suppress PSME(del2), so both AREc3 and PSME(del2) are likely to have weak activity in AI prostate

cancers under androgen ablation therapy. On the other hand, PSES will have high activity in these AI

prostate cancers, so it is an attractive tool for developing a prostate-restricted, replication-competent

adenovirus for patients with AI cancers.

4. PROSTATE CANCER ANTIMETASTATIC CLINICAL TRIALS:

THEORY TRANSLATES INTO THERAPY

Prostate cancer has been a target for investigators interested in gene therapy. There are 50 gene trans-

fer protocols registered with the Office of Biologic Activities (OAB; http://www4.od.nih.gov/oba/rac/

PROTOCOL.pdf). These protocols range from vaccine approaches to oncolytic adenoviral approaches

and comprise 15% of the 357 cancer therapy protocols. A majority of the clinical protocols toward

metastatic prostate cancer involve vaccine-based approaches to engage and stimulate the immune sys-

tem to combat sites of metastases. Several of the nonvaccine approaches targeting metastatic prostate

cancer demonstrate the ability to translate the basic understanding of the prostate cancer cell to a clini-

cal trial. The three clinical trials discussed next are based on the theory described throughout this chapter

demonstrating that these basic investigations in biology of prostate cancer metastasis can be translated

to the clinic and confirm the hypothesis proposed in the introduction.

4.1. Phase I Study of Ad-OC-TK Plus Valacyclovir

for the Treatment of Metastatic or Recurrent Prostate Cancer

Using the principles outlined in this chapter, we designed, preclinically tested, and clinically verified

the phase I study of Ad-OC-TK plus valacyclovir for the treatment of metastatic or recurrent prostate

cancer (OBA 9812-276). We designed a clinical protocol to test the hypothesis that the osteocalcin

promoter can transcriptionally regulate HSV-TK production specifically within a prostate cancer cell
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and the supportive cells of a bone metastasis (212). The protocol and patients enrolled are described

in ref. 8. The clinical results and laboratory correlates are fully outlined in ref. 213. This clinical trial

represents the ability to develop a hypothesis, design a gene therapy approach, and validate this

approach in vitro and in vivo and in the clinic. The hypothesis was that the osteocalcin promoter could

transcriptionally regulate HSV-TK production when delivered to osseous metastases by an adenovi-

ral vector and kill prostate cancer cells with acyclovir administration. Table 6 of ref. 213 summarizes

that this trial’s laboratory correlates validate the hypothesis put forth at the onset of the trial. Immu-

nohistochemical analysis of the specimens before, during, and after therapy revealed that pros-

tate cancer has sufficient coxsackie-adenovirus receptor and osteocalcin expression and that exposure

to Ad-OC-TK resulted in TK production and decreased proliferation (ki-67) and increased apoptosis

(apotag) with valacyclovir administration.

4.2. Phase I/II Dose-Finding Trial of the Intravenous Injection

of Calydon CV787, a PSA Cytolytic Adenovirus, in Patients

With Hormone-Refractory Metastatic Prostate Cancer

The ongoing phase I/II dose-finding trial (OBA 9910-345) of the intravenous injection of calydon

CV787 harnesses the oncolytic potential of the adenovirus under the transcriptional regulation of the

PSA and probasin promoters. This trial was designed with systemic administration of the cytolytic

virus in men with hormone-refractory metastatic prostate cancer. The preliminary results are that the

transcriptional targeting provides the safety of a systemic adenovirus, with viremia occurring at the

time of injection and several days after the injection. Limited information on the clinical results of

this trial is available, but the safety profile is supportive of this approach.

4.3. Phase I Study of Intratumoral Injections of Ad-OC-E1a

for Metastatic or Locally Recurrent Prostate Cancer,

Part 1: Dose Finding; Part 2: Index Lesion Escalation

The proposed phase I trial (OBA 0010-426) builds on the OC-TK trial in Section 4.2. by harness-

ing the oncolytic potential of the adenovirus Ad-OC-E1a via direct injection into bone metastases.

Matsubara et al. validated this approach preclinically (214). The enhanced strength of the oncolytic

approach should lead to improved clinical responses.

5. SUMMARY

Antimetastatic gene therapy for prostate cancer remains a formidable challenge. Thorough bench

investigations followed by clinical trials supported by extensive laboratory correlates should allow for

the ultimate development of a gene therapy.
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Drug Resistance Gene Transfer as an Antitumor Strategy

Colin L. Sweeney and R. Scott McIvor

1. INTRODUCTION

The application of gene transfer techniques holds great promise for improved antitumor therapy.

The overall goal of gene transfer in the treatment of neoplastic disease is either to augment the body’s

ability to eliminate the tumor or to somehow specifically weaken the tumor, in each case relative to

other, normal tissues in the body. Other chapters in this volume describe direct molecular, immuno-

logical, prodrug activation, and antiangiogenic approaches as genetic antitumor therapeutic strate-

gies. Another approach that has been explored is the introduction of genes conferring resistance to

chemotherapeutic agents into normal cells and tissues as a means of protection from the toxic side

effects of cancer chemotherapy. The systems that have been the most extensively studied for this pur-

pose are the P-glycoprotein or multidrug resistance (MDR) system, drug-resistant forms of dihydro-

folate reductase (DHFR), and O
6
-alkylguanine-DNA alkyltransferase (AGT), although other systems

have emerged as well.

In general, the therapeutic strategy involves the introduction and expression of a drug resistance

gene in hematopoietic cell populations, thereby rendering the chemotherapeutic agent less toxic for

the recipient and allowing more effective antitumor chemotherapy either through more aggressive

drug administration or by reduced side effects at an unescalated dose. A related application of drug

resistance gene transfer is for the purpose of achieving in vivo selection.

This chapter reviews the molecular basis of these drug resistance systems, preclinical and clinical

evidence for their effectiveness in supporting improved antitumor chemotherapy, and the prospects

and challenges for future development and application of drug resistance gene transfer. In general,

these drug resistance systems were first characterized in cultured mammalian cells, sometimes as domi-

nant selectable and amplifiable markers, providing some of the first molecular and pharmacological

insights into their potential for in vivo application. Application of germline and somatic cell gene

transfer technologies allowed the evaluation of these systems in the in vivo setting (in mice and, in

some cases, larger animals). These applications have progressed to clinical trials, with several reports

of clinical MDR gene transfer and with several other drug resistance gene transfer trials pending. In

reviewing the status of these different systems as adjuncts for improved chemotherapy, we empha-

size the key goal of increased dose tolerance in these studies and its subsequent application to antitu-

mor effectiveness either in the preclinical or in the clinical setting.

2. DRUG RESISTANCE SYSTEMS

2.1. Multidrug Resistance (MDR)

The human mdr-1 gene encodes P-glycoprotein, an efflux pump that recognizes a variety of sub-

strates, including a number of anticancer drugs, such as paclitaxel (Taxol), vincristine, doxorubicin,
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etoposide, and actinomycin D, for elimination from cells. The gene product is a 170-kDa membrane

glycoprotein that mediates efflux in an reaction dependent on adenosine triphosphate (ATP) (1,2).

P-glycoprotein contains 12 transmembrane regions and 2 ATP-binding domains (3).

The mechanism of drug efflux by MDR is not clear, but appears to involve removal of lipophilic

drugs from within the plasma membrane (Fig. 1) (4,5). The role of MDR in the development of resis-

tance to these agents was observed in the emergence of drug-resistant tumors that overexpress MDR

(6–8). MDR expression has also been observed in hematopoietic cells, particularly in CD34
+
 precur-

sors (9,10). MDR was subsequently shown to be an effective tool as a dominant and amplifiable selec-

table marker in cultured mammalian cells, supporting the concept of its use for protection from drug

toxicity (11–13). The MDR phenotype has also been associated with the MRP gene (14), which encodes

multi-drug resistance protein, a membrane glycoprotein exhibiting a partial overlap in drug resistance

with MDR (15,16). However, the use of MRP as a selectable drug resistance gene has not been as exten-

sively characterized.

2.2. O
6
-Alkylguanine-DNA Alkyltransferase (AGT)

Deoxyribonucleic acid (DNA)-methylating agents such as temozolomide and chloroethylating agents

such as 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) and mitozolomide cause alkylation at the O
6
 posi-

tion of guanine in DNA and have been used as chemotherapeutic agents for treatment of a variety of

tumors. Treatment with chloroethylating agents results in cytotoxicity because of rapid formation of

a DNA interstrand crosslink between the modified guanine and the complementary strand cytosine.

The mechanism of toxicity of methylating agents appears to involve chromosomal breaks induced

by abortive mismatch repair following replication (reviewed in ref. 17). AGT, also known as O
6
-methyl-

guanine-DNA methyltransferase (MGMT), is a protein that repairs damage caused by DNA-alkylat-

ing agents. Mammalian AGT repairs O
6
-methylguanine adducts in double-stranded DNA, but can also

act on other alkyl groups at the O
6
 position of guanine and can repair O

4
-methylthymine. AGT repairs

alkylated DNA by direct stoichiometric transfer of the alkyl adduct to an internal cysteine residue

(Fig. 2) (reviewed in ref. 17). This transfer is irreversible, resulting in inactivation of the alkylated

AGT protein in what has been termed a “suicide” process.

Human AGT is a 207-amino acid, 21-kDa protein for which the crystal structure has been solved

(18,19). Human bone marrow and hematopoietic progenitor cells have a low level of endogenous

AGT expression (20), explaining the dose-limiting myelosuppression for alkylating agents in chemo-

therapy. In addition, many tumors exhibit high levels of AGT activity, rendering them more resistant

to alkylating agents (21,22).

Fig. 1. MDR activity. MDR is a membrane glycoprotein that mediates the ATP-dependent efflux of numer-

ous toxic drugs (small circles), such as Taxol, accumulating in the cell membrane.
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DNA repair by mammalian AGT can be inhibited by free-base substrates such as O
6
-benzylguanine

(BG). BG directly competes with alkylated DNA for binding to AGT, permanently inactivating human

AGT through transfer of the benzyl adduct of BG to the cysteine acceptor site of the protein (reviewed

in ref. 17). In conjunction with alkylating agents, BG has been shown to increase cytotoxicity in

human tumor cell lines in vitro (23,24) and decrease tumor growth in xenograft models (25–27); it is

under testing in clinical trials (28–31).

A number of mutant AGT proteins have been established that exhibit increased resistance to BG

(32,33). These mutations are located near the cysteine acceptor site at amino acid 145 of human AGT.

In particular, mutations at positions 140 and 156 have been extensively studied. Mutation of proline

at position 140 to alanine (P140A) or lysine (P140K) results in a 25-fold or greater than 6000-fold

increase, respectively, in resistance to BG compared to wild-type AGT (33). A glycine-to-alanine substi-

tution at position 156 (G156A) results in a 240-fold increase in resistance; a double mutation of proline

to alanine at position 140 and glycine to alanine at position 156 (P140A/G156A) results in a greater

than 1200-fold increase (32). Introduction of mutant AGT genes into cell lines has been shown to pro-

vide protection from cytotoxicity caused by the combination of BG and DNA-alkylating agents (34,35).

2.3. Dihydrofolate Reductase (DHFR)

A third drug resistance system that has been developed is that of mutant, drug-resistant forms of

DHFR. This enzyme catalyzes the nicotinamide adenine dinucleotide phosphate-dependent conver-

sion of dihydrofolate to tetrahydrofolate (Fig. 3), an immediate precursor to numerous folate metab-

olites that serve as one-carbon donors in cellular metabolism, including de novo purine biosynthesis

and thymidylate synthesis (36). Antifolates such as methotrexate (MTX) and trimetrexate are tight-

binding, substrate analog inhibitors of DHFR, and treatment of cells with these drugs results in pro-

found inhibition of cellular metabolism and a subsequent antiproliferative effect. MTX has been used

as an effective antitumor agent, most notably in the treatment of acute lymphocytic leukemia, osteo-

sarcoma, Ewing’s sarcoma, and choriocarcinoma (37,38). However, there are significant toxicities asso-

ciated with the administration of MTX, particularly myelosuppression and gastrointestinal toxicity.

Fig. 2. AGT activity. Agents such as BCNU modify DNA (double wavy lines) by alkylating guanine bases

(Alk–). AGT (small circles) removes these alkyl adducts in a stoichiometric fashion, a process inhibited by O
6
-

benzylguanine (BG), unless the AGT is a mutant form resistant to BG.

Fig. 3. DHFR activity. DHFR converts dihydrofolate (DHF) to tetrahydrofolate (THF) in the presence of the

reduced form (NADPH
2
) of nicotinamide adenine dinucleotide phosphate (NADP

+
). The reaction is inhibited

by antifolates such as methotrexate (MTX).
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Cellular resistance to MTX has been associated with DHFR gene amplification, reduced drug

transport, and alterations in intracellular glutamylation or deglutamylation of the drug (discussed in

ref. 39). Coamplification of genes along with DHFR has been used extensively as a means of engi-

neering cells to express high levels of proteins in mammalian cells. The existence of drug-resistant

forms of DHFR as another mechanism by which cells become resistant to antifolates was suggested

early on by kinetic inhibition studies of enzyme extracted from several different cell lines adapted to

grow at high concentrations of MTX (see ref. 39). The mutation hypothesis was subsequently verified

by the sequencing of a DHFR complementary DNA (cDNA) clone encoding a leucine-to-arginine

substitution at codon position 22, isolated from a MTX-resistant 3T6 cell line expressing drug-resis-

tant DHFR (40). That this mutation in the DHFR gene conferred resistance to MTX was confirmed

by transfection of expression plasmids into numerous cultured mammalian cell lines, demonstrating

that the modified sequence functioned as a dominant selectable marker similar to the microbial NEO

and EcoGPT genes characterized at around the same time.

Since the original isolation of the murine L22R mutation, there have been numerous studies of the

generation and characterization of drug-resistant DHFRs, with implications for the application of these

drug resistance genes both in vitro and in vivo. These reports have included the isolation of cDNA

clones from drug-resistant cell lines, screening for drug-resistant forms in Escherichia coli, and site-

directed mutagenesis (reviewed in ref. 39). Our laboratory used a polymerase chain reaction-based

saturation mutagenesis strategy coupled with MTX selection in mammalian cells to isolate a series of

13 recombinants at positions 22 and 31 of the murine DHFR gene conferring drug resistance (41).

Rational design of substitutions at several positions in the DHFR active site has also generated

numerous forms that confer substantial resistance to antifolates, including the study of double mutants

(39). Generation of these variants and characterization of their kinetic inhibition properties have

provided insight into the relationship between the structure and the function of the DHFR active site

and have provided tools for conferring drug resistance and for selection of target cell populations in

gene transfer studies.

In general, there is a trade-off between the degree of drug resistance and the level of retained cata-

lytic activity exhibited by any particular DHFR variant. The originally isolated L22R mutant, for exam-

ple, is characterized by a high degree of resistance to MTX (for us, the 50% inhibitory concentration

[IC
50

] increased by 2000-fold compared to wild type), but is catalytically impaired, exhibiting only 1

to 2% of the wild-type level of activity (41).

The mutagenesis studies described here generated several mutant forms that exhibited an improved

combination of drug resistance and catalytic activity (reviewed in ref. 39), such as the human and murine

L22Y variants. In general, examination of the kinetic inhibition character of these variant enzymes and

the associated cellular resistance conferred by their expression has provided an essential basis for their

application in chemoprotection and in vivo selection, as described next.

3. IN VIVO PROTECTION OF ANIMALS

FROM DRUG TOXICITY: STUDIES IN THE MOUSE

The MDR, AGT, and DHFR systems have been examined extensively in the mouse as a small

animal model system for the potential of drug resistance gene expression in hematopoietic cells to

allow rescue from the toxicity associated with chemotherapeutic drug administration. These studies

have employed transgenic animals expressing drug resistance genes and retrovirally transduced mar-

row transplanted into normal recipients to target drug resistance genes for expression in hematopoi-

etic cells. Results from these studies provided considerable proof of principle for the concept of drug

resistance gene expression providing increased resistance of animals to chemotherapeutic agents,

with implications for the application of this approach in dose intensification strategies or to achieve

reduced toxicity at currently applied doses of antitumor agents.
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The use of MDR for chemoprotection was first demonstrated in experiments in which the gene was

expressed in transgenic mice (42,43); resistance to a number of agents, including Taxol and dauno-

mycin, was observed not only in the transgenics, but also in animals that had been transplanted with

marrow obtained from MDR transgenics (44). Retroviral transduction strategies emerging at the time

were then used to demonstrate that transduction and expression of MDR in mouse marrow conferred

significant resistance to hematological toxicity in animals administered Taxol or bisantrene (45,46).

Hanania et al. (45) demonstrated gene transfer into hematopoietic stem cells in serial transplant

experiments in which expression of the transduced gene was maintained through multiple serial marrow

transplants in mice over a 17-month period. Transduction studies have been hampered by decreased

MDR expression because of aberrant splicing from MDR cDNA in retroviral vectors (47–49). Trans-

plant with MDR-transduced marrow has also been associated with a myeloproliferative disorder in

some animals (50,51).

In the AGT system, compared to mice transplanted with lacZ-transduced marrow, Davis et al. (52)

reported significantly improved survival in lethally irradiated mice transplanted with bone marrow

progenitors transduced with a retrovirus encoding G156A AGT and treated with BG and BCNU. In

addition, BG and BCNU treatment increased the percentage of bone marrow cells expressing G156A

AGT at 13 weeks posttransplant from 30 to 60% and increased BG/BCNU resistance of G156A-trans-

duced colony-forming cells collected at 23 weeks posttransplant compared to lacZ-transduced cells

or untreated mice, demonstrating in vivo selection of bone marrow progenitor cells expressing a drug-

resistant AGT (see Section 5.).

Protection from a potential mutagenic effect of treatment with BG and temozolomide was demon-

strated by Chinnasamy et al. (53) using the P140A/G156A mutant AGT. Decreased micronucleus for-

mation in bone marrow was observed in drug-treated mice following transplant with transduced marrow.

Relevant to human applications, transduction of primary human CD34
+
 cells with a retroviral vector

encoding the G156A mutant AGT resulted in increased resistance to BG plus BCNU in methylcellu-

lose colony-forming assays compared to untransduced cells (54) and in more primitive long-term

culture-initiating cells compared to cells transduced with a control lacZ vector (55).

Early transgenic work was conducted by Isola and Gorden in the DHFR system (56), establishing

animals bearing the L22R murine DHFR transgene. DHFR gene transfer into hematopoietic cells was

demonstrated by Hock and Miller in in vitro analyses (57), with subsequent demonstration of protec-

tion from lethal doses of MTX by engraftment with DHFR-transduced marrow by Williams et al. (58).

Corey et al. demonstrated the maintenance of drug resistance in serially transplanted marrow cells,

confirming retroviral transduction and drug resistance of long-term repopulating hematopoietic stem

cells (59). Numerous drug-resistant DHFRs have subsequently been tested and found to confer pro-

tection from the toxicity of MTX or trimetrexate by expression in hematopoietic cells (39).

Studies in our laboratory utilized a transgenic model system on a syngeneic background, allowing

conditions that can be highly controlled with respect to the frequency and character of drug-resistant

cells introduced into recipient animals (60,61). Although highly artificial in the sense that all of the

DHFR-expressing cells contain the identical transgene, this system provides considerable reproduc-

ibility between groups and between experiments, which has greatly facilitated hematological and

pharmacological characterization of the drug resistance conferred in recipient animals.

We initially demonstrated drug resistance in FVB/N recipient animals transplanted with syngeneic

L22R and L22Y DHFR transgenic marrow (61,62). Transplantation with L22R transgenic marrow

conferred resistance to MTX administered daily at a dose of 4 mg/kg, which was surprising because

this dose causes not only myelosuppression, but also substantial gastrointestinal toxicity in mice

(62). Chemoprotection under these conditions was not associated with reduced drug levels, assessed

in pharmacokinetic experiments (63). We found that there was a significant increase in villus length

in animals protected by transplantation with L22R DHFR transgenic marrow (62), and that there was

substantial infiltration of donor DHFR transgenic cells into the small intestine of engrafted animals
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(61). An intriguing possibility that arises from these results is that engraftment with drug-resistant

marrow also protects recipients from the gastrointestinal toxicity of MTX administration. The cellu-

lar and molecular mechanisms by which this cross-protection occurs is currently under investigation.

Use of the transgenic system subsequently allowed us to demonstrate the importance of more

committed drug-resistant progenitors in mediating drug resistance soon after transplant (64) and

allowed us to obtain a precise determination of the increase in maximum tolerated dose conferred by

engraftment with L22R and L22Y DHFR transgenic marrow (a two- to threefold increase) (61,65).

We also observed significant drug resistance in animals transplanted after nonmyeloablative condi-

tioning subsequently engrafted at a level as low as 1% donor DHFR transgenic cells (66). Although

the mechanism by which such low-level engraftment confers drug resistance on recipient animals has

yet to be determined, these results indicate that only a moderate level of gene transfer (greater than

1%) will be necessary to confer protection from antifolate toxicity.

4. APPLICATION OF DRUG RESISTANCE

GENE TRANSFER FOR IMPROVED ANTITUMOR THERAPY

One of the primary purposes of drug resistance gene transfer is to improve dose tolerance in the

subject, thus providing either reduced toxicity at existing doses of antitumor chemotherapy or allow-

ing dose intensification. Although there has been much accomplished in experimental animals dem-

onstrating reduced toxicity after drug resistance gene transfer (described in Section 3.), studies testing

the applicability of this increased drug resistance for improved antitumor therapy have been limited.

Zhao et al. demonstrated improved survivability of mice bearing EO771 mammary adenocarci-

noma tumors when transplanted with marrow exposed to a variant serine-31 DHFR retrovirus and

subsequently administered MTX (67). Hanania and Deisseroth demonstrated more effective treat-

ment with Taxol of 11A1 mammary tumors transduced with a p53 chemosensitization vector in mice

transplanted with MDR-transduced marrow (68). The efficacy of mutant AGT for improved tumor

chemotherapy was tested by Koç et al. in a BCNU-resistant SW480 human colon cancer xenograft

model in mice transplanted with marrow transduced with the G156A mutant AGT (69). Multiple

rounds of administration of BG and BCNU resulted in selection for transduced G156A marrow and

consequently improved drug tolerance in mice and significantly delayed tumor growth at high doses

of BG plus BCNU that were lethal to mice lacking G156A marrow.

In our laboratory, we have utilized the predictable increase in MTX dose tolerance in recipients of

L22Y DHFR transgenic marrow to test its utility in the treatment of several tumors of varying anti-

folate sensitivity. In this system, escalated doses of MTX were not found to be effective against the

32Dp210 murine model of chronic myeloid leukemia (CML); in fact, MTX exacerbated tumorigen-

icity (70). However, administration of an increased trimetrexate dose significantly delayed tumor onset,

and tumor did not emerge when trimetrexate was coadministered with the nucleoside transport inhibi-

tor prodrug nitrobenzyl-mercaptopurine-riboside phosphate (NBMPR-P), which inhibits salvage of thy-

midine and purine nucleosides, thereby increasing antifolate potency (71–73). Although tumor did

emerge after withdrawal of drug administration, these experiments demonstrated the potential useful-

ness of antifolates against CML in this model system when administered at the increased doses afford-

able by expression of drug-resistant DHFR. This, in combination with an antisense approach targeting

the breakpoint of the BCR/ABL oncogene in CML (74), is under exploration as a therapeutic approach

at the University of Minnesota.

We also established FVB/N mammary carcinoma (FMC), a new mammary adenocarcinoma main-

tained as a subcutaneous, transplantable tumor line in FVB/N mice, for testing in combination with the

syngeneic transplant system established as described using DHFR transgenic marrow. The FMC tumor

did not exhibit appreciable sensitivity to MTX, even at the higher doses achieved in animals engrafted

with DHFR transgenic marrow or in DHFR transgenic animals (75). Improved antitumor activity was

observed, however, when animals were treated with trimetrexate, particularly when administered in
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combination with NBMPR-P (76). Our work with the 32Dp210 and FMC tumors indicated that, for

tumors that do not exhibit sensitivity to MTX, use of an alternate antifolate such as trimetrexate in com-

bination with a nucleoside transport inhibitor can be an effective antitumor approach, particularly

when a more aggressive regimen can be administered as a result of drug-resistant DHFR expression.

It is anticipated that MTX dose escalation will be more effective against tumors exhibiting greater

sensitivity to this drug, and these studies are currently under way in the transgenic model system.

5. IN VIVO SELECTION OF HEMATOPOIETIC

CELLS EXPRESSING DRUG RESISTANCE GENES

The anticipated effectiveness of therapeutic gene transfer into hematopoietic cells is currently

limited by the efficiency of the process in large animals and humans. There is great hope for improved

gene transfer efficiency through the use of alternate vectors, such as lentivirus vectors (77) or foamy virus

vectors (78), or through alternate exposure and cell-processing procedures (79). Another approach

for increasing the representation of transduced cells in the circulation is by in vivo selection through

the application of some pharmacological selection pressure. All three of the major drug resistance

systems have been tested for this purpose, generating varying results with respect to the stability of

enriched engraftment levels and the extent of enrichment from low initial levels of engrafted cells

containing the drug resistance gene.

In independent studies in the MDR system, Sorrentino et al. (80) and Podda et al. (81) found an

increase in MDR-transduced peripheral blood leukocytes after administration of Taxol, demonstrat-

ing the usefulness of drug selection in achieving increased representation of cells expressing the drug

resistance gene. However, selection at the level of hematopoietic stem cells capable of stable, long-

term engraftment was not conclusively demonstrated in these studies. One potential explanation for

the lack of selectivity at the stem cell level is the relatively high level of endogenous MDR expres-

sion in more primitive hematopoietic cells (9,10). Such expression could make it difficult to achieve

conditions of differential survivability between endogenous stem cells and newly introduced stem

cells transduced with an MDR-encoding vector. Introduction of mutant MDRs resistant to inhibitors

of wild-type P-glycoprotein (82,83) may allow selection of transduced stem cells over endogenous

cells expressing only wild-type MDR.

Use of the DHFR gene for in vivo selection was anticipated for many years, but the approach was

not brought to fruition until the problem was addressed and solved by Allay et al., who demonstrated

that exposure to antifolate (trimetrexate, in this case) was not by itself effective in mediating stem

cell toxicity, and that stem cell toxicity required coadministration of NBMRP-P to prevent nucleo-

side salvage and rescue from antifolate toxicity (72). Allay et al. then went on to demonstrate the

utility of this pharmacological approach in expanding DHFR (human L22Y)-transduced cells in a

way that was stable in long-term primary recipients and in secondary transplant recipients as well

(84). Our laboratory corroborated the selectivity of DHFR-expressing stem cells using the transgenic

model system under similar pharmacological conditions as those described by Allay et al. (85,86).

However, reliable conditions for in vivo selection of DHFR-expressing stem cells from an initial low

level of engraftment (from 0.1 to 1.0%) have yet to be established.

The AGT system has emerged as the most successful with respect to the goal of achieving effec-

tive conditions for in vivo selection. Drug-resistant AGT was demonstrated to allow for up to 940-

fold enrichment of limiting numbers of G156A-transduced marrow progenitors transplanted into

nonmyeloablated mice following administration of BG and BCNU (87), a level of in vivo selection

greater than that observed using other drug resistance genes. Ragg et al. (88) and Sawai et al. (89)

reported, based on subsequent hematopoietic reconstitution of secondary transplant recipients, in vivo

selection at the hematopoietic stem cell level by drug treatment in mice transplanted with P140K-

transduced marrow. Drug administration in these studies consisted of BG and BCNU once a week for

4–5 weeks (88) or BG and temozolomide five times a week every 3–4 weeks (89).
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In contrast with the AGT system, stem cell selection in the DHFR system has required daily admin-

istration of trimetrexate plus NBMPR-P for up to 2 weeks and for several rounds of treatment over an

extended period of time. The difference between these two systems most likely lies in their very dif-

ferent mechanisms of action. For the antifolates, selection is based on the antiproliferative effect result-

ing from depleted pools of purine and thymidine nucleotides, requiring continued presence of the drug

during the selection process. For alkylators such as BCNU, a single exposure results in DNA modifi-

cation, such that subsequent proliferation in the absence of drug triggers an apoptotic signal and cell

death unless the damage has been repaired by AGT.

6. STUDIES IN LARGE ANIMALS AND HUMAN TRIALS

Studies of drug resistance gene transfer and expression in large animals to date have been limited,

but nonetheless instructive, with respect to the cellular, genetic, and pharmacological challenges of

gene transfer in an expanded setting. Stead et al. reported early ex vivo retroviral DHFR gene transfer

studies in dogs, in which interpretability was limited because of low-efficiency gene transfer (90). In

an MDR gene transfer study in marmosets, Hibino et al. reported detection of transduced hematopoi-

etic cells up to 400 days posttransplant, but the low levels (less than 1%) of transduced peripheral

blood granulocytes did not protect animals against docetaxel-induced neutropenia (91). Long-term

low-level engraftment was observed in rhesus macaques infused with MDR-transduced marrow; there

was an initial high level of transduced cells that subsequently dropped to low levels despite cytokine

administration (92). A report of ex vivo MDR gene transfer in dogs documented the emergence of

transduced peripheral blood cells after Taxol administration, but after the drug was withdrawn, the

level of transduced cells subsided, although it remained detectable for 16 months (93).

These results indicate that, although successful transduction of primitive hematopoietic stem cells

has been achieved, selective outgrowth is occurring primarily in more differentiated cell populations,

among which nontransduced cells appear to be more sensitive to drug administration than more prim-

itive cells, so the selective benefit is lost on drug withdrawal. An exception to this trend in large ani-

mals has been observed in the AGT system, in which a stable increase in AGT-positive cells was observed

in dogs after administration of BCNU plus BG (94). These results provide hope for the application of

drug resistance gene transfer and expression as a means of conferring in vivo selection pressure to increase

the representation of gene-transduced cells in vivo.

The success of MDR gene transfer studies in animals provided preclinical support for several

human trials of MDR gene transfer (Table 1). These trials were designed to test first for the effective-

ness of retroviral transduction conditions in mediating gene transfer into hematopoietic cell popula-

tions, then to determine whether the treatment would confer protection of patients from myelosuppres-

sion should they relapse at some time posttransplant and thus require chemotherapy.

Hanania et al. (95) reported a high level of transduction in granulocyte-macrophage colony-form-

ing units (CFU-GM) that did not appear to contribute to engraftment posttransplant because the pres-

ence of MDR-marked cells was not detected in patients. Cowan et al. (96) reported that relatively high

levels (9%) of MDR-marked granulocytes were maintained during multiple rounds of paclitaxel admin-

istration in one patient transplanted with MDR-transduced marrow, but these levels eventually declined.

Low-to-undetectable cell marking in patients has also been reported in several studies (48,96–98).

Using improved retroviral transduction procedures, Abonour et al. (49) achieved a higher level of MDR

gene transfer in hematopoietic cells and reported a transient increase in transduced cell representa-

tion on administration of Taxol. This study has been widely regarded as providing evidence for the

feasibility of gene transfer into human hematopoietic stem cells and extended the concept of in vivo

selection to the human setting.

Of all the drug resistance systems discussed in this chapter, MDR has advanced the furthest in

clinical application. However, even for MDR, the primary purpose of the genetic manipulation (i.e.,
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to allow more aggressive antitumor chemotherapy or reduced toxicity at an unescalated dose) has yet

to be addressed in the human clinical setting.

7. CONCLUSION AND FUTURE STUDIES

Hematopoietic cells have long been considered a key target population for therapeutic gene trans-

fer, and the introduction of drug resistance genes is a major strategy by which gene transfer into

hematopoietic cells might be applied in the treatment of cancer. Advances in the field as summarized

in this chapter demonstrate the potential of this strategy in preclinical model systems and in early

human clinical trials. The ability to render animals less sensitive to drug toxicity is apparent for several

combinations of chemotherapeutic agents and drug resistance genes, indicating the potential for reduc-

ing the severity of toxic responses associated with cancer chemotherapy. The extent to which dose escala-

tion might be applied for improved antitumor therapy will depend on the actual increase in dose tolerance

achieved through drug resistance gene expression (61,62,65). Applicability of increased dose tolerance

can then be tested directly in tumor-bearing animals for improved antitumor effect at the higher doses

tolerated by drug resistance gene expression (71,75,76).

Drug resistance genes may also be applied for the purpose of in vivo selection, expanding the pop-

ulation of cells expressing the drug resistance gene by administration of the selective agent (52,80,81,

84–89). Applicability of this approach will depend on the degree to which expansion of cells express-

ing the drug resistance gene can be achieved, starting from the relatively low frequencies of gene trans-

fer currently feasible in large animals and humans. Such selectivity would extend the utility of drug

resistance gene transfer to the treatment of inherited diseases and other conditions in addition to cancer.
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Chemosensitization

Per Eystein Lønning

1. BACKGROUND

With a few important exceptions like dysgerminomas, some lymphoproliferative states, and child-

hood malignancies, chemotherapy for advanced cancer offers temporary relief only because of develop-

ment of drug resistance. Although adjuvant endocrine as well as chemotherapy may improve long-term

survival in breast cancer (1,2) and probably other solid tumors like bowel cancer (3), the modest improve-

ments indicate that only a minor fraction of those exposed to such therapy benefits. Accordingly, drug

resistance is the main cause of therapy failure, and subsequent death, in malignant diseases.

The key problem is the lack of understanding of the mechanisms of drug resistance. This relates

not only to cytotoxic compounds, but also to other forms of treatment, including endocrine agents as

well as novel “targeted” compounds (see Section 5.). Taking breast cancer, the malignancy most

extensively studied so far, as an example, the literature provides a list of prognostic factors; however,

predictive factors, indicating which patients may actually benefit from a certain therapy, are few (see

ref. 4 for a detailed discussion of the difference between the parameters “prognostic” and “predictive”

factors). Although studies have analyzed the biology of different cancers like tumors of the breast,

lung, prostate, and the nervous system using microarray techniques (5–12), so far the results have

improved prognostication only; understanding of the mechanisms of resistance is no closer.

Defining sensitization as any strategy aimed at modulating the activity of cytotoxics, the term

includes not only different forms of gene therapy (including viral vectors, ribozymes, and small inter-

fering ribonucleic acids), but also administration of different compounds, like monoclonal antibodies

and small molecules. Notably, proof-of-concept results achieved with such strategies may suggest

that, in some cases, the pathways outlined could be attached by even more effective strategies involv-

ing viral transfections as well as use of genetically engineered cells. Thus, at this stage, it is important

to consider results achieved through all these alternative strategies to explore directions for future

studies in gene therapy.

In theory, sensitization could be divided into two major categories, those aimed at restoring an

abnormal or defect function in the tumor cell (like inhibiting overexpressed P-glycoprotein or erbB-2,

repairing gene defects in the apoptotic pathway, and so on) and those aimed at introducing a “second

antitumor strategy” (like inhibiting the insulinlike growth-factor receptor I, commonly expressed in

all tissues with exception of the liver) that could potentiate, for example, the effect of a chemothera-

peutic compound. In practice, many strategies, like antiangiogenetic therapy, could be grouped under

both headings, depending on whether vessel growth in malignant tissue is considered a physiological

process in response to cancer growth or a key factor involved in the pathological process itself.

In practice, sensitization to chemotherapy or radiotherapy may be achieved by different approaches

(Fig. 1; Table 1), like manipulating local blood flow or blood gas tension (13–15), modulating drug



336 Lønning

disposition by inhibiting membrane pumps or conjugating enzymes (16,17) or attacking oncogenes

(like erbB-2) as well as cyclins (18–20). Another important approach may be repair of defects in over-

expressed genes involved in growth arrest or apoptosis that may be inactivated through mutations

(21), hypermethylations (22,23), or dominant negative splice proteins (24,25). In addition to restor-

ing gene defects, an approach may be to overexpress a gene expressed as wild-type in the tumor cell

to achieve a pharmacological effect (26).

Fig. 1. Potential mechanisms of sensitization: A, blocking membrane pumps extruding drugs from the cell

(e.g., P-glycoprotein); B, blocking growth receptors, like the erbB-2 heterodimer with trastuzumab; C, inhibit-

ing different tyrosine kinases; D, stimulating (retinoic acid) or blocking (antiestrogens) steroid receptors; E,

repairing gene defects in the apoptotic/growth arrest pathway or inhibiting cyclines; F, depriving tumors of

their blood supply (oxygen and nutrients); G, oncolytic viruses.

Table 1

Potential Targets for Chemosensitization Based on Contemporary Knowledge

Manipulating drug disposition p-glycoprotein?

Other membrane pumps?

Blocking “upstream” targets in tumors expressing erbB-2

proto-oncogenes/particular translocations EGF-R

Retinoic acid receptor

p210
BCR-ABL

KIT protein

Reparing defects in the apoptotic/growth arrest pathway Repair defect p53

Other genes?

Cycline inhibition?

Fas/DR4/5 system?

Inhibiting angiogenesis? Vascular endothelial growth factor

Other factors

Oncolytic viruses See Chapters 13–16
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Considering gene products to act in activating or inhibiting cascades and the likelihood that different

tumors may express defects in different genes involved in such pathways, an alternative approach here

could be to transfect a “common downstream target,” like a caspase, to all tumors. However, as dis-

cussed in Section 4., although such an approach may have a potential as monotherapy, it would prob-

ably increase toxicity if combined with cytotoxic drugs. For some genes, like TP53, gene function may

be enhanced directly not only by transfecting the gene itself, but also by transfecting gene fragments

coding a truncated protein that may activate an otherwise defect amino acid-substituted protein (27).

Importantly, it is not known whether restoration of sensitivity in the bulk of the tumor cells (but

leaving small clones of resistant cells intact) may cure the patient or if every cell needs to be killed.

Evidence from adjuvant therapy in breast cancer that revealed chemotherapy (1) as well as endocrine

treatment (2) to improve long-term survival (understood as killing of micrometastases) despite non-

curability in the metastatic setting may be consistent with the concept that the “last tumor cell” may

be killed by alternative mechanisms (like by the immune system). Notably, the finding that genetic

disturbances like TP53 mutations are seen in small primary tumors (28,29) makes it likely that most

patients suffering from micrometastases may harbor small subfractions of resistant cells.

2. CHEMORESISTANCE

Potential mechanisms of drug resistance are discussed in Chapter 8 and are only mentioned briefly

here. Although different mechanisms such as overexpression of membrane pumps like P-glycoprotein,

multidrug-resistance protein (MRP), and others (16,30); alterations in drug-modulating enzymes like

the glutathione sulfotransferases (31,32); overexpression of proto-oncogenes (33); deletion or amplifi-

cation of topoisomerase II (34–36); and disturbances in the apoptotic function (37,38) have been shown

to cause drug resistance in different experimental systems, evidence linking the different mechanisms

to drug resistance in vivo is limited. Looking at one of the mechanisms most extensively studied in vivo,

overexpression of the P-glycoprotein, there is little evidence supporting a major role for this mecha-

nism in solid tumors; first, it has been difficult to correlate protein overexpression or gene amplification

with chemo-resistance in different tumors (39); second, the therapeutic efficiency of P-glycoprotein

inhibitors in sensitizing solid tumors to chemotherapy remains to be proven (40–43).

Considering treatment options like endocrine manipulation or therapies targeting growth factor

receptors or oncogenes, it is likely that most of the potential mechanisms of resistance to cytotoxic

compounds (like defects in the apoptotic machinery) may be involved here as well. However, in addi-

tion, there is the possibility of defects in the upstream pathways involving the receptor/targets and

their downstream pathways. Taking endocrine therapy of breast cancer as an example, resistance to

hormonal manipulation in tumors expressing the estrogen receptor may involve different mechanisms,

like defect receptor coactivator function, receptor phosphorylation status, as well as several other

potential mechanisms (see ref. 44 for references). However, as all forms of effective therapy are likely

to depend on intact growth arrest and/or apoptosis, this issue should be a main topic for any discus-

sion of sensitization.

Notably, there are several pitfalls in the study of drug resistance in vivo. A major issue is optimal

design of clinical studies. Studying the effects of therapy in early cancer, end points like overall and

relapse-free survival may not necessarily reflect sensitivity to therapy; these outcomes are influenced

by tumor growth rate and metastatic potential in addition to the effect of therapy. Further, an improved

relapse-free survival could be because of durable growth arrest and may not necessarily reflect death

of micrometastatic cells. Finally, it is not known whether the bulk of the cells in the primary tumor

and the micrometastatic cells express similar biological characteristics, creating uncertainties about

the validity of correlating pathological findings from the primary tumor to outcomes like relapse and

cancer death (see ref. 45 for a detailed discussion of these issues). Although novel molecular tech-

niques may allow assessment of the different mechanisms, there is a need for clinical studies designed

especially to address these questions in vivo.
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In the following sections, potential mechanisms of drug sensitizing are reviewed together with

evidence linking potential mechanisms to drug resistance in vivo.

3. ATTACHING THE P-GLYCOPROTEIN

AND RELATED CELLULAR DRUG EXTRUSION MECHANISMS

The substantial number of elegant preclinical studies reporting correlations between expression of

the P-glycoprotein pump protein or amplification of its multidrug resistance gene on the one hand

and lack of drug sensitivity on the other (see references in ref. 16) suggested drug expulsion could

play a key role in depriving chemosensitivity. Based on the finding that P-glycoprotein pump function

could be inhibited by different conventional pharmacological compounds (40,46–52), clinical trials

were implemented to test inhibitory compounds like tamoxifen given in high doses (480–720 mg daily

for 5 days; regular dose 20 mg daily) in concert with the P-glycoprotein substrate etoposide (40,53).

Based on the finding that P-glycoprotein could also be inhibited with cyclosporine (42), cyclosporine

derivatives designed to inhibit P-glycoprotein in a specific manner have been implemented (41,43,54,55).

So far, the results from trials evaluating these compounds have been disappointing, revealing few

clinical effects but significant toxicity problems, mostly related to the fact that these pumps are likely

to play a key role in the excretory functions of visceral organs and probably the blood–brain barrier

(56,57). These effects may cause alterations in the pharmacokinetics of many compounds (58). The

negative findings of these studies with respect to antitumor effects questions a major role for such

mechanisms in chemoresistance and makes targeting of the P-glycoprotein or the multidrug resistance

gene by transfecting methods an unlikely mechanism for sensitization.

Yet, caution needs to be taken in abandoning cellular drug extrusion as a potential mechanism of

drug resistance at this stage (59). The lack of correlation between P-glycoprotein expression and drug

resistance detected in many solid tumors like breast cancer may be because of technical problems

assessing the parameter (39). Although this precludes patients from selection for studies based on

individual tumor characteristics, the possibility may still exist that a modest overexpression could be

biologically important; thus, a subfraction of patients could benefit from such therapies. However,

taking into account the number of pharmacological agents shown to inhibit the pump, if better pre-

dictive factors and biological evidence support the case for future trials, these could probably be

done using classical pharmacological agents with little need for novel transfection strategies.

4. TARGETING DEFECTS IN THE APOPTOTIC/CELL CYCLE PATHWAYS

One of the few factors for which there is substantial evidence linking lack of function to chemore-

sistance to certain drugs is the TP53 gene, which codes for the p53 protein. In addition to several

studies revealing an association between disturbances in p53 function and a poor prognosis in many

malignancies (see references in ref. 29), mutations in the TP53 gene have been linked to drug resis-

tance in preclinical models (37,38) and, most important, to drug resistance in different human can-

cers, like hematological malignancies (60–62) and breast cancers in vivo (21,63). Because mutated

p53 often has an extended cellular half-life caused by its defect in MDM2 binding, ubiquination, and

subsequent degradation (29,64) overexpression of the p53 protein has been used as a surrogate marker

for mutation status. However, many mutations (in breast cancer, about 30%), particularly of the

nonsense type but also some point mutations (probably because of defect folding or enhanced degra-

dation), do not stain (65,66), and use of protein immunostaining as a surrogate parameter is no longer

recommended (29).

The finding that mutations in the TP53 gene predict drug resistance to certain regimens for par-

ticular tumors makes this an interesting target for gene therapy, as does the evidence that its function

may be restored not only by transfecting the whole gene, but also by transfecting gene fragments

coding for particular fragments (27,67). Yet, there are three important problems. First, lack of cross-

resistance to different regimens and the observation that TP53 mutations may predict resistance to
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anthracyclines but not, for example, the taxanes (63) illustrates that the mechanisms of resistance

may differ among different compounds; thus, it is likely that any mechanism defined may predict

only for resistance to a limited number of drugs. Second, even when TP53 mutations have been found

to pre-dict resistance (such as for the anthracyclines in breast cancer), we are left with the finding that

some tumors express drug resistance despite harboring wild-type TP53. It is not known whether

these tumors may harbor gene defects located up- or downstream in the TP53 pathway or whether

mechanisms totally different may be involved. Third, the finding that, in the same setting (66), several

tumors harboring TP53 mutations may respond to the therapy (Table 2) suggests redundant mecha-

nisms may be involved, compensating for the loss.

One explanation for these observations may be that apoptoses in response to genotoxicity may be

executed by redundant “cascades” (Fig. 2A). According to this hypothesis, the observations men-

tioned may be explained by postulating that apoptosis in response to anthracycline treatment may be

executed through (at least) two different pathways, one involving p53. If both of these pathways are

disturbed, the cell becomes resistant to therapy. Thus, drug resistance in tumors harboring wild-type

TP53 may be because of dysfunctions of genes acting up- or downstream of the p53 (Fig. 2A); apop-

tosis in tumors harboring mutated TP53 could be executed through the “redundant” pathway.

Actually, such a model may be consistent with several observations in the literature. Tumor types

known to express poor sensitivity to anthracyclines but harboring wild-type TP53 in general (like

melanomas) may have disturbances in other genes involved in the same pathway, like Apaf-1 (68).

However, this model also illustrates what could be a substantial problem; although we may restore a

defect p53 function and restore sensitivity in the bulk of the cells, the likelihood is high that the tumor

may harbor cellular subclones that escape therapy because of defects in other genes involved in the

same pathway. Cell clones harboring defects in one of the two “redundant” pathways may create a

hazard; despite therapy sensitivity, the fact that they already harbor one of two events necessary for

resistance put them into a high-risk category (analogous to the Knutson “double-hit theory” (69),

with the exception that this deals with two, and not a single, gene).

These considerations may illustrate an important principle that distinguishes drug resistance in

vivo from preclinical models; although preclinical experiments assess the effects of combined gene

defects by knocking out two or more distinct genes (70), in vivo resistance may be characterized by

defects in different genes acting up- or downstream in networks. One problem here may be that, apart

from acting in a “key” pathway, each gene probably influences the function of numerous additional

genes (71,72), as may be illustrated using p53 as an example. Although defects in different genes

involved in a particular cascade could have the same biological effect on that particular function, the

fact that each gene also may activate multiple additional pathways suggests such mutations may create

a different gene profile on microarrays (72), preventing a uniform clustering profile of the resistant

tumor phenotype (depicted in Fig. 2B). Thus, to assess defects in the apoptotic machinery, a detailed

Table 2

Responses to Doxorubicin Administered as Primary Monotherapy

to Patients Suffering From Advanced Breast Cancer (65)

                               Response to therapy

TP53 status Response/stable disease Progressive disease

Wild-type TP53 or mutations not affecting the L2/L3 domains 67 4

TP53 mutations affecting the L2 or L3 domains 14 5

Although we observed a significant correlation between chemoresistance and TP53 mutations affecting the L2 or

L3 loops of the protein (p = 0.008), notably there were patients expressing wild-type TP53 or TP53 mutations not

affecting these loops that did not respond to therapy; other patients harboring L2/L3 mutations responded.
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assessment of the function not only of single genes, but also of several genes working within the

same network, based on an up-front hypothesis, is needed to diagnose the defects.

Considering gene therapy, restoration of gene function in tumors harboring a particular defect

leading to restoration of drug sensitivity would be the ultimate proof for a key biological function of

that factor in the drug response. Direct injections of retroviral- and adenoviral vectors carrying wild-

type TP53 into nonsmall cell lung cancers (NSCLC) harboring TP53 defects have shown antitumor

effects as monotherapy as well as sensitization of tumors to treatment with platinum drugs (73,74).

Pending on strategies for successful systemic administration, the effect of such therapy on relapse

rate and long-term survival will address the value of such a single-gene strategy or provide evidence

whether we need to go for multiple-gene transfection strategies. Interestingly, in vitro experiments

on NSCLC-derived cell lines indicated transfection of CDKN2A to restore radiation sensitivity in cell

lines lacking p16 expression, but only when they expressed a normal p53 function (75).

A second strategy could be to go for particular downstream targets. The caspases represent the

ultimate downstream executors (76); thus, one approach could be to adapt a strategy stimulating the

downstream caspase 3 in concert with administration of chemotherapy. However, such a strategy

may be detrimental; first, it actually may not represent “sensitization” in response to therapy because

the pathway linking the genotoxic damage caused by the cytotoxic drug to caspase activation would

be disrupted; therefore, the two mechanisms may not act in concert (Fig. 2C). Although it may be

argued that this could strengthen the effects of redundant pathways (the Y pathway in Fig. 2C), based

on the assumptions discussed above, it is likely that such pathways may also be inactivated in resis-

tant cells. The effect of coadministration of a cytotoxic agent and gene transfection could be an addi-

tive effect of the mechanisms in cells harboring an intact apoptotic cascade, but no effect of the chemo-

toxic agent compared to transfection with the caspase gene alone in tumors with upstream defects

disconnecting the signaling pathway between genotoxic damage and caspase activation. The paradox-

ical effect therefore could be to increase the toxic effects on normal cells compared to the drug resis-

Fig. 2. (A) Illustration of the hypothesis that mutations affecting different genes located up- or downstream

of each other may have similar effects on a genetic pathway.
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tant ones. In theory, it may be concluded that transfection of downstream genes to achieve pharmaco-

logical effects could be a treatment option as monotherapy; as a way to sensitize the effects of chemo-

therapeutics, it probably may be detrimental.

An interesting option may be transfection of genes like TP53 in pharmacological doses. Thus, two

studies revealed transfection of an additional copy of the full TP53 gene (26) or a truncated mutant

Fig. 2. (B) Although blocking different genes in a cascade may have similar effects on a particular pathway,

because of redundant pathways activated by the different genes such mutations may be expected to cause a dif-

ferent gene expression profile on microarrays. (C) Transfection of a downstream gene like a caspase could be

detrimental in tumors expressing a transmission block between the sensitizer triggering apoptosis and the down-

stream target because it may sensitize normal cells, but not those harboring such mutations, to the apoptotic

signal triggered by cytotoxic compounds.
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(77) activating the wild-type p53 protein to enhance response to DNA damage and inhibit tumor

development in murine models. Although transfection of the normal TP53 copy did not cause detect-

able side effects, transfection of the hyperactive truncated mutant was associated with early aging. This

illustrates potential detrimental effects of inducing hyperactivity of particular genes in normal cells.

5. TARGETING PROTO-ONCOGENES OR GROWTH FACTOR RECEPTORS

Many tumors reveal overexpression/gene amplification of oncogenes, growth factors, or their

receptors; examples include the epidermal growth factor receptor (EGFR) or erbB-2. Although the

incidence of alterations may vary between different tumor groups, EGFR and erbB-2 overexpression/

amplification represent general disturbances detected in several different tumor forms (78–83).

The finding that expression of many factors may correlate with prognosis (84,85) is suggestive of,

but does not define, a specific biological role of a factor; thus, an individual parameter may be a

covariate to other mechanisms, or it could be a marker of tumor growth rate or metastatic potential,

but not be related to drug sensitivity. Expression of the estrogen receptor may serve as an example;

despite being the receptor for one of the most potent growth-stimulatory ligands to breast cancer

cells, receptor expression is also associated with a good short-term prognosis in patients not exposed

to antihormonal therapy (86,87). The most likely explanation is that receptor expression is a covariate

of other prognostic factors, such as tumor cell differentiation and proliferation (88).

Of particular interest is the proto-oncogene erbB-2, which has been extensively studied in breast

cancer. Although overexpression of erbB-2 has been associated with chemoresistance to anthracy-

clines (89), data from our group suggest erbB-2 expression could be a covariate of TP53 mutations

(66). Thus, for metastatic tumors overexpressing this proto-oncogene (+++), about 25% will achieve

an objective response to treatment with the humanized antibody trastuzumab (90–92). Despite the fact

that the minority of these patients reveal an objective response and nearly all relapse in less than 2 years,

it reveals a proof of principle that such a strategy may influence tumor growth in vivo. Importantly,

combining trastuzumab with chemotherapy improved the response rate as well as the time to progres-

sion in patients with breast cancer (93).

Yet, such an observation may have several explanations. On the one hand, administration of trastu-

zumab could influence chemosensitivity by interacting with the mechanisms of resistance; on the

other hand, there may be two independent mechanisms, with the total effect observed just the sum of

these effects. In vitro experiments support the view that expression of erbB-2 may induce more rapid

regrowth of resistant cells and not be the cause of resistance by itself (94). Evidence suggested that

the combined effects of trastuzumab and chemotherapy are additive; however, for some drugs like

docetaxel, they seem to be synergistic (95). Whatever the mechanism, the result is increased response

to combined therapy, and the potential of exploring sensitization through alternative strategies tar-

geting the erbB-2 pathway should be explored further.

Gefitinib (ZD1839; Iressa) is a small molecular compound that inhibits the EGFR tyrosine kinase

(96). This receptor is known to be overexpressed in many malignancies, particularly lung cancer (97),

but also is associated with poor prognosis in malignancy (98,99). A phase I trial recorded stable dis-

ease in few patients suffering from different tumors, like NSCLC, hormone-refractory prostatic can-

cer, and ovarian and colorectal cancers (100). Although most phase I/II studies in NSCLC reported

response rates in the range of 10–20%, administering the compound in concert with chemotherapy

did not improve outcome (96). Although an explanation for these findings is lacking (101), the fact

that patients were not assessed for EGFR expression may have diluted the result.

Other growth factors, like the IGF system, may be of interest, despite the fact that the IGF type I

receptor is expressed in most normal tissues, and its ligand, the IGF-I, is the effector of growth hor-

mone actions in normal tissue. Thus, the IGF type I receptor has been found expressed in different

malignancies, such as cancer of the breast, large bowel, lung, ovary, and prostate and gliomas (102).
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Experimental evidence has provided an important role of the IGF system in growth of different

tumor-derived cell lines and xenografts (see ref. 103 for references), and the key IGF-binding pro-

tein, IGF-binding protein 3, seems to have a ligand-independent role in the apoptotic process (104).

High plasma levels of IGF-I have been related to subsequent risk of breast cancer in premenopausal

women (105). Notably, although manipulation of the IGF system (by interacting with IGF-I, its recep-

tor, or the binding proteins) may be an interesting approach to sensitize tumor cells to other therapies,

evidence so far has not suggested antitumor effects of suppressing the synthesis of IGF-I through

administration of somatostatin analogues either as monotherapy or in concert with tamoxifen (106–

109). Considering the important role of the IGF system not only with respect to growth hormone effects,

but also to glucose homeostasis (110), obviously attempts to manipulate this system may be limited

by toxicity problems.

A second group of targets is specific genetic disturbances occurring in particular tumor forms.

Thus, some tumors, particularly hematological malignancies, may harbor particular genetic mutations/

translocations, suggesting specific strategies of value. Acute promyelocytic leukemia is a rare variant

of acute myelogenic leukemia characterized by the (15:17) reciprocal chromosomal translocation,

causing a fusion between the retinoic acid receptor alpha gene and the promyelocytic leukemia gene

(111). Thus, treatment with retinoic acid may cause temporary complete remission in the majority of

patients and improve long-term outcome when administered in concert with chemotherapy (112). In

another leukemia variant, the chronic myeloid form, about 90% are characterized by the (9:20) recip-

rocal translocation (detectable as the so-called Philadelphia chromosome), causing a fusion protein

(p210
BCR-ABL

) with dysregulated tyrosine kinase activity (113–118). Imitamib mesylate (Gleevec)

inhibits this enzyme as well as several other kinases, including C-KIT, frequently revealing hyperac-

tivity in gastrointestinal stromal tumors through gain-of-function mutations (119–121). Thus, treat-

ment of chronic myeloid leukemia as well as gastrointestinal stromal tumors with imitamib has been

associated with dramatic remissions (122,123). However, the long-term effects as well as potential

sensitization to treatment with chemotherapy remain to be elucidated.

In conclusion, targeted therapy with different compounds directed toward particular oncogenes

has provided mixed results. Based on current knowledge, it is likely that a limited number of tumors

may be successful candidates for such approaches in the future. However, for those found to be

sensitive, factors like improved delivery (e.g., by installing genetically engineered cells) could be

explored as an approach to improve delivery.

6. ANGIOGENESIS

Much knowledge has been gained concerning the importance of angiogenesis to tumor growth.

Thus, different growth factors known to stimulate/inhibit angiogenesis have been characterized (124,

125), and the aim of preventing tumor growth by depriving the cells of their oxygen and energy supply

is tempting. However, although factors like vascular density have been correlated with prognosis in

different malignancies (126), the role of antiangiogenetic therapy remains to be settled.

7. CYTOLYTIC VIRUSES

Gene therapy using cytolytic viruses is addressed in Chapters 13–16; only the issue of combining

such agents with cytotoxics in an attempt to sensitize tumor cells is addressed here. Thus, animal

models have suggested improved efficacy from administering the E1B 55-kDa gene-deleted adeno-

virus dl1520 (ONYX-015) in concert with cytotoxics compared to what was achieved by any agent

alone (127). This agent has been studied in several trials and has been administered by different routes

as monotherapy and in concert with chemotoxic agents (128). However, although the results from recent

studies administering the viral agent in concert with different cytostatics to patients suffering from dif-

ferent malignancies considered nonsensitive to cytotoxic therapy have suggested some therapeutic
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efficacy of combined treatment (129–134), this needs to be confirmed in larger clinical studies before

any definite conclusion may be drawn.

8. SUMMARY AND CONCLUSIONS

Sensitizing as an approach to improve anticancer treatment is just beginning. Although targeted

therapy has been successful against some agents, the results for others have been disappointing, under-

lining the problem of predicting effect from preclinical data. Although some of the unsuccessful

approaches could be caused by lack of selection of appropriate patients, lack of compound efficacy,

or inefficient delivery strategies, the limited understanding of the mechanisms causing drug failure in

vivo still represents a key problem preventing effective strategies. Thus, translational research explor-

ing the mechanisms of drug resistance is highly warranted. Similarly, although studies correlating par-

ticular molecular alterations to drug failure may outline therapeutic strategies, research in gene therapy

(as well as other mechanisms) aiming at restoring chemosensitivity by antagonizing oncogenes or

restoring defective gene function may provide the ultimate proof whether a particular mechanism is

the cause of drug resistance or a statistical correlate only.
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1. INTRODUCTION

1.1. Radiation Therapy: An Evolving, Technologically Driven Field

Since 1895, ionizing radiation (IR), delivered by either linear accelerators or brachytherapy implants,

has been used to treat and cure numerous human malignancies (1,2). Advances in linear accelerator

technology allow the delivery of radiation in the form of high-energy photons (X-rays) or charged par-

ticles (electrons). Although radiotherapy is used as a sole modality for cancer therapy in many malig-

nancies, it is increasingly employed as part of a multimodality approach in cancer treatment. The balance

between tumor cell killing and normal tissue toxicity defines the therapeutic ratio and ultimately limits

the probability of cure.

Radiation therapy is normally given in small daily doses (1.8–2.0 Gy) over 6–7 weeks to cure

epithelial tumors smaller than 1 cm. The tumorcidal doses of 65–70 Gy are delivered in a fraction-

ated manner to reduce the normal tissue toxicity by taking advantage of the ability of nontumor tis-

sues to repair themselves more efficiently than tumor cells. Efforts to improve radiotherapy primarily

focus on (1) optimizing the delivery of IR through new advances in hardware and software technolo-

gies and (2) modifying the biological response of both normal and tumor tissues to IR. The utilization

of gene therapy as part of the latter strategy is the focus of this chapter.

The addition of concurrent chemotherapy to IR has proven to have potent radiosensitizing effects

in a number of cancer sites, including head and neck (3,4), cervix (5,6), and lung, with randomized

studies demonstrating improvements in local tumor control and survival (7,8). Concern over normal

tissue toxicity, following both dose escalation attempts and concurrent chemotherapy strategies, has

prompted investigation into radioprotection agents (9). The aminothiol amifostine (Ethyol) reduces

toxicity to normal tissues without altering the probability of cure with radiotherapy. Amifostine and

similar agents are currently the subject of research and clinical trials. However, to develop more

selective radiosensitizing strategies and improved radioprotection agents, understanding the basis of

radiation-induced cell death in tumors and normal tissues is important.

1.2. IR-Induced Gene Expression and Cell Death

IR kills both tumor and normal tissues through several mechanisms. Tumor cell death is either

postmitotic (necrotic) or apoptotic (10,11). IR interacts both directly with deoxyribonucleic acid

(DNA) and indirectly through the hydrolysis of water and other cellular targets. Single- and double-

stranded DNA breaks occur through both direct interaction with radiation and reactive oxygen inter-

mediates, resulting in a host of transcriptional events that may alter the cell cycle, induce DNA

repair, or trigger apoptosis (12,13). In addition to the effects of IR on DNA and transcriptional events,

membrane-bound receptors or cellular membranes themselves initiate second-messenger cascades
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that can mediate cell death (14–17). IR initiates a cascade of second messengers through both direct

DNA damage and the production of reactive oxygen intermediaries, which results in loss of reproduc-

tive integrity or apoptosis (Fig. 1).

1.3. A New Radiosensitizing Strategy:

Enhancement of the Therapeutic Ratio Through Gene Therapy

Theoretical and experimental data exist to suggest that combining gene therapy with IR will improve

clinical outcomes. First, both IR and gene therapy can target different, partially nonoverlapping mech-

anisms of tumor cell killing and normal cell toxicity. Second, gene therapy strategies combined with

IR have been shown to radiosensitize tumor cells in vitro and in vivo (18–26). Third, IR increases the

transduction and expression of foreign genes following delivery with viral or nonviral vectors (27,28).

Transduction and expression of foreign genes in tumors remain a substantial obstacle to gene therapy

strategies. Finally, radiation may enhance the “bystander effect” of specific gene therapy strategies,

decreasing the need to transduce a large percentage of tumor cells (29–32). For example, in vitro and

in vivo data demonstrated that tumor cells expressing the foreign gene herpes simplex virus thymi-

dine kinase (HSV-tk) treated with ganciclovir (GCV) transmit their toxicity to adjacent cells (which

Fig. 1. Ionizing radiation initiates signal transduction.
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have not been transduced with HSV-tk). Therefore, the bystander effect may substantially improve

the therapeutic ratio despite the fact that only a limited number of tumor cells are directly transduced.

This chapter reviews strategies that combine radiation therapy and gene therapy in an attempt to

improve tumor cell killing while minimizing normal tissue toxicity. Strategies by which gene therapy

has been shown to improve IR-induced tumor cell killing include (1) replacement of known mutated

or deleted genes such as p53 that IR-induced tumor cell death; (2) delivery of genes encoding prodrug-

converting enzymes into tumors, permitting accumulation of active toxic antitumor agents in the

tumor bed while potentially minimizing systemic toxicity; (3) construction of genetically engineered

viruses with therapeutic genes under the control of radiation-inducible promoters; and (4) IR enhance-

ment of replication-competent viruses that proliferate preferentially in tumor cells following IR.

2. VIRAL VECTORS THAT DELIVER EXOGENOUS GENES

2.1. Gene Delivery Systems Employed With IR

Both viral and nonviral vectors have been employed in combination with radiation therapy (33–35).

Further, either replication-competent or replication-incompetent viral vectors are highly efficient at

delivering therapeutic genes to tumor cells. The most commonly studied replication-deficient viral

vector to date with radiotherapy in preclinical or phase I//II trials is adenovirus. Adenovirus is uti-

lized because of its ability to transfect tumor cells independent of cell proliferation, to accommodate

large inserts, and to be produced and stored efficiently. Replication-incompetent retroviral vectors

have also been employed to transfect proliferating tumor cells in preclinical experiments with IR.

Replication-competent herpes simplex virus 1 (HSV-1) and adenovirus, in combination with radio-

therapy, are used in clinical trials. In contrast to IR-induced cell death that results from either apop-

tosis or necrosis, viral replication results in oncolysis. By exploiting the nonoverlapping mechanisms

of tumor cell death by IR and replication-competent viruses, the therapeutic ratio may be improved.

Cell-based delivery systems have also been employed in clinical trials in combination with radiotherapy

(36,37) with IR. Nonviral gene delivery methods employing cationic lipids complexed to DNA have

been used in preclinical studies with IR (38,39). The following sections highlight the vector systems

currently employed to enhance the efficacy of IR.

2.2. Viral Vectors Deliver Wild-Type p53 to Tumor Cells:

Gene Replacement Therapy That Enhances IR-Induced Tumor Cell Killing

Although gene replacement strategies using viral or nonviral vectors were originally envisioned

to correct single gene defects in nonmalignant diseases, this strategy has evolved to treat malignant

diseases as a single or multimodality approach. One of the most commonly mutated genes in human

tumors is p53 (40). Wild-type p53 function is involved in the cellular response to DNA-damaging

events following IR or chemotherapy treatment. After treatment of tumor cells with IR, p53 promotes

cell cycle arrest, initiation and transcription of DNA repair complexes, and the induction of apoptosis

(41,42). For example, DNA damage following IR promotes p53-dependent transcription of p21 and

arrest of cells at the G1 checkpoint (43). Loss of this checkpoint has been associated with decreased

tumor cell apoptosis and clinical response to IR (44). DNA repair complex formation is also depen-

dent, in part, on functional p53 in association with proliferating cell nuclear antigen, DNA-dependent

protein kinase , and GADD45 (45,46). Taken together, these data suggest that the restoration of wild-

type p53 function within tumor cells may increase the clinical efficacy of DNA-damaging agents,

including IR.

Spitz et al. demonstrated that the loss of the apoptotic response to IR could be restored by adeno-

viral delivery of p53 under the constitutive promoter cytomegalovirus (Ad.p53) in vitro (47). The rep-

lication-defective adenovirus Ad.p53 sensitized the relatively radioresistant p53–/– SW620 colorectal
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cells in vitro with a 2-Gy dose, increasing the apoptotic fraction of cells. This synergistic in vitro enhance-

ment of apoptosis resulted in improved tumor control in vivo, with tumor regrowth prolonged 2 days

with 5 Gy of IR alone to 37 days in the group with combined Ad.p53 and 5 Gy (47). The increase in

tumor cell killing occurs through both restoration of the apoptotic response to IR and an increase in

postmitotic death. These in vitro studies demonstrated that adenoviral delivery of wild-type p53 sen-

sitized normally radioresistant cells and increased cell killing (48–51).

Kawabe et al. reported that wild-type p53 would preferentially radiosensitize non-small cell lung

carcinoma (NSCLC) cells compared to normal lung fibroblast cells in vitro (51). Both p53+/+ and

p53–/– tumor cells were sensitized, suggesting selective radiosensitization of the tumor cells compared

to normal tissue irrespective of wild-type p53 expression. Similar results were seen in vivo employing

prostate model systems (52) and in lung model systems (53). Taken together, these in vivo studies using

p53 gene replacement demonstrated selective radiosensitization of tumor cells compared to normal

tissues and provided the basis for the human phase I/II clinical trials.

Phase I trials have demonstrated the feasibility and safety of delivering adenoviral vectors express-

ing p53 through repeated intratumoral injections (49,54–56). Preliminary trials in NSCLC demon-

strated that p53 replacement can be safely administered with a low probability of toxicity. There is

also some evidence of antitumoral activity at the tumor site. The efficacy of p53 replacement therapy

coupled with standard radiation therapy in NSCLC is currently in clinical trials.

2.3. Replication-Deficient Vectors Deliver

Suicide Genes to Tumors That Enhance IR-Mediated Killing

Although the replacement of functionally deleted tumor suppressor genes such as p53 radiosensi-

tizes tumor cells, this approach requires that a large percentage of tumor cells express the replacement

gene to achieve a significant clinical effect. Given the relatively inefficient delivery systems avail-

able to deliver genes to tumor cells in vivo, most current therapeutic strategies attempt to transfect or

transduce a few tumor cells in the hope that the gene products will radiosensitize a large number of

adjacent cells through a bystander effect. Therapeutically effective converting enzyme/prodrug strat-

egies have been identified (57,58). The enzymes typically employed are nonmammalian genes isolated

from viruses or bacteria that convert a systemically administered inactive prodrug to a toxic antimeta-

bolite. Studies with IR have typically delivered the genes through adenoviral vectors or cell-based sys-

tems. By delivering a gene encoding the enzyme directly into the tumor bed, intratumoral and intra-

cellular concentrations of the active metabolite will be increased only in the tumor bed, thereby

decreasing the risk of systemic toxicity.

The two most commonly employed prodrug-converting enzymes in cancer therapy are HSV-tk

and cytosine deaminase (CD). HSV-tk transfected into tumor cells converts the antiherpetic prodrugs

GCV (59) or 5-(2-bromovinyl)-2'-deoxyuridine (BVdU) (22) into cytotoxic molecules. Both GCV

and BVdU are nucleoside analogs that, following phosphorylation by HSV-tk, are further phospho-

rylated by cellular kinases to molecules that interfere with DNA replication. Pyrimidine analogs

incorporated into the DNA of cycling tumor cells have been shown in vitro and in vivo to act as radio-

sensitizing agents, although clinical trials of these compounds delivered systemically have been dis-

appointing (60–62).

In an analogous strategy to the use of HSV-tk/GCV, the prodrug 5-fluorocytosine (5-FC) is con-

verted by the bacterial protein CD to 5-fluorouracil (5-FU) (63). Through inhibition of thymidylate

synthase and incorporation into ribonucleic acid (RNA), DNA replication and protein translation are

disrupted, enhancing the cytotoxicty of IR (64–66). 5-FU acts as a radiosensitizer and enhances the

efficacy of radiotherapy in head and neck, gastrointestinal, and gynecological malignancies (64,67).

By selectively increasing the intratumoral concentration of 5-FU and reducing the extratumoral con-

centration compared to standard systemic delivery, the severe clinical toxicities of mucositis, diar-

rhea, and myelosuppression may be reduced.
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2.4. HSV-tk and GCV Radiosensitize Tumor Cells In Vitro and In Vivo

Animal models have shown that xenografts transduced with HSV-tk and treated with systemic BVdU

or GCV in combination with IR demonstrated a two- to threefold increase in survival compared with

mice treated with IR alone (68,69). Chhikara et al. employed a replication-deficient adenovirus carry-

ing HSV-tk to a mouse orthotopic prostate cancer model system to assess the potential additive bene-

fit to IR on both local control and systemic antitumor activity (59). Tumor cells (RM-1) were injected

both subcutaneously and into the tail vein on the same day. Mice were treated with an intratumoral

injection of adenovirus-HSV-tk (Ad.tk) once per week, followed by systemic GCV and IR, which

resulted in growth delay and an increase in mean survival when compared to animals treated with IR

alone. In addition to increased tumor cell killing locally, systemic antitumor activity was demonstrated,

with the number of lung nodule metastasis reduced by 50%. Statistically significant increases in

CD4
+
 and CD8

+
 cells were observed in the combined arm compared to the IR-alone arm. These data

suggested that suicide gene therapy techniques may potentiate the cytotoxic effects of radiation and

minimize the toxicity to tissue not infected by the vector; this ultimately led to phase I clinical trials.

The reduction in tumor size and increase in the survival of animals with tumors treated with the

combination of HSV-tk/prodrug and IR is achieved despite transduction of only a fraction of the

tumor cell population. Experimental evidence demonstrated that a bystander effect appears to play a

significant role in the efficacy of this approach (70,71). Data showed that the phosphorylated GCV

nucleotides diffuse into surrounding tumor cells through gap junction channels formed by connexins

not transduced with the virus (32,72). Dying tumor cells may also secrete interleukin-1 and interleu-

kin-6, which may further enhance the effects of IR.

The induction of apoptosis in neighboring cells may be the largest contributor to the bystander

effect. GCV treatment of HSV-tk-transduced cells increases cell surface expression of CD95 and tumor

necrosis factor (TNF) receptor, leading to death domain formations and ultimately caspase activation.

The induction of apoptosis in the transduced cells appears to propagate signals to the neighboring cells,

causing caspase activation (73,74). When combined with IR, the bystander effect has been demon-

strated in vitro to account for some of the increased cytotoxicity (75–77).

A phase I trial was performed in patients with locally recurrent prostate cancer who had previously

received definitive radiotherapy (78). The Ad.tk vector was injected into the prostate under transrectal

ultrasound guidance. Systemic GCV administration followed. With escalating viral doses from 1 � 10
8

to 1 � 10
11

 infectious units, 2/18 patients developed grade 3 or 4 toxicity, and cultures from blood

and urine were negative for adenovirus, demonstrating the safety of the virus.

A second phase I/II trial is ongoing, combining IR (with or without hormonal ablation) with Ad.tk,

followed by oral valacyclovir instead of GCV (77). The first Ad.tk was injected 48 hours prior to the

start of radiotherapy, and the second was administered 48 hours after the first treatment. With a

reported median follow-up of 10 months, 15/45 patients developed flulike symptoms after the Ad.tk

injection. One patient developed grade 3 liver enzyme elevations. No grade 3 or above gastrointesti-

nal toxicity occurred. Although the follow-up time is too short to assess efficacy, initial serum pros-

tate-specific antigen (PSA) levels dropped in all but 1 patient, suggesting that Ad.tk combined with

radiotherapy is a safe strategy to enhance the efficacy of radiotherapy in patients with prostate cancer.

Rainov conducted the first phase III multicenter randomized study in 248 patients with primary

glialblastoma multiforme who underwent aggressive surgical resection followed by randomization

to conformal radiotherapy alone or combined with retroviral-mediated delivery of the HSV-tk gene

into the tumor bed and/or remaining gross tumor (79). Glialblastoma multiforme is almost univer-

sally fatal, with a median survival of 8–10 months despite aggressive surgical resection and adjuvant

radiotherapy. For patients randomly assigned to receive gene therapy, vector-producing fibroblasts

were injected that released replication-deficient retroviral vectors to neighboring cells along the

needle track. Systemic delivery of GCV was given to the arm receiving the gene therapy. With median

survival and overall survival as the end points, no significant differences were observed in the two
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study arms. Median survival was 1 year, and 1 year overall survival was approximately 50% in both

arms. Despite the lack of clinical improvement, further studies demonstrated improved systemic

immune responses in the arm receiving gene therapy (37). Improvements in transduction efficiency,

prodrug transcription, and noninvasive in vivo assessment of tumor responses hold significant promise.

2.5. CD Increases Intratumoral Concentrations

of 5-FU and Radiosensitizes Tumor Cells

In vitro studies demonstrated that transfection of CD into tumor cells followed by 5-FC treatment

radiosensitizes human tumor cells (64,65). Hanna et al. employed a replication-defective adenovirus

that expressed CD/5-FC (Ad.CD) injected four times throughout the treatment directly into xenograft-

bearing mice. 5-FC was given daily with IR (5-Gy fractions/50 Gy total), improving both growth

delay and tumor regression compared to IR alone (80). Rogulski et al. constructed a replication-defi-

cient retrovirus expressing both HSV-tk and CD (81). Gliosarcoma cells were infected with this CD/

HSV-1 TK fusion gene and grown as xenografts in mice. 5-FC and GCV were administered systemi-

cally and potentiated the antitumor effects of IR significantly more then either prodrug strategy alone.

As seen with HSV-tk/prodrug strategies, a significant bystander effect existed when combined with

IR (82–84). Taken together, these preclinical studies using animal models demonstrated improved

growth delay and tumor regression when CD was combined with IR compared with IR alone.

Freytag et al. constructed a replication-competent adenovirus capable of delivering both HSV-tk

and CD (Ad5-CD/TKrep) (85). Ad5-CD/TKrep adenovirus was injected directly into the prostate of

male mice. 5-FC and GCV were delivered systemically for 4 weeks combined with 56 Gy of IR to the

prostate. The combination of Ad5-CD/TKrep with IR increased tumor growth delay twofold com-

pared with IR alone. The trimodality treatment arm demonstrated a 25–40% tumor cure rate compared

with 0% for IR alone. A significant reduction in retroperitoneal lymph node metastases was also noted

at 3 months. Detailed histological evaluation of the surrounding normal tissues revealed no difference

in the combined-modality groups compared with the IR-alone group, suggesting that this approach

significantly improved the therapeutic ratio of IR. Based on these results, phase I studies to assess toxic-

ity in humans are planned (85).

3. IR CONTROLS THE EXPRESSION OF HETEROLOGOUS GENES

THROUGH RADIATION-INDUCIBLE PROMOTERS

3.1. Immediate Early Genes Are Induced by IR

The immediate early genes c-Jun and Egr-1 have been implicated as effectors of the cellular response

to IR (86). The identification of genes induced by IR has allowed the engineering of viral vectors

capable of delivering therapeutic genes under the control of radiation-inducible promoters. Charac-

terization of the Egr-1 promoter sequence identified an AT-rich region localized between cytosines

and guanines [CC(A+T)GG] (87–89). This region, the CArG element, was initially identified as IR

inducible using chloramphenicol acetyl transferase reporter gene constructs (90–92). Subsequent

studies suggested that the activation of Egr-1 transcription was dependent on the formation of oxy-

gen radical intermediates produced following IR and other DNA-damaging agents (93). In addition,

a bystander effect has also been reported by which irradiated cells secrete a diffusible factor into cul-

ture media, further enhancing the IR inducibility of the promoter (94). These studies demonstrated

that, following IR, cellular kinases modify transcription factors in the absence of protein synthesis,

permitting binding of these factors to elements in the promoter/enhancer region of Egr-1 (95–97).

The widespread availability of complementary DNA microarray technology has expanded this list of

IR-induced genes (98–100).
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3.2. TNF-����� Enhances the Cytotoxic Effects of Radiotherapy

Under the Control of a Radiation-Inducible Promoter

After characterizing the radiation-responsive elements in the Egr-1 promoter region, Weichsel-

baum and colleagues developed a strategy aimed at cloning radiation-responsive elements upstream

of potentially radiosensitizing genes and packaging them into a delivery vehicle permitting IR to

induce localized transcription of the therapeutic gene (101–103). TNF-� was selected as a prototypic

therapeutic gene for this approach because of its previously documented spectrum of antitumor effects,

including the direct induction of tumor cell apoptosis (17), improvement in the systemic immunologic

response to the tumor (104,105), and antiangiogenic properties (106).

TNF-� is a trimeric cytokine that belongs to a superfamily of genes that includes FAS, TRAIL,

and CD40 ligand. The molecular mechanisms that promote cell death following TNF-� binding are

now well understood. Briefly, TNF-� binds to multiple membrane receptors, including TNF-R1 and

TNF-R2 (17). TNF-R1 promotes the formation of the intracellular adaptors TRADD and FADD.

Association of these death domains causes activation of caspases 8 and ultimately caspase 3-activat-

ing complex in both a cytochrome-c-dependent and -independent manner, leading to tumor cell apop-

tosis. However, TNF-R1 may also inhibit an apoptotic response through TRADD association with

TRAF-2, which promotes activation of the transcription factors NF-�B and JNK (107,108). These

studies suggest that TNF-� promotes both a cell death and a proliferative response.

TNF-� enhances IR-mediated cell death in multiple tumor cell lines and in animal model systems

(101,109). In animal models, systemic treatment with TNF-� produces an antitumor effect, with his-

tological studies demonstrating hemorrhagic necrosis and apoptosis (110). Studies demonstrated the

antitumor effects of TNF-� also involve preferential destruction of tumor microvasculature (24,26,111).

Based on the known single-agent activity of TNF-� and its enhancement of IR-mediated cell death,

a phase I clinical trial delivered TNF-� intravenously while irradiating the tumor (112). Although tumor

responses were recorded, the intravenously delivered TNF-� produced fatigue, nausea, and hypoten-

sion, proving clinical intolerability for patients.

3.3. Spatial and Temporal Control

of Gene Expression With Radiation-Inducible Gene Therapy

To limit the systemic toxicity of TNF-� and increase the local tumor concentration of the cytokine,

a replication-defective adenoviral vector was constructed linking the Egr-1 radiation-inducible pro-

moter to the TNF-� gene (Ad.EGR.TNF-�). The Ad.EGR.TNF-� vector was directly injected into

relatively radioresistant human epidermoid carcinoma xenografts (SQ-20B) grown in athymic nude

mice (25). Four intratumoral injections of Ad.EGR.TNF-� combined with a clinically relevant dose

of fractionated IR (50 Gy in 5-Gy fractions) greatly increased the tumorcidal effects of IR, producing

not only significant reduction in tumor volume compared to the radiation-alone group of animals, but

also an increase in the number of tumors cured (Fig. 2). Twenty-one days into the fractionation scheme,

an 8-fold increase in TNF-� protein levels was observed in the combined-treatment (Ad.Egr.TNF

and IR) arm when compared to virus alone, demonstrating that the adenoviral vector was induced in

vivo by exposure to IR. In addition, preclinical studies with dose levels proposed for clinical trials

(4 � 10
9
 and 4 � 10

10
 particle units [pu]) demonstrated TNF-� protein levels from tumor homogenates

were approx 12-fold higher in the Ad.Egr.TNF/IR-treated animals compared to animals treated with

IR alone at day 28 (113).

Histologic studies of the SQ-20B xenografts following treatment with Ad.Egr.TNF and IR dem-

onstrated intratumoral vascular thrombosis; adjacent vessels in normal tissues remained patent (24,

114). Toxicity surrounding the tumor was similar to that observed in the IR-alone treated group, sug-

gesting a favorable increase in the therapeutic ratio. Similar results were observed in other experimental
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animal models (24,115,116) and in response to DNA-damaging agents such as cisplatin (117). These

in vivo studies prompted phase I/II clinical trials.

The first phase I study using the Ad.Egr.TNF virus, TNFerade (GenVec) identified the maximum

tolerated dose of TNFerade with daily fractionated radiotherapy in 21 patients with a wide range of

solid tumors, including those of the breast, pancreas, and lung and melanoma (118). TNFerade was

delivered via intratumoral injections (4 � 10
7
 to 4 � 10

11
 pu) eight times over the course of radiation

(30–70 Gy). Plasma levels of TNF-� were less than 25 pg/mL in all patients, with no virus found in

the blood or urine. No serious adverse events were reported at these doses of TNFerade. Most patients

experienced NCI grade 1–2 toxicities, including fever, pain at the injection site, chills, and fatigue.

Clinical complete or partial responses were demonstrated in 11/21 patients, with only 1 patient show-

ing disease progression. Objective responses were increased in the higher dose groups, with all four

complete responses reported in patients receiving 4 � 10
9.5

 pu or higher.

A second phase I study was reported in patients with large-extremity soft tissue sarcomas (119).

TNFerade at 4 � 10
9
 to 4 � 10

11
 pu was injected intratumorally twice weekly for the first week and

then once per week for the remaining 4 weeks of radiotherapy. The concomitant radiation schedule

was a standard preoperative dose of IR (50 Gy in 2-Gy daily fractions). Of 11 patients at the time of

surgery, 10 (91%) showed a pathological complete or partial response to the combined treatment.

The systemic effects of treatment were minimal. Most patients experienced flulike symptoms that

improved with acetaminophen. TNF-� was not increased systemically in patients. Current clinical

studies include an ongoing 17-center phase IIb randomized clinical trial of TNFerade as a first-line

therapy with end points assessing overall survival, quality of life, and pathological response com-

pared with conventional therapy.

4. REPLICATION-COMPETENT VIRUSES

ENHANCE THE THERAPEUTIC RATIO OF IR

4.1. Herpes Simplex Virus 1 Alters

the Cellular Context to Enhance Tumor Cell Killing

One example of an attenuated virus that has been shown to possess single-agent antitumor activity

and enhance IR is HSV-1. HSV-1 is a 152-kb double-stranded DNA virus that encodes multiple pro-

teins during its viral life cycle and produces severe clinical syndromes in an infected host. Following

infection of the host through mucosal tissue, HSV-1 infects sensory neurons, replicates, and is trans-

ported to the nucleus of the neuron, in which the virus may remain quiescent for a time or replicate,

lysing the neuron and producing clinical symptoms. Detailed analysis of these proteins and their func-

tion has allowed the development of attenuated, yet replication-competent, HSV-1 viruses that prefer-

entially replicate in tumor cells (oncolysis) and further infect nearby tumor cells.

To decrease neurovirulence and permit the clinical application of HSV-1, various mutants have been

engineered. The herpes gene �
1
34.5 functionally suppresses the attempt of the host cell to terminate

protein synthesis following viral infection and is a significant contributor to neurovirulence in the

central nervous system (CNS). HSV-1 with deletion of both copies of the �
1
34.5 gene (R3616) has

significantly reduced neurovirulence compared to wild-type HSV-1. Animal studies demonstrated

that the median lethal dose in mice infected with wild-type HSV vs R3616 is reduced from 10
2
 pfu to

10
7
 pfu, respectively (120).

A second HSV-1 mutant (G207) is deleted in both copies of �
1
34.5 possesses a mutation in the

large subunit of ribonucleotide reductase. The dual deletion of �
1
34.5 decreases the neurovirulence

similar to that of R3616. The functional deletion of ribonucleoside reductase further restricts viral

replication to proliferating tumor cells (121,122). G207 has been demonstrated to be safe during intra-

cerebral inoculations in both monkeys and humans at doses as high as 3 � 10
9
 pfu (122).

A third attenuated HSV-1 (R7020) is deleted in a single copies of �
1
34.5, TK, and the internal repeat

region (U
L
). R7020 was engineered to express genes encoding HSV-2 glycoproteins to be used as a
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vaccine against HSV-1 and HSV-2. Despite retaining a functional copy of �
1
34.5, it appears to be safe

for non-CNS tumors, as demonstrated by both animal and human studies (123,124). Studies compar-

ing viral proliferation of R3616 and R7020 in experimental tumor systems demonstrated that R7020

is recovered 25-fold more from tumors inoculated with R7020 compared to R3616, suggesting that

R7020 is a potent antitumor agent for non-CNS tumors (124).

When injected into human tumor xenografts, the attenuated HSV-1 strains R3616 or G207 result

in tumor growth delay. Combining radiotherapy with R3616, G207, or R7020 demonstrated a signif-

icant enhancement of the antitumor effects of radiation across a wide range of cell lines and tumor

xenografts (121,124,125). The combination of IR with attenuated virus resulted in recovery of 5- to

62-fold more viral particles compared to nonirradiated tumors (124,126). Bradley et al. demonstrated

that, in addition to improved xenograft tumor response to IR, mice bearing intracranial high-grade

gliomas (U87 xenografts) inoculated with R3616 prior to standard fractionated IR demonstrated a

significant improvement in overall survival compared with IR or virus alone (127). The direct intrac-

ranial injection of the virus resulted in increased tumor control without evidence of increased CNS

toxicity, suggesting that a true gain in the therapeutic ratio had been realized.

The mechanism by which IR increases R3616 or R7020 replication is currently under investiga-

tion. The stress response of the host cell to IR may contribute to and compliment replication of the

attenuated virus in irradiated tissues. The safety of attenuated viruses in humans has recently been

demonstrated. Two phase I studies have been performed with attenuated HSV variants, and there

were no adverse events reported (122,128). Phase I trials are beginning to characterize the safety and

efficacy of a dual-modality approach combining HSV-1 (R3616) with radiotherapy (Fig. 3).

4.2. Replication-Competent Adenovirus Targets

Prostate Cancer Cells and Enhances Radiotherapy

PSA is produced by both normal prostate cells, and its expression is greatly increased in patients

with prostate cancer. Rodriguez et al. (129) constructed an attenuated, but replication-competent.

adenovirus (CV706) that would preferentially replicate in PSA-producing cells. The prostate-spe-

cific enhancer element was inserted upstream of the E1A gene. In vitro studies confirmed the selec-

tive replication in PSA-producing cell lines. CV706 was effective in curing LNCaP xenograft tumors

with a single intratumoral injection using 5 � 10
8
 particles/mm

3
. Using LNCaP xenografts, a single

injection of CV706 combined with 10 Gy of IR was compared to IR alone and demonstrated a 6.7-

fold greater antitumor effect than either therapy alone. Tumor cell necrosis and apoptosis was increased

by 6- to 8-fold in the animals treated with the combined therapy. The tumor microvasculature was also

decreased 12-fold in the combined group. No adverse toxicity was seen in the animals or in detailed

pathological studies. These data demonstrated that CV706 acts synergistically with IR, enhancing

tumor curability, and could be safely administered in the preclinical setting.

Twenty patients were enrolled in the initial phase I study. CV706 was delivered via ultrasound-

guided transperineal technique in a dose escalation study from 1 � 10
11

 to 1 � 10
13

 viral particles. Of

20 patients, 15 experienced grade 2 or less fever 3–8 hours following vector injection. Patients were

treated with fractionated radiotherapy to a mean dose of 68.4 Gy. With 41 months of mean follow-up

data, no grade 3 or 4 toxicity was reported. Posttreatment prostatic biopsies on days 4 and 22 con-

firmed intraprostatic replication of CV706. Antibody titers against CV706 increased in all patients

following treatment, and peak serum levels of CV706 occurred 30 minutes after injection and remained

low throughout the course of treatment. All patients achieved a PSA reduction of at least 50%, and

there appeared to be improved PSA response at the highest viral dose, suggesting a viral dose–response

relationship. These data demonstrated that CV706 can be safely combined with IR as a neoadjuvant

treatment in prostate cancer. Current clinical trials are ongoing to assess its efficacy compared to con-

ventional radiotherapy.
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4.3. ONYX-015: Selective Viral Replication Oncolysis (129)

The replication-competent ONYX-015 adenovirus is well studied and is the subject of ongoing

clinical trials (130). Previous efforts to understand the early genes involved in human adenoviral

replication demonstrated that the E1B gene encodes a 55-kDa protein that binds and suppresses wild-

type p53 gene function (131,132). Bischoff et al. initially demonstrated that an E1B-deleted human

adenovirus mutant can preferentially replicate in and lyse p53-deficient human tumor cells (130).

Cells with wild-type p53, however, were spared from the viral oncolysis unless E1B was ectopically

expressed. Because p53 is mutated in over 50% of human tumors, but not in normal surrounding

tissues, ONYX-015 would theoretically continue to replicate throughout the tumor, destroying the

p53-mutated tumor cells. Within normal tissue surrounding the tumor, viral replication would be

abrogated by the functional p53 of the normal tissue. Given this approach, significant therapeutic

gain could be achieved with the virus either alone or in combination with standard chemotherapy or

radiotherapy.

Preclinical studies employing xenograft models demonstrated the antitumor effect of ONYX-015

(133). Studies further demonstrated its significant radiosensitizing effects in animal models with

multiple tumor types (134,135). Current clinical trials in head and neck and ovarian cancers show

encouraging tumor responses and minimal resultant toxicity when infected with ONYX-015.

Despite the promising preclinical data and current phase II/III studies under way, the selectivity of

ONYX-015 for p53-mutated cells has recently been called into question (136–139). Although the

original studies suggested functional p53 would inhibit viral replication and oncolysis, studies sug-

gested that other genes may be responsible for this inhibition. For example, loss of p14(ARF) dis-

rupted the p53 signaling pathway and permitted ONYX-015 to kill multiple cell lines expressing

wild-type p53 (139,140). Further studies have suggested its oncolytic effects may be suppressed in

multiple other cell types that express wild-type p53. Despite these in vitro findings, multiple studies

have demonstrated the clinical safety and efficacy of this virus (141–144). Clinical studies are also

under way combining ONYX-015 with standard chemotherapy and radiation therapy (143,145,146).

5. FUTURE DIRECTIONS

The gene therapy strategies discussed in this chapter rely on either direct intratumoral injection of

the vector into the tumor prior to radiotherapy, or injection of the vector into the tumor bed during the

time of surgical resection or biopsy. For example, the TNFerade trials for extremity sarcomas deliver

the vector through multiple injection sites along the clinically palpable tumor mass. Alternatively, a

computerized tomographic or ultrasound-guided approach is employed when injecting the vector

into pancreatic tumors. This reliance on direct tumor injection limits the number of potential tumor

sites that may be treated with the vector to clinically accessible primary tumors. In addition, the rela-

tively low efficiency of gene transfer results not only in few tumor cells expressing the therapeutic

gene, but also poor distribution of the gene throughout the tumor.

Modification of vector particles to bind and fuse with target tissue selectively may improve on

nontargeted vectors currently employed in clinical trials. A targeted vector would simplify delivery

through systemic administration, reduce immunogenicity, and potentially improve the distribution of

the vector throughout the tumor. Although tissue-specific targeting of replication-competent HSV-1

has not yet been achieved, work has demonstrated significantly that such an approach is feasible with

adenoviral vectors by ablating the native receptor binding and replacing it with tissue-specific recep-

tors. In addition to targeting the primary tumor site, a targeted vector administered systemically would

deliver the therapeutic gene to deposits of metastatic disease throughout the body. Following imag-

ing of these metastatic deposits and delivery of the vector, conformal doses of radiation could be

delivered to these sites through IMRT or other targeted technologies. By combining receptor modifi-

cation strategies with improved transcriptional targeting of gene expression and conformal radio-

therapy, the therapeutic ratio of radiotherapy may be further improved.



Radiosensitization 361

6. CONCLUSIONS

IR is an effective therapeutic modality for diverse human malignancies. Gene therapy strategies

have been demonstrated in vitro and in clinical phase I/II trials to improve the tumorcidal effects of

IR. The results of current clinical trials will determine if combining gene therapy with radiotherapy

leads to improvement in the therapeutic ratio.
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Nonviral Vector Systems for Cancer Gene Therapy

Greg F. Walker and Ernst Wagner

1. INTRODUCTION

There is increasing interest in nonviral systems for the delivery of genes for cancer therapy. Non-

viral gene delivery has been considered an alternative to the intensely researched viral systems, although

nonviral systems have several advantages. First, they are nonimmunogenic and therefore can be

applied to the patient more than once; there is no limitation to the size of the deoxyribonucleic acid

(DNA) that can be delivered, and the DNA vector can be engineered for specific cell targeting. Fur-

thermore, they will offer easier synthesis and production as a pharmaceutical product. Unfortunately,

nonviral vectors have poor transfection efficiency compared to viral vectors both in vitro and in vivo.

However, with substantial efforts in the development of new transfection systems and better under-

standing of the barriers, the transfection efficiency and targeting of nonviral systems have improved

significantly.

The long-standing goal of cancer gene therapy is to express such therapeutic genes specifically

and effectively in target cells in vivo; however, this is the biggest hurdle in treating cancer by nonviral

gene therapy. There are two general means to target gene expression in vivo. In the first, physical

transfection systems, the DNA vector is directly applied locally to tissue. However, for the control of

disseminated cancer cells, DNA has to be applied systemically using particle-mediated systems. Parti-

cle-mediated systems must protect the DNA from serum nucleases and deliver its load to target tissues.

Depending on the mode of application, DNA will have to overcome intracellular and extracellular

barriers (Table 1). DNA internalized by endocytosis will enter the endosome; because entry of DNA

into the cytosol is a prerequisite for nuclear translocation, entrapment and degradation of DNA in the

endolysosomes is a major barrier to efficient gene transfer. DNA in the cytoplasm has to overcome

diffusional and metabolic barriers before reaching the nuclear pore complex, the gateway of the

nucleosol. Nuclear translocation of DNA requires either the disassembly of the nuclear envelope or

active nuclear transport via the nuclear pore complex. In addition, particle-mediated systems have to

overcome the extracellular barrier; these systems must be stabilized to remain as discrete particles in

blood before reaching the target cell. To achieve this, particles must avoid interactions with plasma

proteins, extracellular matrices, nontargeted cell surfaces, and self-interactions (i.e., not aggregate).

Such interactions result in the particles being cleared rapidly either into the first capillary bed encoun-

tered (e.g., lung) or are scavenged from the bloodstream by phagocytic cells. For a review on the bar-

riers to nonviral gene therapy, consult ref. 1.

This chapter focuses on the pros and cons of physical methods for the delivery of genes to control

cancer (see Table 2). For particle-mediated gene transfer systems, strategies for improving tumor gene

expression are described, including examples of application for tumor targeting (see Table 3), and

future directions for nonviral cancer therapy are discussed.
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2. PHYSICAL TRANSFECTION SYSTEMS

2.1. Direct Injection

Direct plasmid injection offers the advantages of safety, tolerability, and minimal manipulation;

however, it has yielded relatively low levels of transfection in tumors (2). Nevertheless, it has been

effective in the regression of tumors in vivo by delivering a suicide gene that converts a systemically

administered nontoxic prodrug into a lethal drug (3). For instance, intratumoral injection of cytosine

deaminase-expressing plasmid in rats bearing subcutaneous metastases induced a 65% decrease in

the median tumor volume after the injection of nontoxic prodrug, 5-fluorocytosine, compared to

control rats (3).

Direct injection of DNA has also been applied to cancer immunotherapy by intradermal injection

of a DNA melanoma vaccine that resulted in most of the mice (8 of 10) rejecting the challenge by

tumor cells; most control animals developed tumors (4). Song et al. (5) showed that the coinjection of

interleukin 12 (IL-12) encoded plasmid with human carcinoembryonic antigen DNA vaccine at the

muscle site in mice resulted in enhanced antitumor immunity.

2.2. Gene Gun

The principle of gene transfection with a gene gun (GG) is direct mechanical transport of the DNA

into the cell using metal beads as carriers. DNA is coated on the surface of the microscopic beads and

shot into the cells with a gas-propelled gun. The advantage of the GG is that it can be used to transfer

Table 1

Strategies to Overcome Extracellular and Intracellular Barriers

Barrier Strategy employed

Extracellular

Degradation of DNA by serum nucleases Protect DNA by condensation with cationic polymers

or lipids or encapsulation in nanoparticles

Nonspecific interactions with blood components Surface shielding with hydrophilic polymers

Crosslinking of polymer gene carrier

Toxicity Surface shielding by PEG, biodegradable gene carriers

Targeting of DNA to tumor cells, tumor tissues, Specific targeting ligands (e.g., epidermal growth

and tumor vasculature factor, transferrin, folate, antibodies, and so on)

Passive targeting, long-circulating particle-based

systems

Intracellular

DNA uptake by cells Specific targeting ligands that undergo receptor-

mediated endocytosis (e.g., epidermal growth factor,

transferrin)

Physical methods (e.g., EP, US)

Endosomal escape Membrane-active peptides (e.g., Melittin)

Polycations “proton sponges” (e.g., PEI)

Transport from the cytosol into the nucleus Allow cytosolic migration by keeping the particles

small or use cytoskeleton-mediated transport

Nuclear localization signal peptides/sequences

Disassembly of DNA from gene carrier Cytosolic reduction of LMW polymers crosslinked

with bioreversible bonds in DNA complex assembly

(e.g., disulfide bonds)

Cytotoxicity Avoid strongly charged DNA particles

Biodegradable cationic gene carriers

LMW polymers crosslinked with bioreversible bonds
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genes to nondividing cells. The major limitation of GG transfer is that DNA penetration is limited to

dermal applications and cannot reach deeper tissue areas.

The GG can be applied to DNA vaccination and cytokine gene therapy for cancer. The GG delivered

DNA vaccines intradermally in mice, resulting in the control of liver and lung metastases (6). Delivery

of plasmid DNA encoding cytokines by GG significantly reduced the growth of melanoma tumors in

mice and resistance to renewed tumor growth following challenge (6). GG delivery of IL-12-express-

ing plasmid to skin resulted in fewer side effects than recombinant protein therapy (7). Studies by

Wang et al. (8) suggested that immunization of oral mucosa by GG may induce systemic antitumor

immunity more efficiently than immunization of the skin.

2.3. Electroporation

Electroporation (EP) is a technique involving the application of short-duration, high-intensity

electric field pulses to cells or tissue. The electrical stimulus is believed to cause the membrane to

destabilize and the subsequent formation of nanometer-size pores, which can allow passage of the

molecule directly into the cell cytoplasm, avoiding the inefficient endocytosis pathway. Transfection

efficiency has low dependence on the cell cycle (9). For effective transfection using EP, DNA first

has to be injected into the tumor, followed by the application of electric pulses at given field strengths

with surface electrodes at the tumor tissue.

EP has been shown to deliver marker genes to various cutaneous tumors, including bladder (10),

breast (11), brain tumors (12), and melanoma (13). EP has also enhanced delivery of genes after

direct injection into muscle and skin cells. In muscle, EP enhanced transgene expression by two or

three orders of magnitude (14,15) and stimulated the immune response by an even greater factor

(16). Mendiratta et al. (17) showed that the combined muscle EP of DNA plasmids encoding human

gp100 (melanoma antigen epitope) or mouse tyrosine-related protein 2 (TRP-2) antigens resulted in

greater tumor rejection in 100% of the immunized mice. Furthermore, this immunotherapy led to the

generation of a therapeutic immune response that significantly improved the mean survival time of

mice bearing established lung metastases.

EP is considered safe, inexpensive, and simple, although again it is limited to certain applications;

it represents an interesting method to enhance treatment efficiency.

Table 2

Cancer Therapy by Physical Transfection Systems

Method Site Therapeutic strategy Result

Direct injection Tumor Gene protein expression Subcutaneous metastases decrease

(e.g., cytosine deaminase) tumor volume

activates systemically applied

prodrug (5-fluorocytosine)

Muscle Coinjection of cytokine (IL-12) Enhanced antitumor immunity

and/or vaccine plasmids

(e.g., human carcinoembryonic

antigen)

Gene gun Skin Vaccination Antitumor immunity in the liver

(e.g., HPV-16 E7 gene) and lung metastases models

Electroporation Muscle Vaccine (human gp100 or mouse Increased survival time of mice

TRP-2 antigens) bearing established lung metastases

US/systemically Tumor Cytokine (IL-12) Inhibited tumor growth

applied lipoplex

Jet injection Tumor Cytokine (TNF-�) Gene expression in tumor
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2.4. Ultrasound

Ultrasound (US) has been shown to facilitate the delivery of DNA into tumor tissues in vivo. The

mechanism of enhancement has yet to be determined fully; however, it is believed that US waves cause

microbubbles to cavitate, which in turn causes the cells to be more permeable to macromolecules (18).

US enhanced marker gene expression after DNA was intratumorally injected into cutaneous tumor

models, including colon carcinoma (19) and prostate tumors (20). Huber and Pfisterer (20) showed

that US was not effective when naked DNA was applied systemically, presumably because of the degra-

dation of DNA by serum nucleases.

Inhibited tumor growth was also observed when IL-12 gene was administered systemically prior

to US, when the DNA was protected from nuclease attack by condensation with cationic lipid (21).

A promising new approach for US is to apply vehicles such as liposomes or microparticles that

encapsulate microbubbles and DNA systemically (22). Microbubbles lower the energy for cavitation,

and it is proposed that when the vehicle enters the region of US, the microbubbles cavitate, opening

up the vehicle and releasing the DNA locally. In addition, the local cavitation of the microbubbles

should make the cells more permeable for DNA uptake.

The US method of enhancing direct injection appears to have distinct advantages for cancer

therapy, including the ability to target deep tissues with a minimally invasive treatment regimen.

2.5. Jet Injection

The jet injection method uses mechanical compression to force fluid (DNA in solution) through a

small orifice within a fraction of a second, producing a high-pressure stream that can penetrate a num-

ber of different tissues.

Table 3

Systemic Tumor-Targeted Gene Therapy

System Gene Result

Polyplexes

Ogris, 1999 (27) Tf-targeted, PEG shielded, Reporter gene High gene expression in distant

PEI tumors

Kursa, 2003 (32) TNF-� Hemorrhagic tumor necrosis and

inhibition of tumor growth

Kircheis, 2002 (30) Tf-targeted, Tf-shielded, TNF-� Hemorrhagic tumor necrosis and

PEI inhibition of tumor growth

Wolschek, 2002 (36) EGF-targeted, PEG Reporter gene Expression was predominantly

shielded, PEI found in the tumor

Lipoplexes

Xu, 1999 (62) Tf-liposme p53 Tumor regression in combination

with radiation

Monck, 2000 (58) PEG-liposome Reporter gene High gene expression in distant

tumors

Ramesh, 2001 (64) Cationic liposome p53 Reduction of primary and metastatic

lung tumor growth

Ueno, 2002 (55) Lipopolyplex E1A Apoptotic tumor cells, reduction in

tumor volume

Rait, 2002 (63) Folate-PEG-liposome HER2 antisense Chemosensization

Hofland, 2002 (59) Folate-PEG-liposome Reporter gene High-gene expression in distant

tumors

Nanoplex

Hood, 2002 (72) Integrin (�
v
�

3
)-NP A mutant Tumor cell apoptosis and sustained

Raf gene regression of established primary

and metastatic tumors
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Walther et al. (23) used a new low-volume, versatile, handheld high-speed jet injector for gene

transfer into tumors. A combination of plasmids encoding a marker gene and tumor necrosis factor-�

(TNF-�) gene (1 µg/µL) were jet injected into subcutaneous Lewis lung carcinoma tumors. After five

injections, gene expression was widespread within tumor tissues, with a penetration depth of 5–10

mm, deeper tissue penetration than GG and other jet injection studies. Gene expression was observed

in the tumors up to 120 hours after injection.

2.6. Magnetofection

The technique of magnetofection has been applied to targeted gene therapy with encouraging results

(24). Genes are reversibly bound to superparamagnetic nanoparticles, which then can be directed within

the host by high-energy magnetic fields. The application of magnetofection in vitro resulted in much

faster transfection times of minutes rather than hours. This transfection power was also observed when

applied to the gastrointestinal tract and in blood vessels in vivo (24). The present system could be

used for the treatment of local forms of cancer; however, it is hoped the penetration effect could be

expanded to deeper organs.

3. PARTICLE-BASED GENE TRANSFER SYSTEMS

Particle-based systems can be divided into three main groups involving the combination of DNA

with cationic polymers (polyplex), lipids (lipoplex), or submicron colloidal systems (nanoplex). These

particle-based systems are necessary primarily to both reduce the size and the charge of the DNA

molecules for uptake into the cell and protect DNA against hydrolysis by serum nucleases. In general,

these particle-based systems have been to shown to require several characteristics and modifications

to overcome the barriers to targeted gene expression (Table 1). Particles can be formulated into small

nanosize dimensions of 25 nm (25) or micrometer large complexes.

Targeting of particle-based systems to tumor tissue can be achieved by taking advantage of the

tumor vasculature hyperpermeability and inadequate lymphatic drainage, which results in enhanced

permeability and retention of circulating particles. This approach is considered a passive targeting

strategy. Alternatively, active targeting can be achieved when agents are coupled to the particle-based

systems that bind to receptors or antigens highly expressed on the target tumor cell. This targeting

strategy is particularly attractive as an active targeting process can lead to enhanced internalization

of the vector by endocytosis. Targeting principles, shielding, and intracellular trafficking, including

application examples such as tumor targeting, are discussed next.

3.1. Polyplexes

A variety of polycations has been used to condense DNA: naturally occurring proteins (e.g., his-

tones or protamines, etc.), synthesized polyamino acids (e.g., polylysine, -histidine, and -arginine),

and others (e.g., polyethyleneimine [PEI], chitosan, etc.) (for review, see ref. 1). The major advan-

tage of using polyplexes is that they can be easily conjugated to targeting agents; these include pro-

teins (e.g., transferrin, epidermal growth factor, antibodies) and small molecules (e.g., folate, galactose).

Various polymer-ligand gene delivery systems have been demonstrated to facilitate receptor-cell-

mediated uptake into cancer cell lines. Of the cationic polymers tested, PEI has the highest in vitro

transfection efficiency, which is believed to be because of its intrinsic ability to facilitate endosomal

release. One proposed mechanism for the endosomolytic activity of PEI is the so-called proton sponge

hypothesis, that an osmotic imbalance is caused on endosomal acidification, resulting in the breakup

of the endosome (26).

Various in vivo studies have shown that a near-neutral surface of the polyplexes is essential to

minimize nonspecific interactions in the blood, allowing greater circulation time for the vector to

reach its target (27,28). To reduce the surface charge, hydrophilic agents have been attached to the

polyplex surface to provide so-called steric stabilization (28). Shielding agents investigated include
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polyethylene glycol (PEG) (27), hydroxypropyl methacrylic acid (29), and the serum protein transfer-

rin (30). Shielding by PEG not only improves circulation times, but also reduces toxicity, increases

solubility, and provides stability for freezing-thawing (31).

Of the shielding agents, most work has been done with PEG, with several different strategies of

PEGylation developed. PEG can be covalently attached after polyplex formation (postPEGylation)

(27,33). PostPEGylation strategies require sequential steps, and the level of PEGylation will vary

from batch to batch. Another concern for surface shielding is not only shielding of the surface charge,

but also the activity of the targeting ligand. To overcome this, bifunctional PEG was used, allowing

the targeting ligand to be attached at the distal end of the chain, providing greater accessibility to the

receptor (33).

Attempts have been made to avoid postPEGylation methods by synthesizing polycation-PEG co-

polymers that could form particles spontaneously when condensed with DNA. Presynthesis of poly-

cation-PEG copolymers will allow more control over levels of PEGylation, providing more defined

particles. However, for many of these copolymers the hydrophilic part appears to hinder proper DNA

condensation and particle formation (34,35). This improper DNA condensation, however, could be

overcome by the addition of unmodified low molecular weight (LMW; 22 or 25 kDa) PEI with the

shielding copolymer, in this case, Tf-PEI (33).

PEGylated particles were formed spontaneously by mixing DNA with a mixture of PEI22 (con-

densing agent), PEG-PEI (surface shielding conjugate), and the targeting conjugate, for instance, Tf-

PEG-PEI or EGF-PEG-PEI (32,36). The mixing ratio of the PEI conjugates and PEI strongly influence

the biophysical characteristics of the DNA particles formed. This method can generate PEG-shielded

DNA complexes more quickly and easily than postPEGylation strategies.

Finsinger et al. (37) developed a new generation of shielding copolymers that disassemble at the

lower pH of the endosome, mimicking the steps of viral entry. PEG is covalently attached to a poly-

peptide that is anionic at physiological pH; this copolymer is electrostatically attracted to the cationic

polyplex core, shielding the surface charge. On entry to the endosome, the glutamic acids become pro-

tonated, breaking up the complex. This disassembly process enhanced the transfection efficiency of

polylysine/DNA in vitro.

Wagner and coworkers first demonstrated tumor-targeted gene expression in distant tumors when

PEG-shielded polyplexes of PEI (800 kDa) targeted with transferrin were injected into the tail vein of

mice bearing subcutaneous Neuro-2A neuroblastoma tumors (27,38). Luciferase reporter gene expres-

sion was enhanced from 100- to 1000-fold in the tumors compared to the other major organs. This

specific gene expression could also be achieved with transferrin-shielded polyplexes with lower molecu-

lar weight (22 and 25 kDa) PEIs as gene carriers (38). This work demonstrated that transferrin could

be used as an alternative shielding agent, and that the lower molecular weight PEIs, which have lower

toxicity, were effective as gene carriers.

With these encouraging results, the transferrin-targeted/shielded PEI polyplexes were used to apply

the therapeutic gene TNF-� systemically to mice (30). Gene expression of TNF-� was localized within

the tumors in three different tumor models, resulting in pronounced hemorrhagic tumor necrosis and

inhibition of tumor growth, with complete tumor regressions observed in the MethA model. No sys-

temic TNF-related toxicity was observed (30). Kursa et al. (32) showed a similar effective therapeutic

response with a cryoconserved Tf-PEG-PEI/PEG-PEI/PEI22 formulation carrying the TNF-� gene.

For the use of tumor-targeted polyplexes as a “bedside medicine,” biocompatible and biodegrad-

able polymers would be advantageous. One approach is to use LMW polymers, which are more easily

eliminated by the liver or kidney; however, because of their LMW, they inefficiently compact DNA. To

condense DNA efficiently without an impact on toxicity, investigators have crosslinked LMW poly-

mers with bioreversible disulfide linkages (39,40). It is proposed that on reaching the reducing envi-

ronment of the cytosol, these disulfide bonds will break, releasing the LMW polymers and DNA. To

achieve the high efficiencies of PEI these new formulations will require endoosmolytic activity. To
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provide the sulfhydryl crosslinking of LMW peptides with endosomal buffering capacity to facilitate

their endosomal release, histidine amino acids were included in the peptide sequence (40). As an alter-

native approach to using polymers with high buffer capacity at low pH, membrane-active peptides

have been covalently attached to polymers to facilitate endosomal release and, in some cases, facilitate

their transport into the nucleus (41,42).

To extend the concept of bioreversibly linked LMW polymer polyplexes to systemic delivery,

their surface charge has to be shielded. Oupicky et al. (39) showed that postPEGylation of LMW cross-

linked polylysine polyplexes increased circulation time 10-fold. In another approach, sulfhydryl

crosslinking peptides and glycopeptides were conjugated with PEG. These copolymers bound DNA,

and subsequent formation of disulfide bridges between the peptides and glycopeptides resulted in

stable particles. The systemic stability of these PEG-shielded polyplexes has yet to be tested.

In the literature, there are several examples of high molecular weight biodegradable polycation

gene carriers; however, they suffer from poor transfection efficiencies. Lim et al. (43) described a

new biodegradable polymer of amino esters that has transfection efficiencies in mammalian cells

similar to 25-kDa PEI but with minimal cytotoxicity. The polymer consists of a branched network of

amino esters with synthesis based on that of the branched 25-kDa PEI. The high activity was attrib-

uted to its ability to mediate endosome acidification efficiently. This new polymer fulfills the two

main requirements for a gene carrier—efficient transfection and low toxicity—and should be a use-

ful tool in cancer gene therapy in the future.

3.2. Lipoplexes

Cationic liposomes are the most popular liposomes for gene therapy because neutral or negatively

charged liposomes have low DNA encapsulation efficiency and lower levels of transfection. Cationic

liposomes usually include DOPE or cholesterol as colipids. They are able to protect DNA from serum

nucleases and facilitate the uptake and release of DNA into the cytosol. With respect to the mecha-

nism of cell uptake and cytosolic release, there is evidence that their high positive surface charge

electrostatically attracts them to the negatively charged cell surface, inducing their uptake up by

endocytosis (44–47). The cationic lipids of the carrier are believed to facilitate their release from the

endosome by interacting with the anionic lipids of the inner endosomal membrane, forming non-

bilayer lipid structures (47). This process has been enhanced by the inclusion of so-called helper lipids

such as DOPE, which have fusogenic properties at the lower pH of the endosome (46). For liposomal-

mediated gene delivery, a major barrier is the entry of the DNA into the nucleus (48).

In the presence of serum proteins, lipoplexes can form aggregates, limiting potential transfection

sites to “first-pass” organs such as the liver, spleen, and lungs. Local administration of lipoplexes,

when possible, can overcome the stability problems associated with systemic circulation and allow

for more specific delivery to tumor cells.

Nabel and coworkers (49) first reported the intratumoral injection of plasmid DNA complexed to

cationic lipids to elicit antitumor responses in mice; a similar approach was evaluated and found safe

in a pilot study of humans with melanoma. Intratumoral administration of lipoplexes containing genes

encoding cytokines (e.g., IL-2, TNF-�) or suicide genes (e.g., Pseudomonas exotoxin A) resulted in

therapeutic benefits (50,51). Seki et al. (52) showed that intratumoral transfection of therapeutic

genes could be enhanced by the inclusion of transferrin in the lipoplex.

Cationic liposome-based vectors that consist of polycationic/DNA core and cationic liposome

(lipopolyplex) have improved gene transfer activity both in vitro and in vivo compared with standard

cationic liposomes (53). The improved transfection efficiency has been attributed to these particles

smaller size and provision of better protection against nucleases. Intravenous administration of lipo-

polyplexes containing DNA with high frequencies of unmethylated CpG induced a systemic cytokine

response that inhibited the growth of established pulmonary metastases (54). Ueno et al. (55) used a
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lipopolyplex system to deliver plasmid encoding for adenovirus type 5 E1A protein systemically to

human xenograph tumor models for head, neck, and breast cancer, resulting in suppressed tumor growth

in all three models. Such lipopolyplex systems have enabled improved DNA entrapment efficiencies

for neutral and anionic liposomes (56).

Because these lipopolyplexes do not carrier a strong positive charge, they are expected to have fewer

nonspecific interactions with both blood components and non-target cell membranes in vivo. Further-

more, anionic lipopolyplexes have been shown to have significantly less cytotoxicity than cationic

liposomes (57). To provide tumor targeting and enhance uptake by endocytosis, anionic liposomes

have been attached with the folate-targeting ligand (46). The attachment of folate increased their for-

mulation stability and enhanced their uptake in cancer cell lines that overexpress the folate receptor.

In another approach to stabilize cationic liposomes for systemic application, PEG has been incor-

porated, resulting in longer circulation times and reduced accumulation in first-pass organs (58–60).

PEG-stabilized cationic liposomes resulted in higher reporter gene expression at the tumor site (Lewis

lung tumor in the mouse flank) (58). Interestingly, Hofland et al. (59) showed that the addition of

PEG shielding dramatically reduced accumulation and gene transfer not only to the lung but also to

tumors. This is in agreement with diminished in vitro binding of PEG-shielded cationic liposomes to

melanoma cells (61). To minimize lung accumulation and restore gene transfer to tumors, the target-

ing ligand folate was attached to the distal ends of PEG (59).

Systemic targeted cationic liposomal gene delivery to tumors in combination with either radio-

therapy or chemotherapy has also been effective in treating cancer. Transferrin-targeted liposomes

enhanced the gene expression of the p53 gene in head and neck squamous cell carcinoma xenografts

(62). Expression of the p53 gene restored the apoptotic pathway of the tumors, making them more sen-

sitive to radiotherapy. Folate-targeted stabilized cationic liposomes increased uptake of the anti-HER-

2 antisense oligonucleotide in breast xenograft tumors in mice. In combination with the intravenously

administered chemotherapeutic agent docetaxel, there was strong inhibition of tumor growth (63).

Ramesh et al. (64) showed that the systemic application of cationic liposomes loaded with either

p53 or FHIT genes resulted in transgene expression in 25% of cells in primary tumors and 10% in dis-

seminated tumors.

3.4. Nanoplexes

Nanoplex gene delivery has only recently been applied to nonviral cancer gene therapy. Depend-

ing on the method of preparation, nanoplexes can either be nanospheres or nanocapsules. In the case

of nanospheres; the DNA is either dispersed throughout the particle or adsorbed to its surface; in nano-

capsules, the DNA is incorporated inside the particle.

Several investigators have demonstrated that DNA can be absorbed to the surface of nanoparticles

and taken up by cells in vitro (65); however, the loading efficiency is poor, and in vivo the DNA will

be exposed to nucleases and could be displaced by blood components. To increase loading and pro-

tection from nucleases, oligonucleotides have been formulated into nanocapsules of poly(alkylcyano-

acrylate); furthermore, these particles retained their activity after freeze-drying (66).

Another system suitable for the delivery of oligonucleotides is nanoparticles made from proteins.

Oligonucleotides were successfully encapsulated in bovine serum albumin and gelatin nanospheres

under the soft conditions of coacervation (67,68). Encapsulation stabilized the oligonucleotides against

nucleases (67). Gelatin particles were crosslinked after the coacervation process by the addition of 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (67). This crosslinking process also allows the attach-

ment of targeting moieties such as transferrin, which enhanced in vitro transfection efficiency, although

it was dependent on the coencapsulation of the endoosmolytic agent chloroquine (67).

Mao et al. (69) reported chitosan-DNA nanoparticles prepared by coacervation of chitosan and DNA

in acidic solution. The nanoparticles protected the encapsulated plasmid DNA from nuclease degrada-

tion. Transferrin-targeted chitosan nanoplexes containing DNA and chloroquine, however, had little
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effect on transfection efficiency in HeLa cells, but when targeted with KNOB protein from adenovirus,

there was about a 130-fold increase in transfection. PEGylation of chitosan nanoplexes resulted in

increased circulation time and storage stability (69).

Cui and Mumper (70) showed that DNA could be entrapped in nanoparticles by a quick and simple

method; hydrophobized DNA was entrapped inside nanoparticles engineered from oil-in-water micro-

emulsion precursors. Nanoparticles coated with the polysaccharide pullulan enhanced in vitro transfec-

tion in Hep G2 cells. Encapsulation of DNA in the nanoparticles increased their circulation times in mice.

Analogous to tumor-targeted PEG-shielded polyplexes (33) and lipoplexes (59,63), the tumor-

targeting ligand was covalently attached to the distal end of the PEG, which is bound to the nanoplex

(71). The PEGgylated nanoparticles were prepared from copolymers of poly(lactic acid) and PEG by

a multiple emulsion/solvent method. The antitransferrin receptor monoclonal antibody was attached

to the distal end of the PEG chains; however, the targeting activity of these nanoparticles has yet to be

determined.

Hood and coworkers (72) first reported the successful application of targeted nanoplexes for deliv-

ering genes systemically for the treatment of tumors. In this case, nanoplexes were targeted to the blood

vessels feeding the tumors rather than the tumor itself. Polymerized lipid-based nanoparticles could

specifically target the angiogenic blood vessels of tumor-bearing mice by the covalently attachment

of an integrin �
v
�

3
-targeting ligand. The targeted nanoplexes were packed with a mutant form of the

Raf-1 gene, which blocks endothelial signaling and angiogenesis. Systemic application of these

nanoplexes resulted in tumor cell apoptosis and sustained regression of established primary and meta-

static tumors.

Most studies to date have shown the potential of nanoplexes for gene delivery at the cellular level

and several promising advantages for application to cancer nonviral gene therapy: (1) the surface of the

nanoplex can be conjugated with targeting ligands; (2) they efficiently protect DNA from nucleases; (3)

endosomal escape and nuclear targeting excipients can be easily included; and (4) they can be stored

lyophilized.

4. FUTURE DIRECTIONS

The ultimate nonviral gene vector for cancer therapy will be biocompatible, have efficient and

specific gene expression in target cells, and be manufactured in an economical way. Physical methods

(Table 2) will be able to target internal organs such as the liver and deep tumors and not just peripheral

tissues. This will require the development of more powerful and patient-compliant instruments of deliv-

ery that can be used in combination with surgical techniques and improved particle-based methods.

Developers of particle-based systems have essentially tried to mimic the properties of viruses with

the aim of achieving their higher transfection efficiencies. For this reason, many investigators like to

call their nonviral vectors artificial viruses. These so-called artificial viruses do have several features

common to viruses, for instance, targeting domains, protective coating, or endosomal release agents.

However, unlike viruses, they do not undergo coordinated/programmed structural changes that make

them more compatible at each step toward cell transfection. Nonviral vectors of the future will be

multifunctional systems most likely containing many of the strategies in Table 1; however, they will

be designed to undergo intracellular processing to use these strategies more effectively, for instance,

deshielding on entry into the cell, release of membrane-disrupting agents on entry to the endosome,

and unpackaging of DNA from the carrier on transport to the nucleus. Such programmed changes

will be coordinated by the intracellular environment of each step, for instance, the presence of spe-

cific peptidases in the endo-lysosome system, changes in pH, or reductive environment. Not only

will the particle-based systems of the future be more efficient in targeting and transfection, but also

they will have improved formulation and storage stability, enabling them to be used as a bedside

medicine for various applications (Table 3).
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1. INTRODUCTION

Cancer gene therapy is the transfer of genetic material to the cells of an individual with the goal of

eradicating cancer cells. This can be accomplished directly by transferring genetic material into the

cancer cells themselves to bring about their destruction, or indirectly, either by stimulating the immune

system to recognize and eliminate the cancer cells or by targeting the nonmalignant stromal cells that

support the growth and metastasis of cancer cells. Each of these approaches exploits the expanding

knowledge of the genetic basis of cancer, thereby allowing rationally targeted interventions at the

molecular level. Thus, cancer gene therapy offers the potential to achieve a much higher level of spe-

cificity of action than afforded by conventional drug therapeutics. Cancer gene therapy therefore man-

dates a gene delivery vehicle, or vector, capable of delivering the therapeutic gene into the target cell

such that an appropriate level of the gene product is expressed for a sufficient length of time to achieve

its desired effect. Moreover, this should be accomplished within an acceptable safety margin.

There are two major classes of delivery vehicles for cancer gene therapy: viral and nonviral vectors.

As a class, viral vectors possess the key advantage of efficiency: Viruses have evolved over millions

of years to be highly effective at infecting cells and transferring their genetic material to the nucleus,

where it is expressed. In contrast, the major obstacles to the use of nonviral vectors are their rela-

tively poor specificity and efficiency; strategies to improve nonviral vectors for cancer gene therapy

are discussed elsewhere in this book. However, viral vectors also suffer from a number of limitations,

including the potential for acute toxicity in response to vector administration and the possibility that

previous exposure to a virus will render a host resistant to transduction by the viral vector.

A number of different viruses have been adapted as vectors for cancer gene therapy. The underly-

ing biology of the virus dictates the most rational application for that vector in cancer gene therapy.

For example, retroviruses have been employed predominantly for gene transfer ex vivo, which involves

a time-consuming and complex procedure in which the target cells are removed from the patient, geneti-

cally modified, and then reimplanted into the same recipient, whereas the attributes of other viruses

favor their use for in vivo gene transfer. The properties of the virus also determine whether the vector

would be more rationally employed to transduce the cancer cells themselves, for which short-term

gene expression would be sufficient to achieve cell death, or to mediate long-term expression of ther-

apeutic genes, such as genes encoding antiangiogenic factors, from stromal cells.

In this chapter, we discuss the various viral vectors employed in cancer gene therapy, focusing on

how the biology of the virus informs the choice of the particular therapeutic approach, and discussing

strategies to improve the vectors for clinical application.
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2.VIRAL VECTORS

2.1. Retroviral Vectors

Several mammalian and avian C-type retroviruses have been exploited as vectors for cancer gene

therapy, including Moloney murine leukemia virus (MuLV), gibbon ape leukemia virus, spleen necro-

sis virus, and avian sarcoma and leukosis viruses. A mature C-type retroviral particle is spherical,

roughly 100 nm in diameter, and surrounded by an envelope consisting of a lipid membrane bilayer

into which glycoproteins are inserted. The retroviral genome is a homodimer of linear, positive-sense,

single-stranded ribonucleic acid (RNA), with the size of each monomer 7 to 13 kb. The distinguish-

ing characteristic of the life cycle of retroviruses is the reverse flow of genetic information from this

RNA genome to double-stranded deoxyribonucleic acid (DNA), the provirus, which is integrated

into the chromosomal DNA of an infected cell, thereby allowing the retrovirus to maintain a persis-

tent infection (1).

The life cycle of retroviruses accounts for their use as gene therapy vectors. To enter a cell and

initiate infection, all retroviruses require an interaction between the viral envelope glycoprotein and

a specific cell surface receptor; the viral envelope glycoprotein therefore dictates the type of cells

that can be infected. Once virus particles have bound to the receptor, the virion and host membranes

fuse, and the virion core is delivered into the cytoplasm of the infected cell, where the RNA genome

is reverse transcribed to form double-stranded linear DNA (1). Nuclear entry of the viral DNA is

absolutely dependent on disruption of the nuclear membrane during the process of mitosis (2). Hence,

retroviral vectors can only infect actively dividing cells, a feature that limits their application for

cancer gene therapy.

The retroviral DNA then integrates into the host DNA to form the provirus. The integrated provi-

rus is collinear with the product of reverse transcription and consists of a 5' long terminal repeat

(LTR), about 8 kb of intervening viral sequences encoding the structural proteins (Gag, Pol, and

Env), and a 3' LTR. Transcription of the provirus is initiated from a promoter within the 5' LTR and

proceeds through the genome. The messenger RNA (mRNA) is polyadenylated and processed using

signals in transcribed regions from the 3' LTR. A portion of the transcripts is exported directly from

the nucleus and serves as the genome to be packaged into the progeny virion particle. Another por-

tion of the mRNA is translated to form the structural proteins. Progeny virions are assembled at the

plasma membrane, and the RNA genome is incorporated by virtue of interactions between specific

RNA sequences near the 5' end of the genome, termed the packaging or Psi sequences, and specific

residues in the Gag protein. The progeny then bud off from the cell membrane and are released (1).

Retroviral vectors are constructed from the DNA form, corresponding to the integrated provirus.

Because the cis-acting sequences are located in the terminal regions, the central sequences encoding

the structural proteins can be removed from the virus and replaced by the transgene of interest, which

can therefore be up to 8 kb long. The proteins needed for production of infectious viral particles are

supplied in trans in packaging/producer cells in which the vector DNA is transcribed into RNA and

packaged into viral particles. The biosafety of retroviral vectors has been improved by expressing the

trans-acting viral proteins from separate constructs within the packaging cell lines to increase the

number of separate recombination events that would be necessary to generate replication-competent

retroviruses. The latest packaging cell lines can produce retroviral vector titers above 10
7
 transduc-

ing units per milliliter.

The first cancer gene therapy clinical trials, dating to 1990 (3), employed retroviral vectors in ex

vivo immunotherapy strategies that took advantage of the ability of the vector RNA genome to be

reverse transcribed in the transduced cells, followed by stable integration of the DNA into the host

genome to mediate long-term expression of the therapeutic gene. This ex vivo approach was an

appropriate application of retroviral vectors because the viral titers that could be achieved at that time

were not sufficient to permit in vivo administration. Moreover, the fact that retroviral vectors were

sensitive to inactivation by complement mandated an ex vivo approach.
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In these immunotherapy trials, the target cells were removed from the cancer patient, transduced

with a retroviral vector carrying a cytokine gene, expanded in culture, and then readministered to the

patient to induce an antitumor immune response. A number of target cells were employed in these

early protocols, including tumor-infiltrating lymphocytes (4), cancer cells (5,6), and fibroblasts (7,8),

together with a variety of therapeutic genes, such as tumor necrosis factor (4,5); interleukins 2 (9), 4

(7), and 12 (8); and granulocyte-macrophage colony-stimulating factor (6). Autologous T cells or

dendritic cells expressing major histocompatibility complex class II antigens or receptors directed

against tumor-specific antigens, such as TAG-72, have been evaluated in phase I/II clinical trials (10).

Although these immunotherapy approaches have been safe, there has not been a clear demonstration

of an effective cure.

The ability of retroviral vectors to selectively transduce dividing cells provided the rationale for a

strategy designed to treat glioblastoma by targeting gene expression to actively dividing brain tumor

cells while avoiding normal, nonmitotic, parenchymal brain tissue. In this approach, murine retroviral

producer cell lines producing vectors expressing the herpes simplex virus thymidine kinase (HSVtk)

suicide gene were stereotactically injected directly into the brain tumors of patients (11). Patients

were then treated with the prodrug ganciclovir (GCV), a nucleoside analog phosphorylated by HSVtk

to form a nucleotidelike precursor that inhibits DNA replication, thereby leading to cell death. The

selective toxic effect of GCV on proliferating cells therefore superimposed a second level of tumor

targeting on top of the selective transduction of actively dividing glioblastoma cells by the retroviral

vector. In 1997, a randomized multicenter trial designed to compare the efficacy of surgery, radia-

tion, and injection of murine cells producing the HSVtk vector followed by intravenous GCV against

the efficacy of surgery and radiation in the treatment of newly diagnosed, previously untreated glio-

blastoma became the first cancer gene therapy trial to advance to phase III (12). However, it has been

determined that human cancer cells cycle rather slowly, so that only a small fraction of the target tumor

cells is actually dividing at any given time; consequently, the large percentage of quiescent cells under-

mines the utility of this strategy.

A number of modifications have been made to retroviral vectors to improve their usefulness for

cancer gene therapy. Improved packaging cell lines based on human cells have been developed to

allow the production of complement-resistant particles, which therefore have the potential for intra-

venous administration. To achieve a higher level of transgene expression than can be achieved from

the 5' LTR and/or to achieve specific expression in target cell types and tissues, heterologous pro-

moters can be placed internally in the retroviral transcription unit to drive transgene transcription.

Work is also under way to understand the mechanism by which retroviral vectors integrated into the

chromatin of the host cell become subject to transcriptional silencing so that rational strategies can be

designed to circumvent this problem.

The integration of the DNA genome into regions of open chromatin affords the risk of insertional

mutagenesis, as recently reported in a clinical trial for X-linked severe combined immunodeficiency,

in which retrovirus-mediated �c chain transfer into autologous bone marrow cells in two very young

patients led to uncontrolled clonal proliferation of mature T cells caused by insertion of the vector near

the promoter of the proto-oncogene LMO2 (13). Although disease- and protocol-specific factors may

have played a role in this event, it is clear that greater understanding of the mechanisms of retroviral

integration could facilitate the design of safer vectors.

Perhaps the major obstacle to the use of retroviral vectors in human cancer gene therapy is that the

viral envelope glycoprotein dictates the host range of the vector. Thus, MuLV-based vectors contain-

ing the ecotropic envelope protein can infect only mouse cells; vectors containing the amphotropic

envelope protein can infect both mouse and nonmouse cells. Importantly, virions containing these

envelope proteins can be concentrated only with a very low efficiency and labor-intensive protocols

and cannot withstand the shear forces of ultracentrifugation. Fortunately, the process of virion assem-

bly means that it is possible to substitute one envelope glycoprotein for another, a process known as

pseudotyping (see p. 384). In this regard, MuLV can be pseudotyped with the G protein of the vesicu-
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lar stomatitis virus (VSV-G) (14). Such VSV-G-pseudotyped vectors can be concentrated 100- to 300-

fold by ultracentrifugation to titers above 10
9
 transducing units per milliliter. However, VSV-G medi-

ates viral entry by membrane fusion via the interaction with phospholipid components of the cell mem-

brane; therefore, it has a broad host range. Hence, it is apparent that a major advance in the utility of

retroviral vectors for cancer gene therapy would accrue from the development of strategies to allow

the efficient and specific transduction of target cancer cells in vivo.

Transductional targeting of avian leukosis viruses has been accomplished by a molecular bridge

consisting of the extracellular domain of the cellular receptor for the virus fused to a ligand, such as

epidermal growth factor or vascular endothelial growth factor (15,16). The receptors for avian leuko-

sis virus are well suited to this strategy because they are simple type 1 transmembrane proteins with

extracellular domains that can be produced as soluble forms that retain the ability to bind the virus

and stimulate cellular entry. In contrast, the receptors for most other retroviruses have multiple mem-

brane-spanning domains that render them inappropriate for use in a receptor–ligand molecular bridge.

Other targeted retroviral vectors have been engineered by insertion of ligands (17) or single-chain

antibodies (18) into the envelope glycoprotein. In many cases, however, this modification prevents

the conformational change required for membrane fusion and cell entry that is triggered by receptor

binding. Consequently, the infectious titer of targeted retroviral vectors is often considerably less than

the titer of retroviruses with wild-type envelope glycoproteins. To some extent, this problem can be

overcome by incorporating wild-type envelope proteins into targeted retroviral particles in addition

to the modified envelope proteins (19). Alternatively, a protease-cleavable linker peptide can be

inserted between the displayed ligand and the viral envelope glycoprotein, so that cleavage of the

ligand at the target site restores the native configuration of the envelope protein, allowing efficient

membrane fusion and productive infection (20).

A retroviral vector with a targeting modification in its envelope glycoprotein has been approved

for the first clinical gene therapy trial employing vascular delivery of a retroviral vector. Dr. Heinz-

Josef Lenz and colleagues at the University of Southern California, Keck School of Medicine, will

conduct a tumor site-specific phase I/II evaluation of the safety and efficacy of hepatic arterial infu-

sion of a matrix-targeted retroviral vector bearing a dominant-negative cyclin G1 construct as a treat-

ment for colorectal carcinoma metastatic to liver (21). Rather than target specific cancer cells, this

vector is designed to target an area of pathology, namely, the sites of exposed collagen with the lesions

created by growing tumors (19). The hypothesis is that, by binding the vector to the exposed colla-

gen, the rapidly proliferating cancer cells in proximity will be more efficiently transduced. Binding

of the vector to collagen is accomplished by incorporating a discrete collagen-binding domain of von

Willebrand factor into the amphotropic MuLV envelope protein. Importantly, the matrix-targeted

vector possesses near wild-type amphotropic infectivity. The results of the clinical trial are keenly

awaited so that the potential of this targeted injectable retroviral vector for human gene therapy can

be evaluated.

2.2. Adenoviral Vectors

Adenoviruses possess a nonenveloped icosahedral protein shell or capsid 70–100 nm in diameter

surrounding an inner DNA-containing core. The 20 facets of the capsid are each composed of 12

copies of the trimeric hexon protein, which is the most abundant component of the virion and per-

forms a structural role. Each vertex of the capsid is composed of a pentameric penton base protein in

association with a trimeric fiber protein that projects from the viral surface and ends with a globular

knob domain. The fiber and penton base both play important roles in the initial steps of the virus–cell

interaction during infection. The core of the adenoviral particle contains the viral genome, a linear,

double-stranded DNA molecule approximately 36 kb long. The cis-acting origins of replication of

the viral DNA are located in the first 50 base pairs (bp) of the 100- to 140-bp inverted terminal repeat
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(ITR) sequences located at each end of the genome. The ITR sequences play an important role in

replication of the DNA. A terminal protein is covalently attached to each of the 5' termini of the DNA

and serves as a primer for DNA replication. The left end of the genome also includes a cis-acting

packaging signal that directs the interaction of the viral DNA with its encapsidating proteins (22).

Human adenoviruses are classified into six species based on the percentage of guanine and cyto-

sine in the DNA molecules and the ability to agglutinate red blood cells (22). They are further subdi-

vided into more than 50 serotypes, primarily on the basis of neutralization assays. The majority of

recombinant adenoviral vectors are based on human adenovirus serotypes 2 (Ad2) and 5 (Ad5) of

species C, which cause a mild respiratory disease in humans and are nononcogenic.

The rational design of adenoviral vectors is based on an understanding of the infectious cycle of

the parental viruses. The entry of adenoviruses into susceptible cells requires two distinct, sequential

steps—binding and internalization—each mediated by the interaction of a specific capsid protein with

a cellular receptor. The initial high-affinity binding of Ad2 and Ad5 to the primary cellular receptor,

the so-called coxsackie and adenovirus receptor (CAR), occurs via the globular knob domain of the

fiber capsid protein (23–26). CAR appears to function purely as a docking site for the virus on the

cell surface; the cytoplasmic and transmembrane domains of the molecule are not essential for adeno-

viral infection (27). Subsequent internalization of the virus by receptor-mediated endocytosis is poten-

tiated by the interaction of Arg-Gly-Asp (RGD) peptide sequences in the penton base protein with

secondary host cell receptors, integrins �
v
�

3
 and �

v
�

5
 (28,29). The virion escapes from the endosome,

the capsid is disrupted, and the virus is transported to the nuclear membrane. The genome then pas-

sages through the nuclear pore into the nucleus, where the primary transcription events are initiated.

Expression of the adenoviral genes is temporally regulated. E1A is the first transcription unit to

be expressed after the adenoviral chromosome enters the nucleus of an infected cell; its expression

requires only cellular proteins. The E1A proteins activate transcription from the other adenoviral

early regions and induce the host cell to enter the S phase of the cell cycle. The E1B gene encodes

two proteins (E1B 19K and E1B 55K) that inhibit apoptosis and further modulate cellular metabo-

lism to render the cell more susceptible to viral replication. The E2 transcription unit encodes three

proteins involved in viral DNA replication. The E3 region encodes multiple proteins designed to

inhibit pathways of cell death induced by the host innate and cellular immune response to the infected

cell. The E3 proteins are dispensable for the replication of adenoviruses in tissue culture. The E4 gene

products perform a range of functions, with distinct proteins playing roles in viral DNA replication,

viral mRNA transport and splicing, shut off of host protein synthesis, and regulation of apoptosis (22).

The expression of the early adenoviral genes sets the stage for replication of the viral DNA. Repli-

cation of the adenoviral DNA starts at the origins of replication in the ITR sequences at either end of

the chromosome, with the terminal protein serving as a primer. The expression of the late adenoviral

genes commences with the onset of DNA replication. The late gene products are expressed after pro-

cessing a 20-kb transcript from the major late promoter, which is attenuated during transcription of

the early genes. This primary transcript undergoes multiple splicing events to generate five families

of late mRNAs encoding proteins that are part of the viral capsid or are involved in the encapsidation

and assembly of viral particles in the host cell nucleus. Encapsidation of the viral DNA is directed by

the packaging signal at the left end of the chromosome. This process is accompanied by alterations in

the nuclear infrastructure and the permeabilization of the nuclear membrane, facilitating the egress

of the progeny viruses into the cytoplasm. The plasma membrane subsequently disintegrates, and the

progeny are released from the cell (22).

A number of characteristics of human Ad2 and Ad5 spawned their development as vectors for

cancer gene therapy. Adenoviruses can infect a broad range of cell types, including both dividing and

nonmitotic cells, and have evolved an extremely efficient mechanism for delivery of their genome to

the nucleus. The genome remains extrachromosomal, which minimizes the risk of insertional muta-

genesis. Vectors derived from serotypes 2 and 5 can be purified to high titers (up to 10
13

 virus particles
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per milliliter), which means that it is practical to employ them in vivo. Adenoviruses possess the

important attribute of stability in the bloodstream, which means that adenoviral vectors can poten-

tially be employed for gene delivery following intravenous administration. Adenoviral vectors are

rendered replication-deficient by deletion of the E1 region of the genome, which means they are capa-

ble of propagation only in specially designed complementing cell lines. So-called first-generation

E1-deleted Ad2 and Ad5 vectors can accommodate up to 7.5 kb of foreign DNA, and the capacity of

the vectors can be expanded by additional deletions of the viral genes. The promise of adenovirus-

based gene delivery vehicles has, in turn, led to the development of a range of techniques by which

their genomes can be manipulated and recombinant vectors generated with relative ease.

Based on these key features, adenoviral vectors have been widely employed in cancer gene therapy

strategies in both preclinical and clinical studies. In fact, the number of cancer gene therapy clinical

trials employing adenoviral vectors now exceeds those using retroviral vectors. These trials have

been designed to exploit the ability of adenoviral vectors to accomplish efficient in vivo gene deliv-

ery. Adenoviral vectors have been employed to deliver a variety of therapeutic genes in the context

of mutation compensation and molecular chemotherapy approaches, including the tumor suppressor

genes p53 (30) and p16 (31), antisense DNA, ribozymes and single-chain antibodies (32,33), and the

suicide genes HSVtk and cytosine deaminase. In the absence of a vector capable of targeted, tumor

cell-specific gene delivery on systemic administration, clinical trials involving adenovirus-mediated

gene transfer have concentrated on those cancers that would benefit from improved local or regional

control of tumor growth, including squamous cell carcinoma of the head and neck; brain, bladder,

and ovarian cancers; locally advanced prostate cancer; and nonmetastatic stages of non-small cell

lung cancer and breast cancer.

In general, the results of adenovirus-mediated cancer gene therapy have been disappointing, with

only limited efficacy observed in preclinical and clinical studies. A number of studies have shown that

primary cancer cells express only low levels of CAR (34), and it has been demonstrated that the thera-

peutic efficacy of adenoviral vectors is restricted by the inability of the vectors to infect tumor cells

expressing low levels of CAR (35). This therefore suggests that the efficacy of adenoviral vectors for

cancer gene therapy could be improved by modifying the viruses to allow efficient infection via a CAR-

independent pathway. Modification of adenoviral tropism is accomplished by alteration of the knob

domain of the adenoviral fiber capsid protein to redirect binding to an alternative cellular receptor.

Because adenoviruses use two distinct capsid proteins for cell binding and entry, modifications to the

fiber protein, which is responsible for binding to the primary cellular receptor, will not adversely affect

internalization, which is mediated by binding of the viral penton base protein to cellular integrins.

Targeted adenoviral vectors have been constructed by two general strategies (36). In one approach,

the vector is complexed with molecular bridges, either chemical conjugates (37) or recombinant fusion

proteins (38), with specificity for both the vector and a cellular receptor. A truly targeted vector can

be generated by designing the vector-specific component of the bispecific molecule to ablate native

viral tropism, for example, a neutralizing antifiber antibody (37) or a soluble form of CAR (38). This

approach has the advantage that a single targeting moiety can be employed with different vectors, but

it suffers from the problem that the two components, vector and targeting molecule, must be gener-

ated separately, limiting its attractiveness for clinical application.

An alternative approach to targeting involves the genetic modification of the vector, thus forming

a single-component system (39). Although the most commonly used adenovirus vectors for gene

therapy are based on species C serotypes 2 and 5, which recognize CAR, other adenovirus serotypes

recognize a different primary cellular receptor. This has led to the hypothesis that CAR-independent

gene transfer could be accomplished by substituting fiber genes from the Ad2 or Ad5 backbone with

genes encoding homologous fiber proteins from alternate adenovirus serotypes, a process known as

pseudotyping. Although pseudotyping an Ad5-based vector with fiber proteins from serotypes such

as Ad3 (40) and Ad35 (41) of species B has allowed efficient, CAR-independent gene transfer to can-

cer cells, the approach is still limited by its reliance on the expression of a native adenoviral receptor
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by the target cells. This limitation can be overcome by incorporating cell-specific targeting ligands

into the fiber to redirect adenoviral infection.

To date, the majority of genetically modified adenoviral vectors incorporating targeting peptide

ligands possess expanded tropism; they retain the ability to recognize the native primary receptor,

CAR. Adenoviral vectors containing the �
v
 integrin-specific RGD peptide motif have been shown to

increase the efficiency of gene delivery by up to three orders of magnitude to a variety of CAR-defi-

cient primary human cancer cells in vitro without increasing gene transfer to normal, CAR-positive

cells (42). A major advantage of such vectors with enhanced infectivity is that a given level of gene

transfer can be achieved with a lower viral dose compared with the untargeted vector. Because the

viral dose is directly related to toxicity, this has important implications for safety.

The improvement in infectivity observed with these vectors translates into enhanced therapeutic

benefit in preclinical animal models, supporting their evaluation in human clinical trials. The Gene

Therapy Center at the University of Alabama at Birmingham is currently employing this vector back-

bone in phase I clinical trials for ovarian cancer (43) and recurrent cancer of the oral cavity and

oropharynx. These trials are the first to employ tropism-modified adenoviral vectors in human patients.

It is hypothesized that the tropism-modified vectors will allow augmented transfer of the HSVtk and

cytosine deaminase genes at lower vector doses, thereby leading to increased efficacy and reduced

toxicity.

Now that the amino acid residues responsible for binding CAR have been identified, site-directed

mutagenesis of the fiber protein will permit the engineering of vectors lacking native tropism but pos-

sessing specificity for target receptors. A more radical approach to the construction of truly targeted

adenoviral vectors involves the replacement of the knob domain of the fiber with a targeting moiety.

The technical challenge is to retain trimerization of the modified fiber protein so that mature viral

particles can be assembled. This has been achieved by replacing the fiber with the trimeric fibritin

protein from bacteriophage T4 (44), a maneuver that has allowed the trimeric CD40L protein to be

incorporated as a targeting motif (45).

An additional level of specificity for the target cancer cell can be achieved by placing the therapeu-

tic gene under the transcriptional control of a tissue- or tumor-selective promoter. Because both trans-

ductional and transcriptional targeting approaches by themselves tend to be “leaky,” the combination

of two complementary targeting approaches leads to enhanced specificity for the target cells (46).

It is anticipated that the further improvements in the area of transductionally targeted adenoviral

vectors will ultimately lead to a targeted, injectable vector capable of transducing disseminated can-

cer cells on vascular administration. This will require additional obstacles to be overcome, including

the uptake of systemically administered vectors by the liver. An increasing understanding of the role

of both hepatocytes and Kupffer cells in hepatic sequestration of adenoviral vectors should lead to

rational strategies by which this can be overcome. It is also recognized that there are physical barriers

to adenoviral transduction of target cancer cells.

An additional obstacle to the clinical use of adenoviral vectors for cancer gene therapy is the pres-

ence of neutralizing antibodies, which may limit vector readministration (or the initial administration of

vector in a host with preexisting neutralizing antibodies because of previous exposure to the virus).

However, this challenge can be addressed by the process of “serotype switching,” which involves

substituting capsid proteins from one serotype with those from another serotype to avoid recognition

by the neutralizing antibodies (47). In this regard, modification of adenoviral tropism by incorpora-

tion of the RGD peptide motif into the knob has also been shown to allow efficient infection in the

presence of neutralizing antifiber antibodies that block infection by vectors with wild-type fiber pro-

teins (48). Alternatively, the adenoviral vector can be coated with a polymer to prevent recognition by

neutralizing antibodies (49).

It is becoming increasingly apparent that mutation compensation and molecular chemotherapy

strategies for cancer gene therapy are inherently limited by the technical problem of transducing all

the cells in a solid tumor. Although the exploitation of bystander effects or the combination of cancer
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gene therapy with conventional cancer treatments, such as chemotherapy and radiation therapy, may

in part overcome this problem, replication-defective vectors remain incapable of delivering therapeu-

tic genes to more than a small proportion of cancer cells in a three-dimensional tumor mass. Consid-

erable attention has therefore switched to the idea of employing adenoviral vectors in immunotherapy

applications that exploit their ability to transduce dendritic cells, as discussed in detail elsewhere in

this book.

2.3. Adeno-Associated Virus Vectors

Adeno-associated viruses (AAVs) are so called because they were first identified in association

with adenoviruses in tissue culture. They are human parvoviruses that require a helper virus, such as

adenovirus, to mediate a productive infection. An AAV particle has an icosahedral protein capsid 25

nm in diameter surrounding a single minus- or plus-strand DNA genome around 4.7 kb long. The

genome consists of two genes, each producing multiple polypeptides: rep, which is required for viral

genome replication, structural gene expression, and integration into the host genome; and cap, which

encodes the structural capsid proteins. The genes are flanked by cis-acting ITR sequences 145 nucleo-

tides long that are vital for the rescue, replication, packaging, and integration of the viral genome. To

date, eight different human AAV serotypes with different tissue tropisms have been identified, none

of which cause disease. Most AAV vectors employed in gene therapy have been based on serotype 2.

AAV infects cells via a receptor-mediated pathway. AAV-2 vectors use heparan sulfate proteogly-

can as the primary receptor (50) and fibroblast receptor type 1 (51) and integrin �
v
�

5
 (52) as co-

receptors. On entry into cells, AAV is rapidly transported through endosomes to the nucleus, where

the genome is released. Following this, the single-stranded vector genome is converted to transcrip-

tionally active double-stranded intermediates. This step is achieved by either second-strand synthesis

of the single-stranded viral genome or annealing of complementary sequences from viral particles

containing positive or negative strands. The double-stranded AAV viral genome integrates into a

specific region of human chromosome 19. Thus, the key features of AAV that led to its development

as a gene therapy vector are genomic integration and long-term gene expression.

When used as a vector, the rep and cap genes are replaced by a transgene and its associated

regulatory sequences, including promoter and polyadenylation signal. The packaging capacity of

AAV is about 5.0 kb, which limits the utility of this vector system for some gene therapy applica-

tions. The production of the recombinant vector requires that rep and cap proteins are provided in

trans, along with helper virus gene products such as adenovirus E1A, E1B, E2A, E4, and VA pro-

teins. Initial methods for the production of AAV vectors involved the cotransfection of human 293,

HeLa, or KB cells with an AAV helper plasmid and a plasmid containing the transgene cassette flanked

by the AAV ITR sequences, followed by infection of these cells with wild-type adenovirus. Approxi-

mately 48–72 hours after the transfection/infection, the cells were lysed, and extracts containing

AAV vectors were used after heat inactivation at 56°C to destroy contaminating adenovirus. DNaseI

digestion was used to remove unencapsidated and input plasmid genome.

Advances in the production and purification of AAV vector have included the generation of pack-

aging cell lines, the use of helper plasmids containing the necessary adenoviral genes to eliminate the

possibility of wild-type adenovirus contaminating AAV preparations, and new column chromato-

graphic methods of vector purification. These improvements have resulted in high-titer AAV vector

yields of up to 10
15

 particles per milliliter, necessary for in vivo studies, including human clinical trials.

An advantage of AAV vectors is that they lack any viral coding sequences and therefore do not

induce a cellular immune response (although neutralizing antibodies can be induced that may limit

readministration of the vector). However, because AAV vectors do not express the rep gene, they do

not have the ability to integrate into the host cell genome in a site-specific manner; the double-stranded

vector genome remains as an episome or integrates randomly into host chromosomes, raising the risk

of insertional mutagenesis. Maximal gene expression from AAV vectors occurs after a period of several
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weeks, presumably in part because of the requirement for the single-stranded DNA genome to be

converted to the transcriptionally active double-stranded form.

Gene therapy strategies designed to transfer therapeutic genes into the cancer cells themselves to

bring about their destruction do not necessitate the use of a vector capable of long-term gene expres-

sion. The properties of AAV vectors suggest that they would be well suited for use in cancer gene

therapy strategies mandating long-term, stable gene expression of therapeutic proteins that target the

nonmalignant stromal cells that support the growth and metastasis of cancer cells. In this regard, it

has been hypothesized that AAV vector-mediated delivery would afford the potential for sustained

release of antiangiogenic substances, thereby obviating the need for chronic administration of recom-

binant factors. A further attractive feature of this approach is that is not necessary to achieve expres-

sion of the antiangiogenic factors within the target tumor endothelial cells themselves. Instead, an

organ that is readily transduced by AAV vectors, such as the liver or muscle, can be turned into a

“factory” to secrete the antiangiogenic proteins into the bloodstream. Although not yet at the stage of

clinical trials, AAV-mediated expression of the antiangiogenic factor angiostatin has shown promise

in a preclinical study; it effectively suppressed human glioma growth in the brain of nude mice (53).

The long-term gene expression mediated by AAV vectors has also been exploited in cancer immu-

notherapy studies; active immunization of rodents was achieved by ex vivo AAV-mediated transfer

to cytokines to autologous tumor cells, which were then reimplanted into the host animals (54). The

ability of AAV-2 vectors to transduce immature monocyte-derived dendritic cells ex vivo has been

demonstrated (55). This affords the possibility of retaining the AAV-delivered transgene during the

process of differentiation and then expressing it by the mature dendritic cells. It has been reported

that dendritic cells that have been modified to become resistant to apoptosis exhibit enhanced immu-

nostimulatory activity in vivo (56). Based on this observation, it has been suggested that AAV vec-

tors could be employed to transduce immature dendritic cells with antiapoptotic genes, the expression

of which in the mature dendritic cells could confer an extended life-span (55).

Dendritic cells from individual human subjects vary in their susceptibility to transduction by AAV-

2 vectors, suggesting that there is a need for vectors capable of exploiting alternative cell surface

receptors. The existence of a number of human and AAV serotypes with different tissue tropisms pro-

vides the basis for exploiting this naturally occurring diversity to develop vectors with an enhanced

ability to transduce the desired target cells. The recent elucidation of the atomic structure of the AAV-2

capsid (57) should facilitate the rational design of targeting approaches based on the insertion of

targeting ligands into the AAV-2 capsid, although the small size of the AAV particle may preclude

the incorporation of anything larger than small peptides. To date, candidate sites for insertion of tar-

geting peptides into the AAV-2 capsid have been chosen on the basis of predicted homology with the

known structure of the capsid of the related B-19 parvoviruses. Although heparan sulfate proteo-

glycan-independent infection of target cells by AAV-2 vectors with expanded tropism has been dem-

onstrated, this has generally been achieved at the expense of efficiency.

Although AAV is considered nonpathogenic, during the course of a study designed to determine

the long-term efficacy of AAV-mediated gene therapy initiated in newborn mice with the lysosomal

storage disease mucopolysaccharidosis type VII, a significant incidence of hepatocellular carcino-

mas and angiosarcomas was discovered (58). It appears that this was most probably because of fac-

tors related to the underlying disease rather than AAV-mediated gene transfer. However, there is a

need for long-term in vivo studies to evaluate rigorously the tumorigenic potential of AAV.

2.4. Other Viral Vectors

Vectors based on other viruses have been less extensively employed in cancer gene therapy.

2.4.1. Vaccinia Vectors

The poxvirus vaccinia has been widely used clinically for smallpox vaccination, a historical prece-

dent that favored the development of vaccinia as a vector in the context of immunotherapy. Vaccinia



388 Douglas and Curiel

virus is a large virus with a double envelope surrounding an 186-kb DNA genome (59). Vectors have

been constructed by substituting nonessential gene sequences with up to three genes of interest,

although there does not seem to be a limit on the size of genes that can be incorporated into the vac-

cinia vector genome.

Vaccinia vectors have been employed in human clinical trials to deliver genes encoding tumor-

associated antigens and cytokines, either individually or in combination (60). The vectors have been

administered by various routes, including intratumoral, subcutaneous, and intradermal. A disadvan-

tage of vaccinia vectors is that they are replication-competent viruses, which is a safety concern in

immunosuppressed cancer patients. The problem of toxicity in immunocompromised patients has

been addressed by developing vectors based on other poxviruses, such as fowl pox and canary pox,

that do not replicate in human cells (61). However, vaccinia and other poxvirus vectors express a large

number (150 to 200) of viral proteins in addition to the cytokine or tumor-associated antigen of interest.

Consequently, the antiviral immune responses tend to dominate the antitumor immune response, an

observation that has dampened enthusiasm for these vectors.

2.4.2. Herpes Simplex Virus Type 1 Vectors

Herpes simplex virus type 1 (HSV-1) is another large virus (180–200 nm diameter) employed in

cancer gene therapy. The virion is surrounded by a trilaminar lipid envelope in which are embedded

viral glycoproteins with various functions, including receptor-mediated cellular entry. A matrix of

proteins, called the tegument, forms a layer between the envelope and the underlying icosadeltahedral

capsid. The genome is a linear, double-stranded DNA molecule 152 kb long (62). Approximately

half of the 84 known HSV-1 genes are nonessential for virus replication in cell culture, which affords

multiple sites for the insertion of foreign genes that can be independently regulated (63). Replica-

tion-defective HSV-1 vectors, which cannot produce infectious progeny and therefore have reduced

toxicity to infected cells, can be generated by deleting one or more of the immediate early genes

essential for virus replication. Growth of these vectors therefore requires complementing cell lines

that express the deleted genes.

Interest in developing replication-defective HSV-1 vectors for gene therapy was initially based on

the natural life cycle, in which the parental virus is able to persist after primary infection in a latent

state within neuronal cells for the lifetime of the host. However, this biological property lacks rel-

evance to cancer gene therapy. Instead, the chief advantage of replication-defective HSV-1 vectors

for cancer gene therapy has derived from their large cloning capacity, which has been exploited to

allow the simultaneous delivery of multiple therapeutic genes. This may be particularly useful to

deliver distinct therapeutic genes to the heterogeneous population of cells within a solid tumor. Strat-

egies to develop HSV-1 vectors capable of cell-specific gene delivery are complicated by the com-

plex pathway of infection, which involves the interaction of a number of different viral glycoproteins

with cell surface molecules.

2.4.3. Lentiviral Vectors

Lentiviruses are a class of retroviruses that, in contrast to the C-type retroviruses, have the abil-

ity to infect nondividing cells. The field of lentiviral vector-mediated cancer gene therapy is in its

infancy, but a consideration of the biology of lentiviruses suggests that these vectors could most ration-

ally be applied in the context of strategies mandating long-term gene expression. Hence, lentiviral

vectors could be exploited for antiangiogenic gene therapy or used to transduce dendritic cells for

cancer immunotherapy.

3. FUTURE DIRECTIONS

Key to the realization of the full potential of cancer gene therapy is the development of viral vectors

capable of efficient gene transfer specifically to disseminated cancer cells on systemic administration.

Considerable efforts are currently being expended on studies to generate such targeted, injectable vec-
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tors that will be capable of selectively transducing metastatic cells. Moreover, it is now becoming

increasingly apparent that anatomical barriers will also need to be overcome to enhance the utility of

viral vectors in the context of systemic delivery. Future work should lead to the derivation of truly

targeted viral vectors suitable for a variety of clinical applications requiring highly efficient, cell-

specific delivery of therapeutic genes in vivo.
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1. BACTERIA FOR GENE THERAPY?

This chapter describes the power of genetically engineered bacteria in cancer therapy. In the appli-

cations we consider, the bacteria are genetically engineered to carry a specific gene into tumors, and

on this basis, it can be considered gene therapy. However, if gene therapy is defined as the introduction

of a gene, or part of a gene, into the cancer cells (or normal cells), then using recombinant bacteria as

anticancer vectors is not gene therapy. Bacteria are not vectors for the introduction of genes into mam-

malian cells. However, they can and do concentrate in tumors by various means and can carry a gene

of interest to produce a protein of choice in tumors. This can be a powerful adjunct to cancer therapy.

In this chapter, we consider two specific approaches to bacteria in gene therapy. First, we consider

necrosis-targeted therapy, of which species of the obligate anaerobe Clostridium is the prototypical

agent. Second, we consider non-necrosis-directed gene therapy, of which modified Salmonella is the

prototype.

2. CLOSTRIDIAL VECTORS FOR GENE THERAPY

2.1. Hypoxia and Necrosis in Solid Tumors

Necrotic regions are a common, if not a universal, feature of human solid tumors. Although this is

rarely quantitated, Dang and colleagues reported that all 20 liver metastases of colorectal carcinoma

1 cm
3
 or larger had 25–75% of their volume occupied by necrosis (1). These necrotic regions typi-

cally occur at a distance from functioning blood vessels beyond the diffusion distance of oxygen (2),

as demonstrated also in the in vitro spheroid model (3). Because these necrotic regions typically

develop because of prolonged lack of oxygen, they are usually intimately associated with hypoxic,

but viable, cells. These hypoxic regions in tumors are best demonstrated by polarographic oxygen

electrodes, and measurements with such electrodes have shown that the majority of primary tumors

or metastases of the head and neck, cervix, and brain and melanomas, sarcomas, and anal, prostate and

pancreatic cancers have regions that are severely hypoxic (4–11). Moreover, the fact that hypoxic

cells are resistant to killing by ionizing radiation and are more slowly proliferating than well-oxygen-

ated cells makes them resistant to treatment by radiotherapy and chemotherapy (12,13).

2.2. Certain Species of Clostridia Colonize Solid Tumors

The genus Clostridium comprises a large and heterogeneous group of Gram-positive, spore-form-

ing bacteria that become vegetative and grow only in the absence (or at very low levels) of oxygen.

Malmgren and Flanigan were the first to demonstrate that intravenous injection of spores of Clostri-

dium tetani colonized solid tumors by observing that tumor-bearing mice died of tetanus within 48

hours of intravenous injection of C. tetani spores, whereas non-tumor-bearing animals were unaffected
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(14). Mose and Mose (15,16) later reported that a nonpathogenic clostridial strain, Clostridium butyri-

cum M-55, localized and germinated in solid Ehrlich tumors, causing extensive lysis without any con-

comitant effect on normal tissues. Such observations were soon confirmed and extended by a number

of investigators using tumors in mice, rats, hamsters, and rabbits (17,18) and were followed by clini-

cal studies with cancer patients (19–21). Although the anaerobic bacteria did not significantly alter

tumor control or eradication, these clinical reports established the safety of this approach as well as the

fact that colonization of human tumors occurs following intravenous injection of clostridial spores.

2.3. Clostridia-Directed Enzyme Prodrug Therapy

The studies mentioned in Section 2.2. showing the specific colonization of tumors by nonpatho-

genic clostridial species prompted the suggestion first made in 1994 that they could be used as a

tumor-specific gene delivery system (22). The tumor-targeted strategy we proposed is to inject spores

of nonpathogenic clostridia genetically engineered to produce a specific protein potentially harmful

to the tumor when the spores germinate. Because germination to the vegetative form will occur only

in the hypoxic/necrotic regions, the protein should be produced only in the tumor. We have suggested

that the best way to exploit this strategy is to use the amplifying effect of enzymes to convert a non-

toxic prodrug into a toxic drug (Fig. 1). Essentially, clostridia-directed enzyme prodrug therapy (CDEPT)

Fig. 1. Diagrammatic representation of tumor-specific targeting of chemotherapy using obligate anaerobes.
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is a variation of the antibody-directed enzyme prodrug therapy (ADEPT) approach that is under

active investigation by a number of investigators (23,24).

In early studies with this approach, we showed that the Escherichia coli enzyme cytosine deaminase

(CD) could be expressed in the clostridial species Clostridium beijerinckii and could convert the non-

toxic prodrug 5-fluorocytosine (5-FC) to the toxic anticancer drug 5-fluorouracil (5-FU) in vitro (25).

In addition we, showed that injection of spores of recombinant C. beijerinckii expressing the E. coli

enzyme nitroreductase (NTR) into tumor-bearing mice produced NTR protein solely in the tumors (26).

We have demonstrated similar tumor-specific expression of CD in rat tumors following intravenous

injection of genetically engineered spores of Clostridium acetobutylicum (27). These studies, there-

fore, established the proof of principle that a foreign protein of choice can be expressed exclusively

in transplanted tumors in rodents following systemic injection of the recombinant clostridial spores.

However, early animal studies with genetically engineered C. beijerinckii failed to produce antitu-

mor activity when the relevant prodrug was injected systemically (5-FC for CD-expressing tumors

and CB1954 for NTR-expressing tumors). This lack of antitumor activity almost certainly resulted

from insufficient levels of prodrug-activating enzymes in the tumors because of low levels of viable

clostridia in the tumors. Indeed, C. beijerinckii produced only 10
5
 to 10

6
 bacteria per gram of tumor

(26), whereas other clostridial species, such as Clostridium sporogenes and C. acetobutylicum have a

greater colonization efficiency, with levels of 10
8
 or more bacteria per gram of tumor in experimental

tumors (28,29). However, up to very recently, attempts to transform clostridia with high tumor colo-

nization have proved unsuccessful.

We have succeeded in transforming C. sporogenes with enzyme-producing constructs. This was

made possible by our novel finding that these bacteria secrete high levels of DNAase, which degrades

the plasmid vector before it is taken up by the cell (28). We have shown that intravenous injection into

tumor-bearing mice of spores of C. sporogenes transformed in this way with an expression plasmid

for E. coli CD produced tumor-specific expression of the CD protein (Fig. 2). Importantly, we found

Fig. 2. Immunoblot for CD in cell extracts from SCCVII tumors and from several normal tissues from the

same mice injected intravenously 7 days prior to animal sacrifice with spores of CD-transformed C. sporogenes.

The tumors were approx 100 mg at the time of intravenous injection; 100 µg of cell extract from the tumor and

normal mouse tissues were loaded on the gel. Shown also are cell extracts from CD-transformed E. coli and C.

sporogenes with 1 and 20 µg cell extract loaded, respectively. bCD, bacterial cytosine deaminase (from E. coli).

(From ref. 28 with permission.)
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significant antitumor efficacy of systemically injected 5-FC following intravenous injection of these

recombinant spores (28) (Fig. 3).

These data demonstrate that systemically applied recombinant clostridial spores with a nontoxic

prodrug can produce significant and specific antitumor activity.

2.4. CDEPT Has Significant Advantages

Over ADEPT and Gene-Directed Enzyme Prodrug Therapy

Both ADEPT and gene-directed enzyme prodrug therapy (GDEPT) are viable approaches to achieve

locally high concentrations of anticancer drugs in tumors and are appropriately receiving significant

effort in both preclinical and clinical studies. However, we believe that CDEPT has a number of

intrinsic advantages, discussed next.

2.4.1. Lack of an Immune Response

An immune response against the antibody/enzyme conjugates used has been a major problem with

ADEPT (30). However, clostridial spores elicit an undetectable immune response, and when the

spores germinate into vegetative bacteria, they are present in necrotic areas in the tumor, which are

immune-privileged sites. In fact, it has been found in both clinical (19) and preclinical studies (31)

that multiple treatments are effective. In studies with intravenous injection of C. sporogenes and C. ace-

tobutylicum, we found no loss of bacteria numbers in experimental tumors for up to 14 and 17 days,

respectively, following a single intravenous injection of spores (28,29).

2.4.2. Advantageous Intratumor Distribution

The necessity of delivering enzyme/antibody conjugates, or vectors for GDEPT, through the blood-

stream makes it likely that the highest concentrations of enzyme will be perivascular. However, the

Fig. 3. Growth delay produced by daily (five times per week) injections of 5-FC (500 mg/kg body weight

per day) in SCCVII tumors injected on day 0 with 10
8
 spores of CD-transformed C. sporogenes. Shown also is

the growth delay produced by a similar injection schedule of the MTD of 5-FU in the same experiment. Data

from five mice per group with the error bars showing SEM for each group. (From ref. 28 with permission.)
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resistant cells in the tumor are likely to be the nonproliferating hypoxic cells distant from the vascu-

lature and often close to necrosis. In contrast, the prodrug-activating enzymes from clostridia will be

at their highest concentration in areas adjacent to necrosis and far from blood vessels. Not only does

this guarantee the highest active drug concentrations in the distant cells, but also it minimizes the

problem of leakage of activated drug back into the blood vessels, a problem that has been reported

for ADEPT (32).

2.4.3. The Same Construct Will Be Universally Applicable to All Cancer Patients

As opposed to ADEPT, which requires either tumor-specific or possibly patient-specific enzyme/

antibody conjugates, the clostridial approach, because it depends only on tumor necrosis, will have

universal applicability. In a publication on the potential of clostridia to target human tumors, Dang

and colleagues reported that all 20 liver metastases of colorectal carcinoma 1 cm
3
 or larger had 25–

75% of their volume occupied by necrosis (1).

2.4.4. Higher Ratios of Tumor-to-Normal Tissue Targeting

Major problems with ADEPT and GDEPT are that tumor targeting cannot be 100% effective. In

most cases, the majority of the injected material will not be localized in the tumor, but in the reticular

endothelial system. This necessitates efforts to clear such nonbound material. On the other hand,

with clostridia, it appears that 100% of the novel protein expressed from the recombinant clostridia is

within the tumor.

2.5. Combination With Vascular-Targeting Agents

Because of the need for hypoxic necrotic areas in tumors for vegetative growth of obligate anaer-

obes, it would seem that the CDEPT approach would not be effective in small tumors lacking necro-

sis. However, recent studies with vascular-targeting agents promise not only to enhance the efficacy

of clostridial therapy in medium-size tumors, but also to raise the exciting possibility that the mini-

mum tumor size for efficacy can be substantially reduced. Although the prototype vascular-targeting

agent flavone acetic acid has been studied in preclinical work for over 12 years, it is only recently

that this approach has shown promise in the clinic. Two classes of compounds show both preclinical

and clinical activity: DMXAA (5,6-dimethylxanthenone-4-acetic acid), which acts primarily by induc-

ing tumor necrosis factor (TNF) in tumors (33,34), and tubulin-binding agents such as combretastatin

4A and an analog ZD 6126 currently under development by AstraZeneca (35,36). The mechanism of

action of these agents is rapid selective occlusion of tumor blood vessels, leading to necrosis within

16–24 hours.

These effects of vascular-targeting agents increase both the tumor colonization efficiency of intra-

venously injected clostridial spores (37) and the antitumor activity of nonrecombinant clostridia (1).

The reason for the increased tumor colonization by clostridia is the large increase in tumor necrosis

caused by these vascular-targeting agents. Not only does this increase the number of active clostridia

per tumor, but also it reduces the volume of viable tumor tissue that needs to be exposed to the product

of the vegetative clostridia.

Thus, vascular-targeting agents could be an important adjunct to CDEPT, not only in potentiating

its effectiveness in medium-to-large tumors, but also in extending its range into very small tumors.

2.6. Radioresponsive Promoters

To increase the specificity of this tumor-directed delivery system further, the gene of interest may

be placed under the control of a radio-induced promoter. This will result in an activation of the pro-

moter after irradiation of the tumor, leading to spatial and temporal control of gene expression (i.e.,

expression of the therapeutic genes will be limited to the irradiated tissues only).

We have investigated whether radio-induced genes exist in Clostridium and at what dose of irradia-

tion these genes are activated. In bacteria, the SOS repair system, which consists of more than 20 genes,
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is activated by radiation-induced single-strand DNA breaks (38). We found that the central gene,

recA, was activated by ionizing irradiation in Clostridium at the clinically relevant dose of 2 Gy (39).

To determine if the therapeutic protein by Clostridium could be increased by irradiation, we con-

structed a shuttle vector that contained the recA promoter upstream of the therapeutic cytokine murine

tumor necrosis factor-� (mTNF-�). To obtain secretion of mTNF-�, the coding sequence was preceded

by the signal sequence of the eglA gene. After either one or two 2-Gy doses, there was a significant

increase in mTNF-� secretion 3.5 hours after irradiation compared to nonirradiated controls (40).

However, with the recA promoter, there was some expression of mTNF-� under nonirradiated

conditions because of basal activity of the promoter. Therefore, we examined whether basal transcrip-

tion could be suppressed by adding an extra repressor-binding site, or Cheo box, to the promoter region.

Under basal conditions, the repressor DinR binds to this repressor-binding site, limiting transcription

of the SOS genes. After activation by radiotherapy, both binding sites would become free, and repres-

sion would be relieved. This would lead to an increase in transcription of the SOS genes, including

recA, after radiotherapy. Addition of an extra Cheo box to the recA promoter resulted in a 412%

increase of secreted mTNF-� after irradiation, although only a 44% yield increase was obtained using

the wild-type promoter. Hence, the Cheo box sequence is the radioresponsive element and can be

used to decrease basal transcription or to increase transcription on induction (41).

The next step was to test if the Cheo box sequence could be used to bring a constitutive promoter

under the control of irradiation. To this end, the Cheo box sequence was incorporated in the promoter

region of the constitutive eglA promoter. This led to a 242% increase in mTNF-� secretion after

irradiation with 2 Gy. These data show that the Cheo box is functional outside its natural sequence

and can be used to bring other promoters under the control of ionizing irradiation (41) (Fig. 4).

In summary, specificity and safety can be even further increased using radio-inducible promoters

to drive gene expression. Because radiotherapy preferentially kills well-oxygenated cells and Clos-

tridium-mediated protein delivery is likely to give maximum killing of hypoxic cells, the combina-

tion of the two is a logical approach in cancer therapy.

2.7. Will CDEPT Work in the Clinic?

The initial successful studies of clostridial spores with experimental animals were followed by

studies with cancer patients in which 10
9
 to 10

10
 spores were injected intravenously to each individ-

ual (19–21). Typically, a low-grade fever occurred from 1 to 3 days following injection, with further

increase in temperature from days 5–8, which coincided with lysis in the tumor. In subsequent clini-

cal studies with 49 patients with malignant gliomas, Heppner and colleagues injected clostridial

spores into the carotid artery on the side of the tumor (21). All tumors showed lysis, following which

the tumors were removed surgically. These clinical studies demonstrated that spores of nonpatho-

genic strains of clostridia could be given safely, that the spores germinate in the necrotic regions of

tumors, and that lysis of the tumors can occur.

In summary, we believe that CDEPT has established its likelihood of effectiveness in the clinic.

3. BIFIDOBACTERIUM LONGUM: AN ALTERNATIVE TO CLOSTRIDIUM?

Another anaerobic bacterium that can selectively germinate and grow in the hypoxic regions of

solid tumors after intravenous injection is Bifidobacterium longum (42). This is a Gram-positive ana-

erobe found in the lowest small intestine and large intestine of humans and other animals. Studies

with mice with B16 melanoma or Lewis lung tumors have shown tumor-specific proliferation with

minimal levels in normal tissues from 24 hours after injection. As with clostridia, the proliferation of

the bacteria is in the necrotic areas of the tumor. B. longum has been successfully transformed with a

shuttle vector described by Matsumura and coworkers (43), and these transformed bacteria colonize

tumors similarly to the wild-type bacterium. However, results published to date showed that levels of

only 1–4 � 10
6
 bacteria per gram of tumor are obtained. In addition, work of Dang and colleagues
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showed that, following intravenous injection of B. longum, the growing bacteria were tightly clustered

within colonies in the necrotic areas rather than distributed throughout the necrotic regions (1). Thus,

the rather low colonization efficiency and the tendency to clump rather than distribute within necro-

tic areas would appear to make B. longum inferior to the optimum strains of clostridia for enzyme pro-

drug therapy.

4. MODIFIED SALMONELLA-DEPENDENT TARGETING TO TUMORS

4.1. Salmonellae Accumulate in Solid Tumors

Genetically engineered stains of Salmonella strains have also been proposed for tumor-selective

gene therapy. These are capable of both selective amplification within tumors and of expression of

genes encoding therapeutic proteins (44). Salmonellae are motile facultative anaerobes that grow

well in both the oxygenated and the hypoxic regions of tumors.

To overcome its pathogenicity, Salmonella typhimurium has been attenuated by chromosomal

deletion of the purI and msbB genes. The purI deletion created a requirement for an external source

of adenine (44). The deletion of the msbB gene reduced the toxicity associated with lipopolysaccha-

ride by preventing the addition of a terminal myristyl group to the lipid A domain (45). Unlike other

lipid gene mutations, disruption of the msbB gene resulted in a stable strain that grows at physiologi-

cal temperatures. The mutation lowered the toxicity in mice by reducing the induction of proinflam-

matory cytokines and nitric oxide synthase. The purI and msbB mutations are genetically stable and do

not contain antibiotic resistance markers (46). The resulting attenuated msbB
�

, purI
�

 S. typhimurium

strain was designated VNP20009.

Fig. 4. Fold increase in mTNT-� in C. acetobutylicum DSM792 pIMP-recA-mTNF-� (dotted bars), pIMP-

recA deleted Cheo-mTNF-� (gray bars) and pIMP-recA-extra Cheobox-mTNF-� (hatched bars) as a function of

time after a single 2-Gy dose. Data from three independent experiments; the bars show standard deviations.

(From ref. 29 with permission.)
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Biodistribution experiments with wild-type S. typhimurium and a purine auxotrophic clone (purI
�

),

selected to be hyperinvasive in vitro, demonstrated differential replication in transplanted tumors, with

tumor:liver ratios ranging between 250:1 and 9000:1 at 2 days postinoculation. (44). The mechanisms

for this accumulation are not clearly understood, but are thought to be the result of both bacterial- and

tumor-related factors. Within the tumor, areas of necrosis and apoptosis may provide additional nutri-

ents, such as purines required by the organism. In addition, the tumor may provide an environment

that inhibits the clearance of Salmonella. Data demonstrating that several tumors express transform-

ing growth factor-� and that transforming growth factor-� can inhibit fas-ligand-induced neutrophil

activation and infiltration support the contention that bacterial clearance mechanisms may be inhib-

ited within tumors (47). Tumor types that have been shown to be targeted by Salmonella include mela-

noma, lung, colon, breast, kidney, and liver.

A further modification to theVNP20009 strain was made by constructing msbB
�

 mutants to mini-

mize TNF-�-mediated septic shock, which could be a significant limitation for safe use in humans.

Compared with the parental Salmonella, this deletion avoided the high levels of TNF-�, increased

the median lethal dose by 10,000-fold, and retained tumor accumulation in the absence of TNF-�

induction (48). Four to five days after a single intravenous injection of 1 � 10
6
 CFU/mouse, VNP20009

proliferation and accumulation were routinely detected at levels up to 2 � 10
9
 CFU/g tumor. The

amount in the liver ranged from 3 � 10
4
 up to 2 � 10

6
 CFU/g. Immunohistochemical studies indicated

that the attenuated salmonellae were distributed homogeneously throughout the entire tumor and could

be detected from the periphery into the necrotic region of the tumors.

In parallel, using two different rat tumor models, we suggested the use of an optimal therapeutic

dose for administration of VNP20009, dependent on VNP20009 concentration, administration route,

and tumor volume, to establish a potential therapeutic window. Derived tumor:liver ratios using the

optimal therapeutic dose increased as a function of time and reached a maximum on day 20 (more

than 10
7
:1), a time at which no bacteria were detectable in the liver. Importantly, we also showed that

VNP20009 can circulate and accumulate to high levels at distal tumor sites, following direct intra-

tumoral administration at a single tumor site, under conditions in which liver VNP20009 levels remain

low (49).

Biodistribution and genetic stability studies of VNP20009 in normal C57BL/6 mice or cynomol-

gus monkeys at various doses have indicated that VNP20009 has an excellent safety profile, includ-

ing genetically stable attenuated virulence (stable after more than 140 generations of growth) and

reduction of septic shock potential and antibiotic susceptibility (46). Preclinical toxicology studies in

monkeys revealed that toxicity attributed to intravenous administration of VNP20009 was confined

to the liver and spleen and was mild. VNP20009 was not pathogenic in monkeys (maximum tolerated

dose [MTD] = 1 � 10
9
 CFU/monkey), pigs (MTD = 3 � 10

9
 CFU/pig), or mice (MTD = 1 � 10

6
 CFU/

mouse).

In addition to its selective tumor accumulation, VNP20009 has been shown to have innate anti-

tumor effects in a limited number of tumor models. The genetic basis of this anticancer phenotype has

been found to be dependent on a major Salmonella virulence regulon, SPI-2 (50). However, the mech-

anisms still remain unknown. In combination with irradiation, VNP20009 has been shown to produce

supra-additive effects, suggesting that the combination of these genetically engineered salmonellae

with radiotherapy could be a beneficial treatment for solid tumors (51).

4.2. Use of Attenuated Salmonellae as a Protein Delivery Vector

As with clostridial species, the main potential of attenuated salmonellae is not with the bacteria

alone, but with the “arming” with a gene that can express a protein in the tumor that will aid in

treatment. The potential use of attenuated salmonellae as a protein delivery vector (so-called TAPET)

was shown by intravenous administration of the bacteria expressing green fluorescent protein, CD

(52), or thymidine kinase (44) into tumor-bearing mice. Preclinical data demonstrated similar biolog-
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ical characteristics (pharmacokinetics, tissue distribution, shedding, intrinsic antitumor efficacy) for

TAPET-CD (VNP20009 expressing an E. coli CD gene) compared to VNP20009. Preclinical toxicol-

ogy for TAPET-CD revealed it was relatively nontoxic at doses producing antitumor effects in rodents

and well tolerated in monkeys, with only occasional mild clinical signs, increased hepatic enzyme

function values, and splenic enlargement (53). The TAPET-CD/5-FC combination had an MTD in

monkeys of 1 � 10
10

 CFU/monkey for TAPET-CD and 500 mg/kg for 5-FC.

We and others have demonstrated tumor-selective accumulation of TAPET-CD at levels of up to

10
9
 CFU/g 4–5 days after intravenous injection into tumor-bearing mice or rats (49,52). In contrast,

bacterial levels in normal tissues, such as liver, were usually lower than 10
6
 CFU/g. CD enzyme

expressed in the attenuated salmonellae is functional, as shown by the presence of 5-FU in tumors

after administering 5-FC to tumor-bearing animals. TAPET-CD, when used together with 5-FC,

caused tumor growth inhibition in mice bearing colon tumor xenografts (54). These results suggest

that avirulent salmonellae expressing prodrug-converting enzymes could be useful for converting

nontoxic prodrugs to toxic metabolites in tumors.

Various other therapeutic proteins have been cloned and expressed in VNP20009, including TNF-�,

endostatin, and platelet factor 4 fragment. Yuhua and colleagues have described the use of an attenu-

ated Salmonella strain, genetically engineered to express IL-12 or granulocyte-macrophage colony-

stimulating factor (GM-CSF), as a vehicle for oral gene therapy against murine tumors (55). Following

administration of recombinant Salmonella, soluble cytokines that contributed to an increased number

of cytotoxic T cells and prolongation of survival, were detected in murine sera. This type of oral gene

therapy resulted in a high degree of protection against the development of two unrelated murine tumors.

4.3. Clinical Experience With Attenuated Salmonella

An initial phase I clinical trial in patients with advanced metastatic cancer was performed using

the first-generation vector of S. typhimurium (VNP20009) attenuated by chromosomal deletion of

the purI and msbB genes without a therapeutic gene (56). In cohorts of 3 to 6 patients, 24 patients

with metastatic melanoma and 1 patient with metastatic renal cell carcinoma received 30-minute intra-

venous bolus infusions containing 10
6
 to 10

9
 CFU/m

2
 of VNP20009. Patients were evaluated for dose-

related toxicities, selective replication within tumors, and antitumor effects. The results showed that

the MTD was 3 � 10
8
 CFU/m

2
. Dose-limiting toxicity was observed in patients receiving 10

9
 CFU/

m
2
, which included thrombocytopenia, anemia, persistent bacteremia, hyperbilirubinemia, diarrhea,

vomiting, nausea, elevated alkaline phosphatase, and hypophosphatemia. VNP20009 induced a dose-

related increase in the circulation of proinflammatory cytokines, such as interleukin 1 (IL-1), TNF-�,

IL-6, and IL-12. However, focal tumor colonization was observed in only 2 patients receiving 10
9

CFU/m
2
 and in 1 patient receiving 3 � 10

8
 CFU/m

2
. Unlike the observations with transplanted tumors

in rodents, none of the patients experienced objective tumor regression, including those patients with

colonized tumors. One possible reason for the relatively poor tumor colonization was the much more

rapid clearance of bacteria from the peripheral blood than that found in rodents, and future clinical

studies using longer infusions are planned. However, the reasons for the different colonization in

transplanted rodent tumors and in human spontaneous tumors needs further investigation.

Because of the promising preclinical data, TAPET-CD is currently under evaluation in a phase I

clinical trial using direct tumor injection of the armed Salmonella followed by oral administration of

5-FC (57).

5. FUTURE DIRECTIONS

To date, antitumor efficacy has been demonstrated using one enzyme (CD) with the prodrug 5-FC,

which it converts into the active anticancer 5-FU. However, 5-FU is a drug primarily active against

proliferating cells, so there is a strong need for work with other enzymes that can convert prodrugs
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into more active anticancer agents. Thus, one avenue for future work is exploration of other enzyme/

prodrug combinations. Another avenue that should be explored is the combination of CDEPT with

antivascular agents. Because these agents cause massive vascular shutdown and necrosis and have

already been shown to increase the colonization of clostridia in experimental tumors, further work is

needed to explore the potential of such combinations. Not only should this be performed in experi-

mental tumors of standard size, but also it should be expanded to include small metastases, which

normally do not have necrosis and so would not normally be colonized by obligate anaerobes. If sys-

temic administration of antivascular agents such as DMXAA and combretastatin can produce necro-

sis in small metastases, they would then be susceptible to treatment with CDEPT.

Finally, phase I clinical trials need to be performed with the CDEPT approach. These have already

been performed with attenuated salmonellae, but the lack of robust colonization by this organism has

lessened enthusiasm for this approach. There is reason to believe, however, that genetically modified

clostridia will not suffer the same problems because studies with nongenetically modified clostridia

in the 1970s and 1980s demonstrated high levels of colonization and tumor lysis following intrave-

nous injection of clostridial spores. Colonization and measurement of levels of novel enzymes and

conversion of prodrug to active drug (for example, 5-FC to 5-FU) could readily be performed in a

relatively small phase I clinical study. Positive results from such a study would augur well for larger

scale applications of CDEPT.
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1. INTRODUCTION

Applications of noninvasive imaging in cancer gene therapy research and clinical practice fall into

three categories. First, “tagged” tumor cells can be used to monitor cell fates in vivo. Target tumor

cells can be labeled for noninvasive imaging, either by transfer of ex vivo-labeled tumor cells to host

animals or by the development of transgenic animal models in which target tumor cells express

reporters that can be noninvasively imaged. The response of imagable target tumor cells to chemo-

therapy, immunotherapy, gene therapy, cell therapy, and multimodality therapies can then be non-

invasively monitored (1). Although an important tool in preclinical cancer research studies in general

and gene therapy research in particular, the use of noninvasive imaging to monitor the fate of tagged

target tumor cells is not extensively reviewed here.

In the second application of noninvasive imaging to cancer gene therapy, conventional imaging

technologies are used to monitor the therapeutic effects of somatically transferred genes on the pro-

cesses of tumor growth and progression (e.g., by gamma camera imaging, magnetic resonance imag-

ing [MRI]), tumor vascularization (e.g., by MRI, ultrasound), and tumor metabolism (e.g., by positron

emission tomography [PET]). This application of noninvasive imaging is extensively discussed in

the review by Haberkorn and Altmann (2).

The final application of noninvasive imaging technology to cancer gene therapy monitors the

delivery of therapeutic vectors and the location, magnitude, and duration of expression of ectopically

expressed therapeutic genes to establish correlations between (1) therapeutic gene expression and (2)

measures of tumor response. Therapeutic gene delivery and expression, with a few exceptions, have

not been monitored in cancer gene therapy studies. This situation is akin to trying to evaluate the

effectiveness of new chemotherapies without monitoring the pharmacokinetics or pharmacodynam-

ics of the new chemotherapeutic agent.

This chapter emphasizes noninvasive imaging of gene expression from somatic gene delivery sys-

tems. Because of the rapid developments in imaging instrumentation, alternative noninvasive imaging

modalities that have been adapted to molecular imaging, increasing choices in reporter genes (Section

5.) that can be used for noninvasive imaging, and the growing interest and application of noninvasive

imaging technologies to increasing areas of biology, a number of reviews on noninvasive molecular

imaging have appeared in the past several years. References 2–14 provide alternative reviews (and

views) of this topic and more detailed descriptions of specific areas.

2. THE NEED FOR NONINVASIVE IMAGING IN GENE THERAPY

Other chapters in this book discuss in detail the goals, tools, results, and current limitations of cancer

gene therapy. It is clear that one of the greatest problems facing advancement of gene therapy for cancer
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is the need to monitor the location, duration, and magnitude of expression of therapeutic genes, what-

ever the mechanism and route of their delivery. Without the ability to monitor noninvasively, repeti-

tively, and quantitatively the expression of presumptive therapeutic genes, researchers and clinicians

are stymied in their attempts to improve the efficacy of gene therapy by determining the correlations

between expression of therapeutic genes with tumor detection, regression, and elimination. Only by

noninvasive, in vivo imaging will we be able to determine whether we have properly targeted the cells

that require therapeutic modification or be certain that only the appropriate target tumor or effector

cells express the therapeutic gene. If the gene therapy protocols in question require temporal regula-

tion of therapeutic gene expression, we need to be able to monitor the correlation between regulated

expression and therapeutic outcome. Similarly, if the magnitude of therapeutic gene expression must be

adjusted for optimal efficacy, we must be able to monitor this process. Therapeutic modalities can be

envisioned in which the level of ectopic gene expression must be modulated as the recipient responds

to the therapy; monitoring of such modulation of therapeutic gene expression will require noninvasive

imaging procedures.

Preclinical animal studies are fundamental in developing refinements of gene delivery for clinical

applications of gene therapy. Because they mature rapidly, reproduce easily, are well characterized

genetically, and can have their genomes manipulated by recombinant deoxyribonucleic acid (DNA)

technology, mice are the primary experimental platform for preclinical gene therapy studies. Murine

models are used to investigate vector design, routes of vector administration, adjuvant and combina-

tion therapies, and other variables that may improve somatic gene transfer and appropriate therapeutic

gene expression. Imaging researchers in the gene therapy arena are therefore faced with two challenges:

(1) development of assays for noninvasive, quantitative, and repetitive imaging of the location, mag-

nitude, and duration of gene expression in small animal models and (2) development of imaging tech-

nologies that provide similar information in a clinical setting.

3. IMAGING VECTOR DELIVERY

Clearly, the first question to consider in somatic gene transfer experiments and application is the

targeting of the gene delivery vector—cell, virus, liposome, or plasmid—to the tissue and/or cell

population of choice. The most obvious approach to this problem is radionuclide labeling of the

vector itself and in vivo detection by nuclear imaging techniques. For example, cells labeled with 
99m

Tc

have been monitored by gamma camera imaging (15), and cells labeled with 
64

Cu-pyruvaldehyde-bis

(N
4
-methylthiosemicarbazone) have been monitored by microPET (16). Lipophilic 

111
indium-oxine

complex-labeled (17) and 
99m

Tc-labeled (18) viruses have been used to monitor viral delivery. Weiss-

leder and colleagues developed general methods to label plasmid DNAs with 
99m

Tc (10,19). MRI

techniques have also been explored to monitor cancer gene therapy delivery vehicles; cells labeled

with supermagnetic iron oxide particles coupled to the HIV-tat peptide can be tracked by MRI (20).

These labeling techniques for cells, viruses, liposomes, and DNA are generic and can be applied to

vector delivery systems for any therapeutic gene.

Although useful, the ability to track in vivo the physical location of a vector delivery system does

not provide information on the functional delivery of new genetic information to somatic targets.

Tracking delivery of a vector does not reveal the level of gene expression in targeted vs nontargeted

tissues or the duration of gene expression following targeting. Consequently, vector-labeling proce-

dures are used primarily in understanding the early steps in vector targeting.

4. USING REPORTER GENES TO IMAGE GENE EXPRESSION

Reporter gene analysis utilizes surrogate coding regions that encode rapidly and sensitively assayed

protein products to monitor expression from chimeric gene constructs in which expression is driven

by promoter regions of either experimental interest or utility. In the context of either somatic gene

delivery or cell therapy, reporter proteins expressed from appropriate promoters, by incorporating
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these constructs into the gene delivery system, can be used to monitor efficacy of gene delivery

vehicles.

The chloramphenicol acetyl transferase (CAT) (21,22) and �-galactosidase (�-gal) (23,24) reporter

genes were used extensively by cell biologists and investigators during the initial development of gene

therapy vectors. The disadvantage of CAT and �-gal as reporter genes is the requirement that recipi-

ents be sacrificed or biopsied for analysis. To perform temporal gene expression studies in vivo in

animal models, several animals at each time-point must be sacrificed and assayed. CAT and �-gal

clearly cannot be used to monitor somatic gene delivery in patients. Secreted reporter proteins (e.g.,

alkaline phosphatase) facilitate serial, noninvasive monitoring of reporter gene expression in blood,

but at the expense of knowing the site of reporter gene expression. Reporter genes with products that

can be monitored by optical techniques, such as luciferase (5), green fluorescent protein (GFP) (13),

and �-lactamase (25), have been used by cell biologists for cell culture studies. As described in Section

5.3., in vivo analysis of optical reporter genes has emerged as an important new set of paradigms for

noninvasive imaging.

5. REPORTER GENES FOR IN VIVO IMAGING

It is clear that, to monitor the efficacy of expression from somatically transferred genes in patients,

noninvasive measurement of reporter gene expression is required. Moreover, the ability to monitor

the location, magnitude, and duration of reporter gene expression noninvasively, quantitatively, and

repetitively would greatly facilitate advances in preclinical animal models of somatic gene delivery.

Advances in molecular biology, imaging instrumentation, radiochemistry, and conventional chemis-

try have made it possible to use a variety of modalities, including radionuclide, MRI, and optical detec-

tion systems, to monitor reporter gene expression in living animals following somatic gene transfer.

5.1. Imaging Reporter Genes With Radionuclide Probes

In principle, it should be possible to develop radionuclide-labeled small molecule binding/imag-

ing probes for any target protein. Such probe molecules could then be used for in vivo imaging.

Although target-specific probes exist for a number of protein targets, general development of pro-

tein-specific probes is not currently possible in practice. However, reporter genes that utilize radio-

nuclide-labeled tracer probes can be used to monitor gene expression in vivo, allowing investigators

to infer the expression of linked therapeutic genes. Reporter gene systems that employ radionuclide

probes currently utilize receptors that sequester labeled ligands, enzymes that convert radiolabeled

substrates to trapped products, or transporters that sequester radiolabeled probes inside cells. Using

gamma camera imaging, single-photon emission computed tomography (SPECT), and PET, radiola-

beled tracers can be used repeatedly, noninvasively, and quantitatively to image the location, magni-

tude, and duration of reporter gene expression.

5.1.1. The Dopamine D
2
 Receptor as an In Vivo Reporter Gene

The dopamine D
2
 receptor (D2R) is expressed principally in the striatum of the brain. Several

radionuclide-labeled probes for the D2R, including [
11

C]raclopride (26–28), N-[
11

C]methylspiperone

(29), 3-(2-[
18

F]fluoroethyl)spiperone (FESP) (30,31), and [
123

I]iodobenzamide derivatives (32), have

been developed to facilitate imaging of this receptor by gamma camera imaging, SPECT, and PET.

Because the D2R is expressed at high concentrations only in the striatum and a number of radio-

labeled ligands have been developed for this receptor, ectopic D2R expression has been developed as

a noninvasive reporter gene system. We cloned the D2R, under the control of the cytomegalovirus

(CMV) early promoter, into a replication-defective adenovirus (33). Systemically administered ade-

novirus results primarily in infection and gene expression in the murine liver because of hepatic fil-

tration properties and the high level of expression of the coxsackie and adenovirus receptor (CAR) in

this tissue.
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Mice were injected intravenously with Ad.D2R or Ad.�gal, a replication-defective adenovirus

expressing the �-gal gene as a reporter. Two days later, the mice were injected via the tail vein with

FESP. FESP distribution was measured by microPET imaging after an additional 3 hours. Substantial

hepatic fluorine-18 retention was observed in the mouse injected with Ad.D2R. In contrast, relatively

little hepatic fluorine-18 accumulation occurred in the mouse that received Ad.�gal. Varying amounts

of Ad.D2R were injected into mice, and the levels of D2R expression, determined by microPET anal-

ysis of FESP retention, in living mice were compared with D2R levels determined by [
3
H]spiperone

binding to liver extracts following sacrifice of the animals. The microPET-measured FESP retention

values were strongly correlated (r
2
 = 0.89) with the in vitro binding assays. Noninvasive, in vivo

analysis of the D2R reporter gene expression in living animals by microPET measurement of FESP

retention accurately reflected in vitro analysis of ectopic D2R expression levels.

One potential problem in the use of receptors as reporter genes is that their ectopic expression

might change the physiology of target cells. When agonist ligands bind to the D2R, a G-protein-

coupled signal transduction system is activated, resulting in a reduction of cyclic adenosine 5'-mono-

phosphate levels in cells. However, specific mutations in the D2R receptor have been described that

uncouple ligand binding from activation of this G-protein complex signaling pathway (34,35). My

group created Ad.D2R80A, an adenovirus expressing one of these “uncoupled” mutants and demon-

strated (1) that cells infected in culture with Ad.D2R80A do not lower cyclic adenosine 5'-mono-

phosphate levels in response to dopamine exposure, but bind [
3
H]spiperone as well as cells infected

with Ad.D2R; and (2) that, for mice injected with Ad.D2R vs Ad.D2R80A, no difference in hepatic

FESP accumulation was observed (36). Although D2R80A does not activate G-protein-coupled sig-

naling following agonist binding, D2R80A and D2R are equally effective as PET reporter genes. The

D2R80A/FESP reporter gene/reporter probe system should be very beneficial in monitoring somatic

gene transfer and cell therapy.

5.1.2. The Herpes Virus Simplex Type 1

Thymidine Kinase Gene as an In Vivo Reporter Gene

The herpes virus simplex type 1 thymidine kinase (HSV1-TK) enzyme, like its murine and human

TK orthologues, phosphorylates thymidine. However, uracil derivatives such as 5-iodo-2'-fluoro-

2'-deoxy-1-�-D-arabino-furanosyl-uracil (FIAU) and acycloguanosines (e.g., acyclovir, ganciclovir

[GCV], penciclovir [PCV]) are much more effectively phosphorylated by HSV1-TK than by mam-

malian TKs. Like thymidine, FIAU and the acycloguanosines are transported into cells, where they

serve as substrates for the HSV1-TK enzyme. However, once phosphorylated, these prodrugs are no

longer able to exit the cell. Cellular kinases convert the monophosphates of acyclovir, GCV, PCV,

and FIAU to their di- and triphosphate derivatives. The phosphorylated acycloguanosines and FIAU

kill cells, either by inhibiting DNA polymerase or—if they are incorporated into DNA—by acting as

chain-terminating nucleotides. Tjuvajev and colleagues suggested that radiolabeled substrates for

HSV1-TK might serve as reporter probes to monitor the in vivo expression of HSV1-TK enzyme

activity noninvasively following ectopic expression of the HSV1-tk gene (37,38).

The Sloan-Kettering group pioneered the use of radionuclide FIAU derivatives as reporter probes

to image HSV1-tk gene expression, using [
131

I]FIAU, [
123

I]FIAU, and [
124

I]FIAU for gamma camera,

SPECT, and PET analyses. They first used gamma camera imaging to detect [
131

I]FIAU retention in

grafted tumors, following retroviral transfer and expression of HSV1-TK (38). Subsequently, [
124

I]FIAU

was employed to image HSV1-TK expression by PET in stably transfected tumor grafts (39). These

studies are reviewed in detail in ref. 3.

The University of California at Los Angeles group adopted an alternative approach to imaging the

HSV1-tk reporter gene. Because of the greater resolution and sensitivity of PET analyses and the

relative ease of preparing fluorinated tracer molecules vs iodinated derivatives, emphasis was placed

on fluorinated acycloguanosines. In the initial study, a replication-deficient adenovirus, Ad.HSV-tk,
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in which the reporter gene is expressed from the CMV early promoter, was injected intravenously into

mice. The positron-emitting TK substrate 8-[
18

F]fluoro-9-[(1,3-dihydroxy-2-propoxy)methyl]gua-

nine (fluoroganciclovir, FGCV) was synthesized (40) and administered both to these mice and to mice

injected with a control virus, Ad.�gal, expressing the �-gal gene. Using microPET, hepatic FGCV

retention was demonstrated in the Ad.HSV1-tk injected animals (41).

Because PCV is a more effective HSV1-TK substrate than GCV, a positron-emitting PCV analogue,

8-[
18

F]fluoro-9-[4-hydroxy-3-(hydroxymethyl)but-1-yl]guanine (fluoropenciclovir, FPCV), was syn-

thesized and used to image HSV1-tk expression. FPCV is several times more effective than FGCV in

detecting HSV1-TK expression (42). A number of other fluorine-18-labeled acycloguanosines, includ-

ing 9-[3-[
18

F]-fluoro-1-hydroxy-2-propoxy)methyl]guanine (FHPG) (43), and 9-[(4-[
18

F]-fluoro-3-

hydroxymethylbutyl)guanine (FHBG) (44,45), have also been developed and tested as reporter probes

for HSV1-TK enzyme, using PET analysis. Comparative studies suggested that FHBG is a better sub-

strate for HSV1-tk than FHPG (45–47). Studies in human volunteers demonstrated that FHBG has

properties suggesting that it will be compatible as a PET radiotracer to image the HSV1-tk reporter

gene (48).

5.1.2.1. MUTANT HSV1-TK REPORTER GENES

The acycloguanosines are not naturally occurring HSV1-TK substrates; they were developed as

pharmacological agents. Black et al. (49), to develop more effective therapeutic agents, identified

mutant HSV1-TK enzymes that could more effectively utilize acycloguanosines as substrates. They

created, by site-directed mutagenesis, mutant HSV1-TK enzymes and screened these proteins for

mutants more effectively able to use acycloguanosines as substrates for phosphorylation and less

effectively utilize thymidine. It seemed likely that their mutant TK enzymes might also be able to use

fluorinated forms of the acycloguanosines more effectively and, consequently, be more effective

reporter genes for PET imaging of gene expression. This is the case; the TK enzyme produced from

the HSV1-sr39tk mutant gene is able to phosphorylate FGCV, FPCV, FHPG, and FHBG more effec-

tively than is wild-type TK in cell culture studies. When Ad.HSV1-tk is compared with Ad.HSV1-

sr39tk, a replication-deficient adenovirus expressing this mutant enzyme, the sensitivity of the Ad.

HSV1-sr39tk/FHBG system is about an order of magnitude greater than the sensitivity of the Ad.HSV1-

tk/FGCV system.

5.1.2.2. COMPARISONS OF POSITRON-EMITTING HSV1-TK SUBSTRATES FOR PET IMAGING

Brust et al. (50) compared [
124

I]FIAU and FHPG as probes using subcutaneous xenografts of tumors

expressing the wild-type enzyme in nude mice. Tjuvajev et al. (51) performed a similar direct com-

parison of [
124

I]FIAU, FHPG, and FHBG. Their data demonstrated that [
124

I]FIAU is a more efficient

probe than FHBG or FHPG for the wild-type HSV1-TK enzyme in this context. In contrast to the

acycloguanosines, FIAU is not more effectively utilized as a substrate by HSV1-sr39TK. The half-

life of [
124

I]FIAU is 4.2 days vs 110 minutes for 
18

F. For applications for which clearance of the HSV1-

TK substrate limits resolution or sensitivity of PET imaging, [
124

I]FIAU may be a preferred alternative

to image HSV1-TK. On the other hand, synthesis of 
124

I is more difficult than preparation of 
18

F, poten-

tially limiting the utility of [
124

I]FIAU as an imaging agent.

Comparison of a number of 5-substituted 2'-deoxy-2'-fluoro-1-�-D-arabinofuranosiluracil deriv-

atives suggested that 5-fluoro-2'-deoxy-2'-fluoro-1-�-arabinofuranosyluracil may be a better substrate

for HSV1-TK than FIAU or FHBG (52). If the preliminary results with 5-fluoro-2'-deoxy-2'-fluoro-

1-�-arabinofuranosyluracil are confirmed by more extensive in vivo analysis, using this HSV1-TK

substrate may combine the sensitivity of the radioiodinated uracil analogues with the comparative

ease of synthesis of the radiofluorinated acycloguanosines.

Positron-emitting radioiodinated uracil probes may be more appropriate substrates for PET imag-

ing of HSV1-tk gene expression for some applications; positron-emitting radiofluorinated acyclo-

guanosines or uracil derivatives may be preferable for other applications. Parallel chemical refinement
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of radiolabeled probes and genetic manipulation of reporter genes should continuously improve the

HSV1-TK system in particular and noninvasive radionuclide reporter gene imaging systems in general.

5.1.3. The Somatostatin Receptor as an In Vivo Reporter Gene

Like the D2R, somatostatin receptors (SSTrs) are seven membrane pass proteins coupled to G-pro-

tein signaling complexes. Although there are six SSTr genes, the human subtype 2 receptor (hSSTr2)

has been the subtype primarily used as a reporter gene for noninvasive imaging. The endogenous

hSSTr2 gene is expressed most extensively in the pituitary, but is also active in the pancreas, kidney,

lung, gastrointestinal tract, and several other tissues.

The hSSTr2 binds naturally occurring somatostatin peptides as well as a series of synthetic soma-

tostatin analogues (e.g., octretide, P829, p2045). A number of clinically approved agents, including

111
In-labeled octreotide (Octreoscan) and 

99m
Tc-labeled P829 (NeoTect/NeoSpect), are used to image,

by gamma camera imaging, neuroendocrine and lung tumors that express endogenous hSSTr (14).

Several PET tracers ([
64

Cu]TETA-octreotide (53), [
68

GA]DOTA-D-Phe
1
-Tyr

3
-octreotide (54), [

68
Ga]

DOTATOC (55)) for hSSTrs have also been described.

The hSSTr2 gene has been incorporated into adenovirus vectors, expressed from the CMV pro-

moter, and used to image, by gamma camera, virally directed reporter gene expression in xenografts

of human tumors in nude mice after intravenous injection of [
99m

Tc]P2045, [
111

I]octreotide, and [
99m

Tc]

P829. In side-by-side experiments, [
99m

Tc]P2045 appears to be the most effective reporter probe (14).

Like the D2R, ligand binding to the SSTr2 generates a G-protein-linked signal. Under most condi-

tions, the signal generated by ligand binding to the SSTr is antiproliferative. Indeed, it has been sug-

gested that the antiproliferative effect of SSTr activation could potentially be used as an anticancer

therapy (56). Although it has been argued that ligand signaling from the hSSTr2 used as a reporter

gene could have an additional therapeutic benefit, it is also possible that signaling from an ectopic,

activated SSTr might result in deleterious physiological effects on the targeted cell or tissue. In

contrast to the D2R80A reporter gene, no hSSTr2 mutant in which ligand binding and cell signaling

have been uncoupled has been examined as a reporter gene.

Like the HSV1-TK reporter, the hSSTr2 protein has also been employed as a therapeutic gene.

Several somatostatin analogues have been conjugated with radionuclides (e.g., 
90

Y, 
131

I, 
153

Sm, 
177

Lu,

188
Re) to deliver therapeutic doses of radiation to tumors that express the hSSTr. Although most appli-

cations have been for therapy of tumors that naturally express SSTrs, adenovirus delivery and subse-

quent treatment with radionuclide-labeled somatostatin ligands have been studied in human tumor

xenografts in nude mice (57), as described more extensively next.

5.1.4. The Sodium Iodide Symporter as an In Vivo Reporter Gene

The sodium iodide symporter (NIS) is a 13-transmembrane domain protein expressed primarily in

the basolateral membrane of thyroid follicular cells. The NIS protein facilitates the transport of iodide

into these cells, where the iodide is organified and used to iodinate thryoglobulin. In addition to facil-

itating the uptake of various radionuclide forms of iodide (e.g., 
123

I, 
124

I, 
125

I, 
131

I), the NIS protein

also facilitates the accumulation of [
99m

Tc]O
4
. Although the NIS gene is expressed primarily in the

thyroid, it is also active in the salivary glands, gastric mucosa, and mammary gland (58). However, in

these last tissues, the iodide is not organified (7).

Following heterologous NIS expression in either transiently or stably transfected cells, substantial

active iodide transport could be demonstrated in cultured cells despite the absence in these cells of

the enzyme systems responsible for organifying the transported iodide. These data suggested that

ectopic NIS gene expression might be valuable, in both therapeutic and imaging roles, in gene therapy

experiments. Xenografts of cells stably transfected with the NIS gene (59) can be imaged with both

[
99m

]TcO
4
 and 

123
I gamma camera scintography.

Several laboratories have created replication-defective adenoviruses in which the NIS gene is

expressed from the CMV promoter. Following intratumoral injection with Ad.NIS, xenografted SiHa
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tumors can be imaged by conventional gamma camera imaging after intraperitoneal injection of 
123

I.

Stomach, bladder, and thyroid gland uptake of the radionuclide probe was also observed (60). Simi-

larly, functional NIS activity could be demonstrated in xenografted human glioma cells (61) and in

xenografts of human prostate LNCaP tumor cells (62) following intratumoral injection of replica-

tion-defective adenoviruses expressing the NIS gene from a CMV promoter. The NIS gene is likely

to see substantial increased utility as a noninvasive imaging tool because of the variety of clinically

approved reporter probes currently available. Chung (58) published a comprehensive review of the

NIS gene as both a therapeutic agent and an imaging reagent.

5.2. Imaging Reporter Gene Expression With MRI

In principle, MRI has the advantage of providing very high spatial resolution to image reporter

gene expression. However, to obtain such resolution in reasonable times, very high concentrations of

substances with appropriate paramagnetic properties must be introduced into the target cells. Weiss-

leder and colleagues used a modified transferrin ligand, to which monocrystalline iron oxide nano-

particles were linked, to image a xenografted tumor expressing an ectopically expressed transferrin

receptor reporter gene. Transferrin receptor-dependent accumulation of the superparamagnetic ligand

is sufficient to permit imaging of the xenografted tumor (reviewed in ref. 8).

MRI reporter gene imaging procedures that exploit enzymatic reactions that target “caged” para-

magnetic chelates have also been described. The caged chelates are exposed to water following enzyme

cleavage. Access of the paramagnetic chelate to water is blocked by a substrate removed by enzyme

cleavage. Enzymatic removal of the blocking substrate permits the paramagnetic chelate to interact

with water protons, increasing the MR signal. The �-gal substrate, 1-(2-(b-galactopyranosyloxy)propyl)-

4,7,10-tris(carboxymethyl)1,4,7,10 tetraaza-cyclododecane gadolinium(III), after injection into Xeno-

pus laevis embryos, can be cleaved by ectopically expressed �-gal to generate an excellent MR image

in a living embryo (63). The technique, however, is limited because the substrate cannot be systemi-

cally administered to experimental animals in sufficient concentration for MR imaging. To date, enzy-

matically activated MR procedures for imaging reporter gene expression following somatic gene

delivery have not been described. Consult refs. 8 and 10 for more detailed discussions of imaging of

reporter gene expression with MR.

5.3. Imaging Reporter Gene Expression With Optical Techniques

Optical imaging of appropriate reporter genes, such as GFP (64–66), �-lactamase (25), and the luci-

ferases (67), has had enormous impact on molecular and cell biology. GFP fusion proteins have

characterized the subcellular distribution of a wide number of cellular proteins and helped elucidate

issues of subcellular protein targeting and ligand-induced redistribution of cell proteins. Firefly luci-

ferase (ffluc) and Renilla luciferase (rluc) have been extensively used in cell culture studies as reporter

genes to characterize both the transcriptional regulatory properties of a wide variety of genes and the

signal transduction mechanisms that activate gene expression in response to extracellular signals.

Several new technologies, including video, digital, and charge-coupled device (CCD) cameras

have been developed to monitor light emission from living animals and used to assay noninvasively

the in vivo expression of GFP and luciferase reporter genes. Noninvasive optical imaging of reporter

gene expression has substantial advantages, including ease of use, lack of any radioactive probe,

relatively low background signal (at least for the luciferase reporter genes), relative simplicity of use,

and low cost relative to radionuclide and MR approaches. However, optical imaging techniques are

limited by fluorophore quenching effects, depth-dependent photon attenuation, scatter, and resolu-

tion issues in contrast to radionuclide and MR techniques and are likely to be employed in the clinic

only in specialized applications.

In vivo optical imaging techniques are very powerful tools for imaging small animals, however, and

are rapidly gaining popularity and utility in the preclinical studies of animal cancer models, somatic
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gene therapy research, and cell therapy studies. Optical imaging studies will provide extensive infor-

mation in these preclinical models and guide the design of gene and cell therapy/imaging systems

utilized in clinical research and practice. These new optical imaging systems are complementary to

radionuclide and MR imaging systems and should facilitate transition from preclinical studies to

clinical applications.

5.3.1. GFP as an In Vivo Reporter Gene

GFP use has seen spectacular growth in cell biology to image intracellular location and trafficking

of fusion proteins in living cells. GFP has the distinct advantage that the reporter protein is intrinsi-

cally fluorescent. Consequently, no reporter probe is required, in contrast to studies with radionuclide

imaging techniques (Section 5.1.) or luciferase reporter genes (Sections 5.3.2. and 5.3.3.). However,

the wavelengths required to excite the GFP protein and the light emitted by GFP following excitation

are both absorbed extensively by tissues. Consequently, GFP-based imaging studies work well in

vivo only near the skin (e.g., with subcutaneous tumors in nude mice) or by using “skin flap” proce-

dures to expose internal organs (68). A variety of tumor xenografts in which tumor cells stably express

GFP in nude mouse hosts have been used to track tumor growth, metastases, and response to therapies

(69–71). Adenovirus-expressing GFP can be tracked for both site and duration of expression (72).

The use of surgical windows and more sophisticated imaging techniques such as confocal laser

scanning microscopy and multiphoton laser scanning microscopy, which enhance signal and reduce

background fluorescence (73), permit a more extensive examination of GFP expression in deeper

regions of the animal. Using these techniques, cellular interactions in cancer such as tumor induction

of stromal vascular endothelial growth factor activation, liposomal extravasation from tumor blood

vessels, and measurements of tumor blood vessel permeability can be demonstrated and quantitated

in living animals (74).

As the technologies for detection of GFP fluorescence grow, applications of this reporter gene

technology to animal models of cancer detection, progression, and treatment will increase. However,

substantial application to monitoring of cancer therapeutics in the clinic is not likely for GFP imaging

given the penetration restrictions of exciting light and the tissue absorption of fluorescent emissions.

5.3.2. Firefly Photinus pyralis Luciferase as an In Vivo Reporter Gene

Luciferase is a generic name for a group of enzymes that share the property of emitting visible light

as a product of their enzymatic activities; many of the luciferases do not share any sequence homology.

The firefly Photinus pyralis luciferase gene (ffluc) has been by far the most extensively used lucifer-

ase for cell and molecular biology studies. Light is produced through the action of ffluc with its sub-

strate luciferin in the presence of magnesium and adenosine triphosphate.

Firefly luciferase gene expression can also be imaged in vivo using high-sensitivity, cooled CCD

cameras. The introduction of this new technology and the ease, relatively low cost, and convenience

of nonradioactive ffluc imaging has led to an enormous increase in the application of this technology

to noninvasive in vivo imaging. Contag et al. (74) reviewed the use of both ffluc and GFP to monitor

tumor growth, metastasis, and response to therapy with xenografted tumor cells that stably express

these optical reporter genes. The use of gene delivery vehicles carrying ffluc as an optical reporter gene to

monitor reporter gene expression is in a period of dramatic growth. Readers should expect an avalanche

of new applications of this technology to the study of cancer gene therapy models in mice.

5.3.3. Sea Pansy Renilla reiformis Luciferase as an In Vivo Reporter Gene

The Renilla luciferase (rluc), an enzyme distinct from ffluc, and related genes are present among

coelenterates, fishes, squids, and shrimp. A distinct substrate, coelenterazine, is oxidized by rluc, result-

ing in bioluminescence. Coelenterazine oxidation by rluc does not require adenosine triphosphate or

any other energy source. Rluc has been used extensively in cell biology and molecular biology, in

conjunction with ffluc, to contrast expression of “control” and “experimental” chimeric reporter genes.
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Bhaumik and Gambhir (75) compared the efficacy of the ffluc/luciferin and rluc/coelentrazine

reporter/substrate systems as imaging systems for in vivo monitoring of reporter gene expression.

Rat C6 glioma cells transiently transfected with either rluc or ffluc were injected subcutaneously on

the flanks of nude mice, and bioluminescence was monitored with a CCD camera following systemic

injection of either coelenterazine and/or luciferin. Bioluminescence was observed, as expected, from

the C6-ffluc xenograft following luciferin injection (Fig. 1). Similarly, bioluminescence was observed

in the C6-rluc xenograft following coelenterazine injection. No crossreactivity occurred; cells express-

ing ffluc did not emit a detectable signal when the animal was injected with coelenterazine, and bio-

luminescence was not observed in cells expressing rluc following injection of luciferin.

Although quantitative studies of sensitivity need to be performed, as well as kinetic, biodistribution,

and toxicology studies of coelenterazine administration, these initial experiments demonstrated the abil-

ity to carry out noninvasive optical imaging of two distinct luciferase reporter genes in the same ani-

mal. The availability of this paradigm will make comparisons of control and experimental gene expres-

sion, alternative modes of gene delivery, and similar comparative studies possible using the relatively

simple and inexpensive methods of optical imaging with high-sensitivity CCD cameras.

6. CORRELATING REPORTER GENE EXPRESSION

AND THERAPEUTIC GENE EXPRESSION

If reporter genes are to be useful in monitoring gene therapy procedures, there must be the ability

to correlate the expression of the therapeutic and reporter genes. A number of experimental protocols

to correlate expression of two genes, permitting the indirect measurement of therapeutic genes, are

discussed next (see Fig. 2). However, several of the reporter imaging genes described here have been

used as therapeutic genes, either to kill tumor cells that naturally overexpress these genes or follow-

ing ectopic expression.

Fig. 1. Imaging firefly luciferase and sea pansy luciferase reporter genes in the same animal. Three C6 rat

glioma cell lines were subcutaneously transplanted into a recipient mouse. Tumor A stably expressed the firefly

luciferase gene. Tumor B stably expressed the sea pansy (Renilla) luciferase gene. Tumor C was a control C6

tumor, which did not express an imaging gene. In the panel on the left, the mouse was injected intraperitoneally

with luciferin as substrate for the firefly luciferase, then imaged with the CCD camera. In the panel on the right,

the mouse was injected intraperitoneally with coelenterazine as substrate for the sea pansy luciferase, then

imaged with the CCD camera. (From ref. 75 with permission. ©2002 National Academy of Sciences, USA.)
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6.1. Therapeutic Genes That Are Also Imaging Genes (Fig. 2.1)

The HSV1-TK enzyme converts acycloguanosine prodrugs into toxic compounds if the prodrug

substrates are administered in pharmacological doses. For noninvasive imaging, when tracer levels

of radionuclide-labeled HSV1-TK substrates are injected, no pharmacological effect occurs. Conse-

quently, scenarios are possible in which investigators might first monitor HSV1-tk gene delivery with

Fig. 2. Alternative methods to deliver therapeutic genes and noninvasive reporter genes for imaging. (2.1)

Therapeutic genes that are also reporter genes. (2.2) Fusion genes that express a chimeric therapeutic protein/

reporter protein. (2.3) Coadministration of two otherwise identical vectors expressing a therapeutic gene and a

reporter gene. (2.4) Identical promoters driving a therapeutic gene and a reporter gene. (2.5) Bidirectional

promoter driving a therapeutic gene and a reporter gene. (2.6) Bicistronic message from which a therapeutic

gene is expressed following the cap site, and a reporter gene is expressed from an IRES. (2.7) Expression of a

reporter gene from a tissue-/tumor-specific promoter. (2.8) Expression of a reporter gene from a TSTA con-

struct in which expression of the reporter gene is driven by an artificial promoter responsive to a chimeric

transcription factor, and the chimeric transcription factor is expressed from a tissue-specific or inducible pro-

moter. The open squares at the end of each construct represent viral long-terminal repeats. PR
A

,, a promoter

element such as the CMV promoter, chosen by the investigator; TG, therapeutic gene; RG, reporter gene; PR
Bi

,

bidirectional promoter; IRES, internal ribosomal entry site; PR
TS

, tissue-specific or tumor-specific promoter;

Gal
4
-VP16, a chimeric gene encoding a fusion transcription factor containing the DNA-binding domain of the

yeast GAL
4
 transcription factor and the herpes virus VP16 transcription factor activation domain; (GAL

4
)
n
, a

promoter containing multiple Gal
4
-binding sites and a minimal eukaryotic promoter element, such as the TATA

box of the adenovirus E4 protein (97). Promoter elements are shown in gray boxes. Although these illustrations

show therapeutic and reporter genes in the context of viral vectors, the constructs could be developed in the

context of any gene delivery vector or therapeutic cell for somatic delivery.
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FHBG or FIAU to correlate the level of HSV1-TK expression with therapeutic efficacy in response

to a subsequent pharmacological regimen of acycloguanosine administration.

Similarly, somatostatin analogues coupled to radionuclide therapeutics have been used to treat

tumors that naturally express SSTr genes. The expression of the hSSTr2 gene can be monitored, fol-

lowing delivery in a somatic gene transfer protocol, with appropriate radionuclide-labeled somato-

statin imaging probes and subsequently be used for therapeutic attack by receptor-specific ligands

carrying therapeutic radionuclides. Rogers et al. (57) imaged, by gamma camera, xenografts of human

tumors injected with AdSSTr2 using [
111

In]-DTPA-D-Phe
1
-octreotide, then treated the mice with [

90
Y]-

SMT. Positive imaging and increased survival time were correlated in this study.

The ability of the thyroid gland to concentrate radioactive iodine has been exploited both to image

and to treat thyroid tumors. Ectopic expression of NIS should facilitate both imaging and treatment

of tumors originating from other tissues. Intracerebrally grafted gliomas expressing a retrovirally

transfected NIS gene can be imaged with either 
99m

TcO
4
 or 

123
I, then subsequently be successfully

treated (i.e., life-span can be increased) in response to 
131

I treatment (76). Prostate xenografts express-

ing NIS can also be imaged, then treated with 
131

I (77).

6.2. Fusion Chimeras Between Therapeutic Genes and Reporter Genes

In a technology for noninvasive imaging of reporter genes, the therapeutic gene and the reporter

gene are used to create a chimeric gene from which a protein fusion of both the therapeutic protein

and the imaging protein is expressed (Fig. 2.2). Although this procedure ensures that there is a strict

stochiometric correlation between the level of expressed therapeutic protein and imaging protein, it

suffers from the distinct disadvantage that, for each therapeutic gene under investigation, a molecu-

lar fusion must be constructed and characterized. It is likely that the efficacy of the therapeutic pro-

tein, the imaging protein, or both will be compromised in a fusion molecule. However, expression of

fusion proteins between HSV1-TK and GFP (78,79) and HSV1-TK, ffluc, and the neomycin resis-

tance gene protein (80) has been demonstrated, and the correlation of the activity of the therapeutic

and imaging components has been evaluated. In some cases, if a sufficiently active fusion of a thera-

peutic protein and an imaging protein can be produced, it may well be worth the effort to construct

and characterize such a molecule for clinical use.

6.3. Coadministration of Vectors Expressing Reporter Genes and Therapeutic Genes

Coadministration of vectors expressing reporter genes and therapeutic genes is perhaps the simplest

approach to monitoring therapeutic gene expression by inference from the expression of a reporter gene.

At the same time as the therapeutic gene is delivered, one simply administers an additional vector

identical to that expressing the therapeutic gene. The only difference between the two gene delivery

vectors is the replacement of the coding sequence for the therapeutic gene with the coding region for

the reporter imaging gene (Fig. 2.3). Although there may be substantial differences in infection and

selection at an individual cell level, at the macroscopic/organismal level at which optical, MR, and

radionuclide imaging is performed, such cellular phenomena are not likely to have a great effect.

Adenoviruses that express the D2R and HSV1-sr39tk PET reporter genes, but are otherwise iden-

tical, were injected intravenously, intramuscularly, or intratumorally into mice, and the expression of

the two genes was monitored with FESP and FHBG, respectively. D2R and HSV1-sr39tk reporter gene

expression were correlated, both for viral dose and at various times after virus injection (81). Although

simple in principle, coadministration may be an effective imaging procedure both in experimental

contexts and in the clinic.

6.4. Dual Promoters Driving Therapeutic Genes

and Reporter Genes in a Common Delivery Vehicle

In the application of dual promoters, a common somatic gene delivery vehicle is used to drive in

tandem a reporter gene and an imaging gene from two copies of the same promoter (Fig. 2.4). For
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example, an adenovirus in which an insert containing a [CMV promoter] [hSSTr2 coding region]

chimera is followed by a [CMV promoter] [HSV1-TK coding region] chimera was used by Zinn et al

(82) to compare the expression of these two imaging genes using 
99m

Tc-labeled P2045 to monitor

hSSTr2 location and levels and [
131

I]FIAU to monitor HSV1-TK activity in xenografted tumors. In

this study, the authors were unable to demonstrate a correlation between expression of the hSSTr2

reporter gene and the HSV1-tk reporter gene.

6.5. Bidirectional Promoters Driving Therapeutic Genes

and Reporter Genes in a Common Delivery Vehicle

Some promoter elements are “bidirectional”; they can direct expression of genes both upstream

and downstream of the cis-acting regulatory sequence. Placement of a therapeutic gene and a reporter

gene on either side of such a promoter should result in coordinate expression of the two coding units

(Fig. 2.5). Baron et al. (83) created an artificial bidirectional promoter in which seven tetracycline

regulatory subunits are placed between two CMV regulatory elements. When activated by a tetracy-

cline-dependent transcription factor, genes in either direction were conditionally activated. This sys-

tem was subsequently modified to demonstrate bidirectional, tetracycline-regulated coexpression of

the GFP and �-gal reporter genes in transgenic animals (84).

To demonstrate the utility of inducible, bidirectional promoters for noninvasive imaging of gene

expression, Sun et al. (85) constructed a plasmid in which the D2R and HSV1-sr39tk coding sequences

were placed on either side of this tetracycline promoter system and stably transfected HeLa cells express-

ing a tetracycline-regulated transcriptional activator with this plasmid. The expression of D2R and HSV1-

sr39tk reporter genes was then monitored in xenografts by microPET analysis of FESP and FHBG

retention. Prior to receiving doxycycline, HSV1-sr39tk and D2R expression were essentially undetect-

able. When doxycycline was added to the drinking water, HSV1-sr39TK and D2R reporter gene expres-

sion were coordinately induced, as measured by microPET analyses of the same tumor-bearing mice.

Following doxycycline withdrawal, a third microPET scan demonstrated coordinate reduction of

D2R and HSV1-sr39tk expression. These data demonstrated the potential utility of regulated, bidirec-

tional vector delivery systems for coordinate expression of therapeutic genes and imaging genes.

6.6. Bicistronic Messages Expressing Therapeutic Genes

and Reporter Genes in a Common Delivery Vehicle

Coordinate ectopic expression of two genes is most commonly accomplished using bicistronic

vectors. DNA viruses (e.g., poliovirus, encephalomyocarditis virus) often express polycistronic mes-

sages, from which several proteins are translated. Proteins translated from internal positions in the

polycistronic message are initiated in a cap-independent fashion at internal ribosomal entry sites

(IRESs) (86). In adapting this phenomenon for investigator-directed bicistronic reporter gene expres-

sion, two coding regions are engineered into a common message. One coding sequence (e.g., for a

therapeutic protein) is placed proximal to an IRES (Fig. 2.6); the second coding sequence (e.g., for a

reporter protein) is placed distal to the IRES. Coordinate expression of the proteins occurs, despite

variations in absolute levels of transcription over time, because both proteins are translated from a

common message. Measurement of one protein (e.g., the reporter protein) produced from the bicis-

tronic message should therefore allow investigators to infer the relative levels of the second protein

(e.g., the therapeutic protein) translated from this message.

Noninvasive SPECT imaging for in vivo analysis of HSV1-tk reporter gene activity was coupled

with sacrifice and analysis of �-gal to demonstrate that noninvasive HSV1-tk measurement can reflect

both the location and the magnitude of a second, cis-linked coding region in a bicistronic vector (87).

These experiments utilized xenografts of tumors stably expressing a retrovirally transduced bicistronic

message.
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Development of two PET reporter genes facilitated completely noninvasive analyses of coordinated

expression of two coding units in a bicistronic vector. A plasmid was constructed that used an early

CMV promoter to drive the expression of a bicistronic message in which the D2R and HSV1-sr39tk

coding units were placed proximal and distal to an encephalomyocarditis virus IRES. Stably transfected

C6 glioma cell xenografts were then monitored for D2R expression (by microPET analysis with FESP)

and HSV1-sr39tk expression (by microPET analysis with FHBG). D2R expression (measured as FESP

retention) and HSV1-sr39tk expression (measured as FHBG retention) were proportional (88). This

same D2R-IRES-HSV1-sr39tk construct was inserted into a replication-defective adenovirus and used

to demonstrate that, following intravenous administration, hepatic expression of the two PET reporter

genes was tightly coordinated (r
2
 = 0.89) over six microPET imaging sessions spanning a 3-month

period (Fig. 3) (89). These data demonstrated, using only noninvasive imaging technology, that the

location, magnitude, and duration of coordinate expression of two proteins can be noninvasively,

quantitatively, and repetitively monitored following administration of a somatically transferred DNA

delivery vehicle.

Although bicistronic vectors are currently the most widely used delivery system for coordinate

expression of two proteins, they are not without problems. Attenuated expression of the coding region

distal to the IRES is quite common. Moreover, the degree of attenuation may vary in differing target

cells. Variable attenuation of the distal coding unit will both reduce sensitivity and alter the correla-

tion between expression of the genes in the proximal and distal positions. These variables will have to

be established for individual bicistronic systems to generate completely reliable, quantitative relation-

ships between therapeutic and imaging cistrons.

6.7. Tissue-Specific Promoters

Somatic targeting of therapeutic genes is accomplished by one (or a combination) of two general

procedures: (1) directing the tropism of the virus to a particular cell or tissue through some sort of

cell-surface specific targeting and (2) use of cell-type specific promoters that will preferentially express

the therapeutic gene in a specific cell type, even if the somatic gene vector delivery system is not

target cell specific. Tumor cell-directed gene expression from tissue-specific promoters expressed in

DNA delivery vectors (Fig. 2.7) has been reported for the �-fetoprotein promoter (90), the carcino-

embryonic antigen (CEA) promoter (91), the tyrosinase promoter (92), the prolactin promoter (93),

and a number of other tissue-specific regulatory elements.

The prostate-specific antigen (PSA) promoter has been one of the most widely studied cell type-

specific promoters because of its cell type-specific expression in prostate cancer. Human prostate tumor

LNCaP cells were stably transfected with a plasmid expressing the NIS gene from the PSA promoter.

Xenografts of LNCaP(PSA-NIS) cells could be imaged by gamma camera with 
123

I and subsequently

killed by therapeutic doses of 
131

I (77). A replication-defective adenovirus in which the PSA pro-

moter drives ffluc provides an easily detectable signal following injection into prostate tumor xeno-

grafts, but is expressed at only 1 � 10
�5

 the level of Ad.CMVffluc in murine liver when imaged in a

cooled CCD camera (94). The use of tissue-specific promoters to restrict somatic gene delivery expres-

sion to tumors and suppress expression in normal tissue is a burgeoning area of investigation; it is

likely that molecular imaging procedures to monitor tumor-restricted gene expression noninvasively

will see rapid expansion in popularity, both in preclinical models and in clinical contexts.

6.8. Two-Stage Transcriptional Activation Systems

for Somatic Cell Reporter Gene Expression

Tissue-specific promoters are, in principle, an excellent approach to targeting expression of thera-

peutic and imaging genes to selected targets (see Section 6.7.). In practice, many genes that have the

advantage of tissue specificity, and even overexpression, in tumors are nevertheless transcribed at rates

substantially below genes expressed from ubiquitously expressed, active promoters used in most
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Fig. 3. Repetitive imaging of the expression of the D2R and HSV1-sr39tk PET reporter genes from a bicistro-

nic message by microPET following intravenous injection of Ad.DTm. Three Swiss Webster mice were injected

by tail vein with Ad.DTm (2 � 10
9
 pfu). Ad.DTm contains a bicistronic expression cassette driven by a CMV

promoter. The bicistronic message encodes the D2R PET reporter gene proximal to an IRES and the HSV1-

sr39tk reporter gene distal to the IRES. Each mouse was injected with FESP and subjected to microPET scanning

on days 2, 9, 16, 23, 57, and 87 after virus injection. Each mouse was also injected with FHBG and subjected

to microPET scanning on days 3, 10, 17, 24, 58, and 88 after virus injection. (A) MicroPET scans of the same

mouse imaged following FESP or FHBG injection at each time-point. (B) Hepatic FESP and FHBG retention

determined by microPET analysis during this 3-month experiment. Data are means + the standard errors for each

FHBG or FESP measurement of the three mice. (C) The correlation between D2R PET reporter gene expres-

sion, measured as FESP retention, and HSV1-sr39TK PET reporter gene expression, measured as FHBG reten-

tion, for the six time-points measured (2/3 days, 9/10 days, 16/17 days, 23/24 days, 57/58 days, and 87/88 days

after ad.DTm injection) for each of the three mice. (From ref. 89 with permission from Elsevier. Copyright 2002.)

somatic gene therapy protocols (e.g., the CMV early gene). Consequently, expression of either thera-

peutic or imaging genes from tissue-/tumor specific promoters may be too low either for efficient

biological effectiveness or for noninvasive visualization. To amplify signals from relatively weak,

but tissue-specific, promoters, a two-step transcription activation (TSTA) system has been developed

(95). TSTA-regulated gene expression uses two genetic components (Fig. 2.8). In one component, a
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cassette in which a powerful, generalized promoter for which a transcription factor is not available in

most cells drives the therapeutic and/or reporter gene. In the second component, a tissue-specific and/or

inducible promoter drives a unique, but otherwise unexpressed, transcription factor active on the ther-

apeutic gene/reporter cassette.

Qiao et al. (96) constructed both a response cassette in which a multimerized Gal4-binding site

drives the HSV1-tk gene and an induction construct in which the CEA promoter drives a chimeric

transcription factor containing the GAL4 DNA-binding domain fused to the transcriptional activat-

ing domain of the herpes virus VP16 protein. In appropriate target cells that express CEA, the ectopic

transcription factor expressed from the CEA promoter should stimulate HSV1-TK expression from the

artificial, cis-acting regulatory element. These two constructs were inserted into a replication-defi-

cient adenovirus. Using intratumoral virus injection into hepatic xenografts of a CEA-positive tumor

and intravenously administered [
131

I]FIAU as a probe for gamma camera imaging, HSV1-TK expres-

sion from this virus was compared to HSV1-TK expression from an adenovirus in which the HSV1-tk

gene is expressed from an RSV promoter. Substantially less FIAU accumulation (e.g., HSV1-TK enzyme

activity) was present in hepatic, extratumoral tissue for tumors injected with the adenovirus CEA-TSTA

expression virus when compared to tumors injected with the RSV-TK-expressing virus.

A similar TSTA system was created by Zhang et al. for reporter gene expression in prostate tumor

cells (97). The PSA promoter is induced in response to androgen administration via the androgen

receptor. The PSA promoter driving a GAL4/VP16 chimeric transcription factor and a response cas-

sette containing multimerized Gal4-binding sites driving the ffluc reporter gene were incorporated

into a common plasmid and transfected into androgen-nonresponsive HeLa cervical carcinoma cells

or androgen-responsive LNCaP prostate cancer cells. Xenografts of these cells, as well as xenografts

of cells transfected with CMV-ffluc and PSA-ffluc plasmids, were imaged, after luciferin injection,

with a cooled CCD camera. Prior to injection, some cells were treated with androgen to activate the

androgen receptor-dependent PSA promoter. The noninvasive ffluc-dependent signal intensity was

20-fold higher for the TSTA system than for CMV-driven luciferase, cell type specific and androgen

sensitive. Because of its amplification and versatility, TSTA-mediated gene expression is likely to

gain rapid acceptance and application in gene therapy and noninvasive gene imaging.

7. APPLICATIONS OF REPORTER GENE IMAGING IN GENE THERAPY

The use of noninvasive imaging technology is rapidly expanding in cancer gene therapy; this

chapter undoubtedly will be substantially out of date regarding applications before it appears in print.

However, several observations with noninvasive imaging techniques in human xenograft models are

of particular translational interest and suggest important potential clinical applications for the imme-

diate future.

7.1. Adenovirus-Expressing ffluc From a Prostate-Specific

Promoter Can Identify Tumor Metastases

When Ad.CMV-ffluc is injected into human prostate tumor xenografts, robust expression is observed

in the tumor. Over a 3-week period after intratumoral injection, Ad.CMV-ffluc virus “leaks” from

the tumor and finds its way to the liver, where ffluc expression can be imaged with the CCD camera

(94). When similar prostate tumor xenografts are injected with a replication-defective adenovirus in

which a derivative of the PSA promoter drives the ffluc imaging gene, similarly robust ffluc expres-

sion is observed in the tumor, but even over a 3-week period, there is relatively restricted expression

in the liver. However, with time, ffluc CCD signal was observed in extratumoral sites in the back and

chest. When the mice were sacrificed and individual organs were excised and examined for ffluc

activity, optical signal was detected from the tumor, spine, and lungs (Fig. 4). Histological examina-

tion revealed tumor metastases in these organs.
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When animals bearing prostate tumor xenografts were injected intravenously with Ad.PSAffluc,

lung metastases could be detected by optical imaging with a cooled CCD camera. These data suggest

that viral vectors expressing tumor-specific, noninvasive reporter genes may be able to identify the

location and size of occult metastases in human cancer patients following systemic administration

and appropriate imaging.

7.2. Noninvasive Imaging of a Redirected Adenoviral Therapeutic Vector

Adenovirus preferentially targets the liver because of tissue architecture and the elevated expres-

sion of the CAR in this tissue. Many tumors, in contrast, are relatively devoid of CAR. To retarget an

adenoviral HSV1-tk delivery vector for GCV therapy, Hemminki et al. (98) modified the adenovirus

fiber to include an Arg-Gly-Asp domain, targeting the virus to �
v
� integrins. An hSSTr2 receptor gene

was also included in the virus, driven from a CMV promoter distinct from the CMV promoter driving

the HSV1-tk gene (i.e., a dual-promoter gene delivery vehicle; Section 6.4.), to image the Ad.HSV1tk.

hSSTr2 virus. When subcutaneous ovarian tumor xenografts were intratumorally injected with this

virus and subsequently imaged with a gamma camera using [
99m

Tc]P2045, the tumor could be imaged.

These data suggest that noninvasive imaging will be clinically useful in determining the efficacy of

targeted gene therapy vectors.

7.3. Monitoring Distribution and Reporter Gene

Expression of Conditionally Replicating/Oncolytic Virus

The ability of adenovirus, herpes virus, and other viruses used as gene delivery vectors to replicate

in and kill normal cells is a major barrier for viral therapeutic gene delivery. An alternative to ectopic

gene delivery for cancer therapy is the reengineering of lytic viruses to create viral strains that pref-

erentially replicate in and kill tumor cells and minimize the ability of these “conditionally replicat-

ing” or “oncolytic” viruses to proliferate in normal cells. Several clinical trials of oncolytic viruses

Fig. 4. An adenovirus expressing luciferase from the PSA promoter can detect prostate cancer cell metastases

in a murine xenograft model. Human LAPC-4 tumor cells were xenografted into the left flank of an immune-

deficient SCID mouse. After the tumors had reached a diameter of approx 7 mm, 1.8 � 10
9
 pfu of an adenovirus

expressing the ffluc gene from the PSA promoter were injected into the tumor in six doses given on 2 consecu-

tive days. The image shown in the figure was obtained 21 days after virus injection. After virus injection, the

animal was sacrificed, the spine was excised, and the tumor was stained to identify the xenografted tumor cells

that had metastasized to this site. (Adapted from ref. 94 with permission.)
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are currently under way. The ability to monitor the location and intensity of viral infection repetitively

and noninvasively in such therapies would be very beneficial. HSV oncolytic viral mutants marked

with the HSV1-tk reporter gene have been used to image both human colorectal xenografts (99) and

rat glial tumor implants into host rats (100), using [
124

I]FIAU to detect, by PET scanning, the expres-

sion of the HSV1-tk gene. If extended to the clinical context, noninvasive molecular imaging of

reporter genes should help determine the tropism and effectiveness of oncolytic viral cancer therapy.

7.4. Noninvasive Imaging of Translational Control of Gene Expression

It is well known that methotrexate treatment increases the level of dihydrofolate reductase (DHFR)

in cells as a result of gene amplification. The ability of antifolates to regulate DHFR translation from

DHFR messenger ribonucleic acid has been described (101). Mayer-Kuckuk et al. (102) created a

DHFR and HSV1-tk chimeric gene that produces a DHFR-TK fusion protein. When tumor xenografts

stably expressing the DHFR-TK fusion protein are treated with the antifolate trimetrexate, an elevated

signal from the antifolate-treated animals can be noninvasively imaged by PET analysis of [
124

I]FIAU

retention after 3 days of drug administration. Translational regulation of therapeutic gene expression,

although not likely to play a major role in cancer gene therapy, may find some clinical use. Fusion pro-

teins that incorporate noninvasive imaging components could be useful in monitoring this process.

8. APPLICATIONS OF REPORTER GENE TECHNOLOGY IN CELL THERAPY

G2A is a G-protein-coupled receptor predominantly expressed in lymphocytes. Genetic ablation

of G2A leads to autoimmunity. When sublethally irradiated SCID mice are transplanted with BCR-

ABL-transduced G2A-deficient bone marrow cells, the animals develop tumors earlier, and the tumors

progress more rapidly, resulting in shorter survival times than for mice receiving BCR-ABL-trans-

duced bone marrow cells from wild-type animals. Histological analysis suggested that, prior to any

clinical evidence of disease, the tumor cell population derived from G2A
�/�

 bone marrow expands

more rapidly than cells from a G2A
+/+

 background; latency appears shorter, and cellular expansion

appears increased. To monitor the kinetics of this process noninvasively, the tumor cells were stably

transfected with a vector expressing the HSV1-sr39tk PET reporter gene, and tumor cell distribution

was monitored by microPET with FHBG. Repeated imaging was used to monitor noninvasively the

changing spatial and temporal distribution of BCR-ABL-driven leukemogenesis (103).

Ponomarev et al. (104) stably transfected a human T-cell line with a vector that expresses an HSV1-

TK-GFP fusion protein driven by an NFAT responsive promoter and FACS-selected cells that respond

to T-cell activation stimuli by robust expression of the fusion reporter gene. Xenografts of this cell line,

when stimulated by anti-CD28 and anti-CD3, can be imaged in vivo by PET analysis of [
124

I]FIAU

accumulation to monitor activation of T-cell receptor-dependent gene expression. Using cells that

constitutively express both a noninvasive reporter gene (e.g., D2R80A or hSSTr2) and a noninvasive

reporter gene (e.g., HSV1-tk) responsive to T-cell activation signals should permit noninvasive, repe-

titive monitoring of both cell targeting and antigen activation of immune lymphocyte therapy.

9. NONINVASIVE IMAGING STUDIES IN TRANSGENIC ANIMALS

Transgenic animals expressing noninvasively imaged reporter genes driven by specific gene pro-

moters have been described for optical imaging (105) and for microPET analysis (106) and will cer-

tainly be used extensively in studies of gene expression. The use of noninvasive imaging for the analysis

of transgenic mice has not yet, strictly speaking, contributed to gene therapy studies. However, it is

likely that cells from transgenic mice expressing noninvasively imaged reporter genes will be used in

therapy transplant studies, and that target tumor cells expressing reporter genes will be used in grafts for

therapy studies. Precedent for transplant studies with cells expressing reporter genes from transgenic

mice exists; myoblast transplants from mice expressing a transgenic GFP-ffluc fusion gene in a wide

variety of target tissues (driven by a CMV promoter) have been monitored by optical imaging (107).
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Several laboratories are developing procedures to image reporter gene expression in transgenic

animals noninvasively to monitor elevated signal transduction pathways activated by dominant onco-

genes and to conditionally activate noninvasively imaged reporter gene expression in cells deleted

for recessive oncogenes in vivo by genetic means such as CRE elimination. Noninvasive imaging in

these transgenic murine models will be able to monitor tumor initiation, progression, and metastasis

and the response of these tumors to chemotherapy, immunotherapy, gene therapy, cell therapy, and

combined therapy modalities.

10. APPLICATIONS TO HUMAN THERAPY

At the time this chapter was prepared, only one study of the noninvasive imaging of a reporter

gene in a clinical context had appeared (108). As might be expected for a first trial of noninvasive

imaging of reporter gene expression, this study “piggybacked” on a trial of a therapeutic gene that

also doubles as an imaging gene. Five patients suffering from recurrent glioblastoma were imaged

with [
124

I]FIAU to characterize the extent of vector-mediated HSV1-tk gene expression in a phase I/II

clinical trial. The authors concluded that “The extent of HSV-1-tk gene expression seemed to predict

the therapeutic response.” It is likely that imaging of the NIS or hSSTr reporter genes after gene trans-

fer, followed by their exploitation for therapeutic efficacy, will soon be observed in cancer gene therapy

clinical contexts. Several clinical trials employing an in vivo imaging arm that utilizes an incorpo-

rated reporter gene are in preparation, and many more are anticipated.

11. THE FUTURE OF REPORTER GENE IMAGING

AND SOMATIC GENE THERAPY

Noninvasive imaging has a long tradition in clinical practice. In contrast, until recently, these

procedures have seen relatively little use in the study of cellular and molecular effects on animal

models of disease—especially in studies that employ murine models. The development of new instru-

mentation for small animal analysis (e.g., microCT, microSPECT, microPET, animal MR instruments,

and optical imaging devices), coupled with the development of noninvasively imagable reporter

genes that can be repetitively and quantitatively monitored with these instruments, has provided new

technologies and new paradigms for small animal research in general and cancer gene therapy research

in particular. Noninvasive imaging of reporter genes in xenografted tumor cells, in cells in which

oncogenes are activated in vivo, and in cells receiving gene transfer vectors provides new experime-

ntal approaches to many of the problems that need to be confronted in gene therapy preclinical studies.

There has, in the recent past, been an enormous explosion in the area of molecular imaging. Two

new societies, several new journals, a host of review articles, the establishment of a number of molec-

ular imaging centers in universities and pharmaceutical research programs, and substantial federal

and private funding in this area are all testimony to the dramatic increase in the applications of

noninvasive molecular imaging to all areas of biomedical research. The published literature using

noninvasive molecular imaging in preclinical research is expanding exponentially, as we learned in

the preparation of this chapter.

In contrast, we are only at the beginning of clinical applications, with one published report of non-

invasive reporter gene imaging (108). It appears that we stand on the edge of an avalanche; the lessons

taught in the laboratory by noninvasive molecular imaging are on the brink of translation to the clinic,

with extensive benefit for the researcher, the practicing physician, and the patient in the offering.
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Cancer-Related Gene Therapy Clinical Trials

Robert J. Korst and Ronald G. Crystal

1. INTRODUCTION

Gene therapy represents a strategy using transfer of genetic information to modify a population of

target cells for therapeutic purposes. The transferred genetic material has typically included double-

stranded deoxyribonucleic acid (DNA), but occasionally single-stranded DNA and even ribonucleic acid

(RNA). Gene therapy represents one of the many novel “targeted” antineoplastic treatment approaches

with the goal to inhibit the growth of tumor cells and spare normal cells. The use of gene therapy rele-

vant to cancer treatment includes the in vivo genetic modification of tumors or the tumor-bearing host,

as well as the ex vivo genetic manipulation of cell populations, which are then administered to the

tumor-bearing host.

Many antineoplastic treatment strategies may show promise in preclinical animal models only to

have a negligible antitumor effect in human cancers. The purpose of this chapter is to review the cur-

rent status of clinical cancer-related gene therapy trials. We start with general concepts of cancer clini-

cal trial design, pointing out differences and possibilities relevant to gene therapy cancer clinical trial

design. We then review the published literature regarding cancer gene therapy clinical trials.

2. CANCER GENE THERAPY CLINICAL TRIAL DESIGN

The clinical evaluation of new conventional cytotoxic antineoplastic agents, usually administered

systemically, has traditionally consisted of studies assessing toxicity and safety, followed by efficacy

(1). Over the past several decades, phase I clinical trials conventionally were designed as dose-escala-

tion studies for determining the maximum tolerable dose (MTD). The MTD is then evaluated in a phase

II setting, during which it is established if the new agent possesses any antitumor properties utilizing

well-defined end points of complete and partial response (2). Finally, if antitumor activity is demon-

strated in phase II trials, the new drug is evaluated for clinical efficacy in phase III trials, in which

large numbers of patients are randomized to either an experimental or a control group, with clinical

parameters such as survival, quality of life, and time to progression as the established end points.

Although this paradigm is appropriate for the clinical evaluation of conventional cytotoxics, it

may have only limited applicability in the realm of cancer gene therapy trials, which by the nature of

the approach and its perceived risks requires the definition of novel end points during phase I and

phase II evaluation. First, the majority of antineoplastic gene therapy strategies are targeted therapies,

aimed at manipulating a single aspect of the malignant process, which may not result in the rapid cell

death commonly seen with conventional cytotoxics. As a result, conventional definitions of complete

and partial responses (e.g., radiographic regression of solid tumors) in individuals with large tumor
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burdens may not be suitable for the initial demonstration of efficacy of gene therapeutics. Second,

the toxicity profile of targeted gene therapy strategies may differ from that of conventional cytotoxics,

with toxicity potentially related to the gene transfer vector, transgene expression, or the method of

administration of the vector. Third, because gene therapy strategies involve the transfer and expres-

sion of genetic material to the tumor-bearing host, assays testing the efficiency of gene transfer are

often an important component; thus, the availability of tissue, tumor or otherwise, is required for this

evaluation.

An important aspect of planning gene therapy clinical trials involves selection of the most appro-

priate disease in which to evaluate a particular strategy. In many cases of gene therapy aimed at a

specific molecular target, the choice is made by virtue of the tumor type that expresses the given tar-

get (e.g., tumor-specific antigen-based vaccines or oncogene-inhibitory strategies). Many gene therapy

strategies, however, may be potentially active in multiple tumor types, allowing the investigator to

choose the most appropriate disease in which to test a given strategy. When faced with this decision,

issues including ease of accrual and whether current standard therapies are effective become impor-

tant. For example, a trial evaluating a relatively uncommon disease in which chemotherapy signifi-

cantly prolongs survival will accrue much more slowly than one evaluating a more common, che-

moresistant tumor with a poorer prognosis. Similarly, end-point analysis may be easier to interpret in

the patient with chemoresistant disease because the addition of chemotherapy may confound data

interpretation.

3. PHASE I CLINICAL TRIALS

Conventional cytotoxic drugs are relatively nonspecific and nonselective in their mechanisms of

action, resulting in the potential for toxicity to both tumor and nontumor tissues in a dose-dependent

fashion. Consequently, traditional phase I trials are designed with the primary goal of establishing the

MTD to be used in subsequent efficacy studies. In contrast to conventional cytotoxics, however, most

gene therapy strategies are targeted either biologically (e.g., at a target expressed mainly by tumor

cells) or physically (e.g., using intratumoral vector injection) to tumors, sparing normal tissues.

In general, gene therapy strategies demonstrate therapeutic efficacy over a wider dosing range in

preclinical studies compared to the steep dose–response relationship typically seen with conven-

tional cytotoxics. As a result of these differences, establishment of the MTD, although important, is

often difficult to assess in gene therapy trials and logistically may not be attainable. This phenom-

enon has been encountered in many of the published gene therapy trials to date.

Strategies that specifically target the tumor by either direct intratumoral injection (e.g., gene replace-

ment, enzyme/prodrug strategies) or biologically (vaccines) have been found to be largely nontoxic

(3–5). In contrast, less specifically targeted strategies that are systemically administered have been

associated with dose-limiting toxicity (e.g., systemic administration of antisense oligonucleotides aimed

at genes expressed by multiple tissue types (6)). A more relevant end-point for the relatively nontoxic

strategies may be to assess toxicity with respect to the level of transgene expression in the tissue tar-

geted by the vector, ensuring that significant transgene expression occurs at a nontoxic vector dose;

that is, it makes little sense to increase vector doses continually if the level of transgene expression

has plateaued.

Toxicity resulting from antineoplastic gene therapy strategies may potentially arise from the vec-

tor itself, the transgene product, or the method of administration of the vector. Published data gener-

ated from human studies currently suggest minimal toxicity of nonviral and viral vectors at a variety

of dose ranges (7,8), with a few exceptions (9,10). The route of vector administration is also relevant,

with intravascular delivery potentially more toxic than injection into other tissues (11). Other end-

points relevant in phase I testing include pharmacokinetic data (e.g., serum vector levels and virus

shedding) as well as the presence of replication-competent virus in trials in which replication-defi-

cient viral vectors are used.
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4. PHASE II TRIALS

For conventional cytotoxic drugs, the goal of phase II studies is to determine if any antitumor activ-

ity is induced by the new agent. Because the MTD has already been established in previous phase I

trials, this is typically the dose used in phase II efficacy studies, which are classically single-arm, non-

randomized trials in patients with advanced disease. There are well-defined end-points for the mea-

surement of tumor regression based on radiographic criteria for the shrinkage of solid tumors (2).

Although radiographic evidence of tumor regression may be appropriate for the measurement of

response to some gene therapy strategies (e.g., enzyme/prodrug strategy), such profound tumor regres-

sion is not characteristic of many other therapies (e.g., angiogenesis inhibitors, antimetastatics, vac-

cines), which may cause either more subtle decreases in tumor burden or simply stability of disease.

Radiographic demonstration of disease stability is often problematic secondary to the difficulty in dis-

tinguishing inhibition of disease progression because of the experimental agent from naturally indolent

disease. To circumvent this problem, studies can be conducted in diseases for which indolence is rare

(e.g., small cell lung cancer), or accrual can be limited to those patients with radiographically progres-

sive disease during prior therapy, using time to progression as the end point. Despite these approaches,

surrogate end-points for the measurement of antitumor activity for targeted gene therapy trials are

needed.

The use of novel, biologic end points may be appropriate to demonstrate efficacy in phase II gene

therapy trials. Such end points include serum tumor marker levels, as well as evidence of transgene bio-

logic activity measured in tumor samples following therapy. Serum tumor markers theoretically have

the potential benefits of ease of acquisition and ability to carry out multiple samplings. However, their

correlation with disease regression and tumor burden has not been defined clearly for many tumor

types (12,13). Examples of serum markers that have been used to measure efficacy in gene therapy

phase II trials include prostate-specific antigen (PSA) (14) and carcinoembryonic antigen (CEA) (15).

The biologic activity of the therapeutic transgene may also be a useful end point to measure in

gene therapy trials. Examples include inhibition of target gene expression in antisense strategies,

quantification of the number of tumor cells undergoing apoptosis in proapoptotic strategies, and dem-

onstration of tumor-specific immunity in individuals in gene-based vaccine trials. Similar to serum

tumor marker levels, however, correlation of changes in these end points with clinical tumor regres-

sion has been difficult to validate (16). Another drawback of measuring the biologic activity of the

transgene is the need for tissue acquisition, typically required both before and after the administra-

tion of the gene therapy agent. Although this may not present a problem for vaccine trials, for which

peripheral blood mononuclear cells are easily obtained, the routine acquisition of tumor specimens is

more problematic.

Another strategy that may be useful for obtaining efficacy data in a phase II gene therapy trial is to

alter the trial design but retain the use of radiographic or clinical time to progression as the end-point.

As discussed in this section, conventional phase II trials are single-arm, nonrandomized studies in

patients with measurable gross disease, with the evaluation of radiographic or clinical regression as

the end point. These study individuals are usually accrued in two stages, with accrual beyond the first

stage dependent on the demonstration of a sufficient number of responses (17).

Given the difficulties with the determination of stable disease, one of many types of randomized

phase II designs may assist in the interpretation of responses. For example, study individuals can be

randomly assigned to receive the standard of care or the standard of care plus a gene therapy strategy.

Randomization to gene therapy or placebo is also an option. When viral vectors are to be used, random-

ization to the study vector or a control vector could yield important information because gene therapy

vectors in the absence of a therapeutic transgene may have some antineoplastic effects (18). Alterna-

tively, a “randomized discontinuation” design can be utilized by which all study individuals are treated

with the study reagent, and “responders” with stable disease are then randomly assigned to continue

with the study drug or a placebo (19). In both of these designs, time to progression can be the end point.
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Randomized phase II trials can also be designed around surgical resection in patients with an

earlier stage of disease, particularly a disease for which surgical resection alone is the standard of

care. There are several advantages to this approach. First, by virtue of the resection, there is access to

the tumor specimen, as well as accessory tissues such as lymph nodes, for biologic end-point analysis.

Second, when surgical resection alone is the standard of care, the data are not confounded by other

therapies, such as conventional chemotherapy. Finally, study individuals who are candidates for sur-

gical resection usually have earlier stages of disease and less of a tumor burden than those individuals

in “conventional” phase II trials. This may be important especially in gene-based immunologic strat-

egies because individuals with advanced disease and significant tumor burdens have deficiencies in

immune responsiveness. Trials designed around patients with earlier stage, resectable disease are

ideal for biologic end-point analysis, whereas time to progression may not be an appropriate end point

because it may take patients years to progress, if they progress at all.

5. PHASE III TRIALS

The goal of phase III trials in the evaluation of antineoplastic gene therapy strategies remains the

same for gene therapy as that for conventional cytotoxics: evaluation for a clinical benefit of the expe-

rimental reagent. Phase III trials are large, randomized trials powered to establish a statistically sig-

nificant difference between those using the experimental reagent and a control group using; the trials

use end points that include overall survival, disease-free survival, time to progression, as well as

symptom relief/quality of life. Reagents evaluated in these phase III trials are those shown to induce

antitumor responses in previous phase II trials.

6. PUBLISHED CANCER GENE THERAPY TRIALS

Search of the English literature through the end of 2002 revealed reports describing the results

from 147 separate clinical trials in cancer patients utilizing the transfer of genetic material (see Fig. 1

legend for details of search strategy). The majority of these trials are phase I and phase II trials and

combination phase I/II trials.

The most common strategy employed in cancer gene therapy clinical trials has been immunother-

apy (38% of published trials), followed by the enzyme/prodrug approach (15%), oncolytic viruses

(13.5%), antisense oligonucleotides (13%), and gene replacement strategies (9.5%) (Fig. 1). Another

gene therapy strategy applicable to malignant diseases is engineering bone marrow to express exog-

enous genes (7% of published trials), with the eventual goal of enhancing resistance to high-dose

chemotherapeutic regimens.

Published results of cancer gene therapy clinical trials began appearing in the literature over a

decade ago, with gene-based immunotherapy approaches comprising most of the early trials. Despite

these early efforts, publications reporting the results of gene-based immunotherapy trials have steadily

declined in number since their peak in 1999, when the results of 14 trials were published (Fig. 2A).

Similarly, reports of trials evaluating the enzyme/prodrug strategy, as well as those aimed at the ex

vivo manipulation of bone marrow, have also become less frequent since their peak in 2000 (Fig. 2B,F).

In contrast, the most common type of strategy used in recently published trials was that of selectively

replicating, oncolytic viruses (Fig. 2C). Similarly, the use of antisense oligonucleotides has been

increasing over recent years (Fig. 2E).

Adenovirus vectors (mainly replication deficient) represent the most common gene transfer vec-

tor type used in existing published cancer gene therapy trials (Fig. 3A). These vectors have been

attractive particularly for intratumoral injection, secondary to their ability to transduce a wide variety

of cell types, their relatively high degree of transgene expression, and minimal toxicity arising from

this route of administration. In contrast, although retrovirus systems have also been utilized for

intratumoral injection (albeit to a lesser degree than adenovirus), retrovirus has been the most com-

mon vector used for the creation of cellular tumor vaccines as well as for bone marrow transduction.
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In general, plasmid-based systems have been used primarily for in vivo gene therapy when the trans-

gene is delivered intravenously, intradermally, subcutaneously, or intramuscularly. Plasmid delivery

has mainly been liposome mediated or facilitated by particle bombardment (“gene gun”).

Patients with a wide range of malignancies, both solid and hematologic, have been enrolled in gene

therapy clinical trials (Fig. 3B). However, the most commonly investigated disease has been malignant

Fig. 1. A search of the English literature was performed using MEDLINE and criteria that included “gene,”

“cancer,” “antisense,” “oncolytic virus,” “immunotherpy,” “vaccine,” “prodrug,” “oligonucleotide,” “oncogene,”

and “adoptive transfer.” Reference lists from each article were also searched to ensure completeness. Abstracts,

case reports, “preliminary” reports, redundant reports, and published protocols without data were omitted. The

pie chart reveals the breakdown of the number of clinical trials by strategy. In addition, each “wedge” is further

subcharacterized in the rectangular boxes.
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melanoma by virtue of its immunologic features and relatively well-characterized tumor antigen expres-

sion. These properties, combined with its relative resistance to conventional systemic therapies, have

made melanoma the overwhelming choice for gene-based immunotherapy trials.

7. IMMUNOTHERAPY TRIALS

Active immunotherapy strategies, also referred to as tumor vaccines, involve the stimulation of

the host’s intact immune system to generate tumor-specific effector cells and/or molecules. In con-

trast, passive immunotherapy (adoptive transfer) refers to strategies by which effector cells or mole-

Fig. 2. Chronology of cancer gene therapy clinical trial reports according to strategy.
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cules are removed from tumor-bearing host(s), manipulated and/or propagated ex vivo, and adminis-

tered back to the host. The majority of gene-based immunotherapy trials published to date have been

active vaccine strategies, with only 4 of 59 reports involving the passive infusion of effector cells

(Fig. 1). Of these 4 trials, 2 involved the use of retroviral vectors to engineer patients’ lymphocytes to

secrete interleukin 2 (IL-2) (20,21); the other 2 were marker gene trials aimed at studying the fate of

these transduced cells once they were infused back into the patients (22,23). Although dramatic

clinical responses were seen in a total of 2 of 20 patients in the IL-2 studies, the majority of patients

in these trials exhibited disease progression despite immunotherapy, which may be related to the lack

of consistent homing of the adoptively transferred cells to tumor sites (20,21).

Fig. 3. The number of published cancer gene therapy clinical trial reports according to (A) type of vector

system and (B) tumor type/primary site. NHL, non-Hodgkin’s lymphoma.
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The goal of vaccination (active) strategies in the realm of immunotherapy is to enable the tumor-

bearing host to produce an effective, tumor-specific, effector cell response, usually by augmenting

the antigen presentation process. Antigen presentation is a complex process involving tumor-associ-

ated antigens (TAAs), multiple cell types, as well as secreted and surface-bound molecules, all of which

have been targeted in gene-based immunotherapy trials. In addition to clinical response, efficacy end-

points have included the demonstration of tumor-specific cytotoxic T lymphocytes (CTLs) by a variety

of techniques. It is important to note, however, that the relationship between demonstrable CTL

responses and clinical responses in cancer patients has not been clearly delineated (16).

Although not gene transfer per se, the first gene-based active immunotherapy trials involved the

administration of autologous tumor cells previously exposed ex vivo to a Newcastle disease virus onco-

lysate as an adjuvant to surgical resection for a variety of solid tumors (24). Because the vaccines were

given in the minimal disease state (following resection), objective responses were not assessed. Tumor

recurrence rates were thought to be lower than those seen in historical controls.

Initial trials involving formal exogenous gene transfer evaluated the toxicity of plasmid-mediated

transfer of genes encoding allogeneic major histocompatibility complex proteins via intratumoral injec-

tion in patients with melanoma (25). Negligible toxicity was seen, and CTLs were demonstrable in sev-

eral patients, as were a few clinical responses. Other early trials were based on the outcome of studies

from the 1980s, which demonstrated that the toxicity of systemically administered cytokines (e.g., IL-

2, interferon-�) precluded their use at doses high enough to provide consistent tumor regression (26,27).

As a strategy to limit toxicity and take advantage of local production of these cytokines, gene trans-

fer has been used to transduce a variety of tumor cell types to secrete cytokines and growth factors,

including IL-2, IL-4, IL-7, IL-12, granulocyte-macrophage colony-stimulating factor, and interferon-

� (28–33). Other immunomodulatory transgenes have also been investigated, including costimulatory

molecules (such as B7.1 and CD40 ligand) (34,35). Strategies have included both the in vivo manip-

ulation of tumors (via intratumoral injection of vectors) (28,31) and the administration of genetically

modified tumor cells (29,30,33,35) and even fibroblasts (32). Similar to the allogeneic major histo-

compatibility trials, these trials resulted in nonspecific immune responses to the vaccines, such as

cellular infiltrates, necrosis, and immunohistochemical changes, with tumor-specific CTLs demon-

strated in some patients. Clinical responses were seen uncommonly.

The other major vaccine strategy evaluated in gene therapy clinical trials has been the transfer of

genes encoding TAAs. One advantage of this approach is that the vectors can usually be administered

systemically, avoiding intratumoral injections, which can be problematic for many tumor types. Trans-

genes investigated in clinical trials using this approach are CEA, PSA, MUC-1, and the melanoma-

specific antigens MART-1 and gp100 (36–39). The majority of these trials were phase I, with toxicity

and various immune responses (both specific and nonspecific) as the end points, without assessment of

clinical responses. One patient with melanoma who received an adenovirus-based MART-1 vaccine

experienced a complete clinical response (39). A novel approach to TAA gene transfer has been reported;

it involved loading autologous dendritic cells with autologous total tumor RNA, resulting in tumor-

specific immune responses (40).

Despite the limited numbers of clinical responses, however, these trials demonstrated that immu-

nomodulatory gene therapy for malignant disease is safe, and further investigation is warranted to

establish techniques of enhancing vaccine-generated tumor immunity. Future investigation will need

not only to continue to evaluate novel strategies of immune modulation, but also to focus on tech-

niques of enhancing the immune responses to existing approaches. Novel end points need to be inves-

tigated that more clearly correlate with clinical efficacy in immunotherapeutic trials.

8. SUICIDE GENE/PRODRUG TRIALS

The paradigm consisting of genetically modifying tumors to express an enzyme that converts a rela-

tively nontoxic prodrug to an active cytotoxic agent is referred to as the suicide gene/prodrug strategy
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(41). Although multiple enzyme/prodrug systems have been investigated in the laboratory, the major-

ity of clinical cancer gene therapy trials have been conducted by transducing tumors to express herpes

simplex virus thymidine kinase (HSV-TK) in vivo and systemically administering the prodrug (gan-

ciclovir), which is then phosphorylated to a cytotoxic metabolite by HSV-TK in the tumor bed (Fig. 1).

Although some preclinical data suggested that suicide gene/prodrug strategies may induce a sys-

temic, antitumor immune response (41), the cytotoxic metabolites are produced locally in the tumor.

The local effect of this approach is reflected in the clinical trials for HSV-TK, the majority of which

have been conducted in tumors for which local control is desirable, including brain tumors, malignant

pleural mesothelioma, and locally recurrent prostate cancer (3,42,43). Most of these studies have been

phase I designs utilizing adenovirus or retrovirus vectors and revealed the low toxicity seen with this

gene therapy strategy, even at fairly high in vivo vector doses.

Although, in general, demonstration of efficacy has been lacking, some trials performed in prostate

cancer have detected falling PSA levels following vector treatment (42); others have shown varying

degrees of delayed time to progression when compared to historical controls (3,44). A controlled

trial of intraoperative HSV-TK gene transfer to malignant gliomas using either adenovirus or retro-

virus has been performed, revealing significantly prolonged survival in patients who received adeno-

virus compared to retrovirus or control vector (45).

Despite these results, a phase III trial involving 248 patients with newly diagnosed glioblastoma

multiforme detected no difference between either standard therapy (surgical resection plus radiother-

apy) and standard therapy plus adjuvant intraoperative gene therapy using the HSV-TK system (46).

Other suicide gene/prodrug strategies that have been evaluated in clinical trials have been the

Escherichia coli cytosine deaminase/5-fluorocytosine combination for the treatment of metastatic breast

cancer (47), the E. coli nitroimidazole reductase/CB1954 system (48), and cytochrome P450 2B1/ifos-

phamide in inoperable pancreatic cancer (49). In the last study, patients received encapsulated human

293 cells genetically modified to express CP450 2B1 into the tumor vasculature. Survival was signif-

icantly prolonged compared to historical controls, and temporary tumor shrinkage was noted in most

patients.

9. GENE REPLACEMENT TRIALS

Replacement of mutated tumor suppressor genes with wild-type genes has induced tumor regres-

sion in multiple animal models and has been investigated as an antineoplastic strategy in clinical

trials. In the clinical arena, the majority of attention has been focused on the p53 tumor suppressor

gene given its high frequency of mutation in multiple types of human cancers (50). After an initial

trial using a retroviral vector encoding the wild-type p53 in lung cancer patients demonstrated limited

antitumor effect because of poor efficiency of transduction (51), subsequent trials have focused on

intratumoral injection of an adenovirus p53 vector (4,52). Despite more efficient transgene expression

with the adenovirus vectors (compared to retrovirus), clinical evidence of tumor regression occurred

only in a small minority of patients.

Wild-type gene replacement has also been investigated using a retrovirus encoding BRCA 1 as the

therapeutic transgene in patients with ovarian cancer (53,54). Although a phase I trial suggested anti-

tumor activity (53), this could not be confirmed in a formal phase II trial (54). Similar to p53 gene trans-

fer, toxicity with BRCA 1 was minimal irrespective of vector type.

10. ONCOLYTIC VIRUS TRIALS

Selectively replicating viruses, without therapeutic transgenes, have received particular attention

in clinical trials in the most recent 3 years of our literature review. These viruses are designed theo-

retically to replicate selectively in malignant cells, causing cell lysis, sparing normal tissue (55). The

majority of clinical trials published to date have been conducted with dl1520, a conditionally repli-

cating adenovirus that replicates in cells lacking p53 function. Although phase I experience with this
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reagent has demonstrated minimal toxicity even when administered intravascularly at high titers,

phase II assessments have revealed either minimal or no measurable antitumor effect, even though

intratumoral viral replication has been demonstrated in several studies (56–58).

Other conditionally replicating viruses investigated in clinical trials are HSV, as well as Newcastle

disease virus. HSV has been administered intratumorally, resulting in minimal vector-related toxicity in

two studies of patients with malignant brain tumors (59,60). Both of these trials were phase I designs

without efficacy data. Newcastle disease virus has been administered intravenously to a large num-

ber of patients with mixed end-stage tumors (61). Clinical and/or radiographic response to the virus

was detected in fewer than 10% of the patients. Toxicity using this strategy was not insignificant, how-

ever, with flulike symptoms and hematologic toxicity predominating.

11. ANTISENSE TRIALS

Antisense oligonucleotides are single-stranded, short (approx 20 base pairs) molecules that are com-

plementary to important regions of messenger RNA (mRNA) derived from a particular target gene.

When bound to the mRNA, target gene expression is inhibited. The most promising targets in pre-

clinical studies have been those genes involved in apoptosis, metastasis, cell proliferation, and angio-

genesis (6). Published clinical trials have focused on oncogene inhibition (Hras, c-Myb), inhibitors

of apoptosis (Bcl-2, insulin-like growth factor-1, tumor suppressor genes (p53), as well as cell prolif-

eration genes (c-raf kinase, protein kinase c�, type 1 protein kinase A (62–69).

Early trials of this class of strategy included phase I evaluations involving a 20-mer oligonucle-

otide complementary to the p53 mRNA as both infusional therapy and a bone marrow purging agent

in patients with leukemia, revealing minimal toxicity (62,70). The most extensive clinical experience,

however, is with antisense inhibition of the antiapoptotic gene Bcl-2 in patients with lymphoma, mela-

noma, prostate cancer, and non-small cell lung cancer. Although several objective major responses

have been seen, the majority of patients had no evidence of clinical response, with thrombocytopenia

the main dose-limiting toxicity (68,71). Similarly, although successful target inhibition of growth-poten-

tiating kinases (type 1 protein kinase A, protein kinase c�, c-raf-1) using antisense oligonucleotides

in the clinical arena has been detected, objective clinical responses have been uncommon (63,67,69).

12. BONE MARROW-TARGETING TRIALS

Gene therapy clinical trials targeting bone marrow have been investigated because of the interest

in stem cell transplantation in patients with hematologic malignancies, but also some solid tumors. Two

main strategies have been invoked: transduction of bone marrow cells with the multidrug resistance

gene 1 to induce protection from myeloablative chemotherapy and transduction with “suicide” genes

(HSV-TK) for potential treatment of graft-vs-host disease should it arise after transplantation. Trans-

duction for this class of trials is performed ex vivo using retrovirus vectors. Regarding the chemopro-

tective strategy, although successful transduction of bone marrow cells was accomplished, evidence

of multidrug resistance gene 1 gene expression was much more difficult to detect in vivo after auto-

transplantation (72,73). In contrast, Tiberghien and colleagues (74) were able to demonstrate the in

vivo presence of circulating bone marrow cells that had been transduced with the HSV-TK gene prior

to infusion. More important, the remission of graft-vs-host disease in two patients after treatment

with the prodrug ganciclovir has established the potential benefit of this approach (74).

13. OTHER TRIALS

The adenovirus E1A gene has been shown to possess antineoplastic qualities thought to be medi-

ated through a variety of mechanisms, including downregulation of HER-2/neu expression, induction

of apoptosis, and inhibition of metastasis (75). Phase I clinical trials have evaluated toxicity associated

with the local administration of plasmids containing the E1A gene complexed with liposomes into

patients with breast, head and neck, and ovarian cancer (76,77). Toxicity was mild and mainly con-
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sisted of nausea in patients who underwent intraperitoneal administration of the vector. In a phase II

trial, minimal toxicity was reported following intratumoral injection of the vector, with a small num-

ber of patients experiencing responses to varying degrees (78).

In another novel approach, adenovirus-mediated delivery of a transgene encoding a single-chain

antibody to erbB-2 in patients with recurrent ovarian cancer was evaluated in a phase I setting (79).

Toxicity was minimal, but regression of disease was not observed in any patients, although transgene

expression was documented in 10 of 14 patients.

14. SUMMARY

Cancer gene therapy represents a wide range of targeted antineoplastic strategies that began testing

in clinical trials over the past decade. As for other targeted therapies, the clinical trial format needs to

be adjusted to account for differences between these novel approaches and conventional cytotoxic

agents. These include differences in toxicity profiles as well as the dynamics of the antitumor response.

Novel biologic end points and trial designs may help overcome some of these problems in designing

clinical trials for gene therapy strategies. The results of cancer gene therapy clinical trials to date

have demonstrated little toxicity; however, objective clinical responses are infrequent, and efficient

transgene expression continues to be a challenge. Future research needs to focus not only on novel

strategies and transgenes, but also on the development of novel gene transfer vectors to help over-

come this inefficiency.
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1. INTRODUCTION

Preclinical therapeutics development research is directed toward fulfilling two overlapping sets of

goals. A set of scientific goals includes defining the best molecule or biologic construct for the task at

hand, and proving the case for its development. The second set of goals addresses regulatory require-

ments necessary to introduce the agent into human subjects. In the case of “small molecule” drugs, in

most cases the identity of the molecule and appropriate safety studies are straightforward. In con-

trast, the development of biologic agents, including gene therapies discussed here, presents distinct

challenges. The nature of the “drug” may be an organism subject to mutation or selection of variants

through recombination. Its properties may vary depending on the scale and method of its preparation,

purification, and storage. How to test adequately for its safety prior to first introduction in humans

may not be straightforward owing to intrinsic differences in response to the agent expected in humans

as compared to animals.

The general principles, however, in allowing “first-in-human” experiences are similar for both

small molecules and biologics. The ethical conduct of clinical trials in patients with a dire or life-

threatening disease demands an understanding of the identity and dose of an agent that has the possi-

bility of causing clinical benefit with adverse events expected at worst to be easily reversible and

well predicted by the preclinical experience. In normal volunteers or patients who are otherwise well,

evidence should be gathered that would support an initial range of doses of the test agent expected to

be without substantial toxicity or long-term effects.

Thus, the successful clinical introduction of a novel therapeutic concept requires an organized

approach to integrate scientific, technical, and regulatory requirements. This integration should begin

in the research laboratory, as the concept becomes a candidate for the clinic, to prevent avoidable and

expensive delays in clinical development. For example, if a product is created using a mammalian

cell line for which viral or other contamination has not been ruled out, costly rederivation will be

required before that product can be manufactured for clinical trials using current good manufacturing

practices (cGMP). On the other hand, during the discovery phase, an excessive and premature con-

cern over cGMP compliance can impede research. Therefore, a clear strategic understanding of the

principles underlying regulatory issues is desirable and is the goal of this chapter.

We proceed from the experience of the Developmental Therapeutics Program (DTP) of the National

Cancer Institute in the manufacture of biologicals, including gene therapy constructs for preclinical

and clinical use. We outline the basis for our approach to safety testing studies to be included in an
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Investigational New Drug (IND) application to the Food and Drug Administration (FDA). We focus

on studies that would allow phase I and perhaps early phase II clinical trials. In 2002, DTP contrib-

uted to over 40 different cGMP biological projects. Most of these activities were selected competi-

tively from applications received from academic researchers or from the intramural laboratories of

the National Institutes of Health (NIH).

DTP products include viruses for vaccines or gene therapy, plasmids, monoclonal antibodies,

recombinant proteins, synthetic peptides, natural product fermentations, and oligonucleotides. During

the 2002 fiscal year, over 30 different lots were manufactured and released under cGMP for clinical

use or further cGMP manufacturing. Most products are destined for phase I or phase II clinical trials

in cancer. Beyond early (phase I/II) clinical trials, technology transfer for some products has occurred,

with further development through phase III now addressed by pharmaceutical companies.

Based on experience accumulated over several years, we abstracted the initial profiles of the more

successful concepts (Table 1), as well as some early project characteristics that can impede clinical

development (Table 2). We note correlations between the thoroughness of the early research, atten-

tion to “the rules,” outlined in the references cited here, and the development of commercial interest

in the product.

2. FDA/RECOMBINANT DNA ADVISORY COMMITTEE

REGULATIONS REGARDING GENE THERAPY

2.1. Brief History

Gene therapy and other biologic therapeutics are regulated within the FDA by the Center for Bio-

logics Evaluation and Research (CBER), which was created in 1972 to address products emerging

from the new biotechnology. Reorganization at the FDA is currently under way that will result in

regulation of many biotherapeutics by the Center for Drug Evaluation and Research, which has over-

sight of small molecule drugs. It is anticipated, however, that blood products, vaccines, and gene

therapy products will remain with CBER. The Biological Response Modifiers Advisory Committee

is a chartered advisory group with the role of advising the FDA to ensure the safety and effectiveness

of biological products, including gene therapy. The Recombinant DNA Advisory Committee (RAC)

also oversees gene therapy research through the NIH Office of Biotechnology Activities. The RAC

was established in 1974 in response to public concerns regarding the safety of recombinant deoxyribo-

nucleic acid (DNA) technology. Human gene transfer trials in which NIH funding is involved (either

directly or indirectly) are to be submitted to the RAC for review.

Table 1

Beyond a Good Idea: What the Successful Investigator

Has Already Done With a Project Leading to Commercial Development

Defined candidate biologic (or molecule)

Made comparisons with similar products

Characteristics of product are consistent with pharmaceutical requirements

Production scale is adequate

Product characterization is adequate

Laboratory reference standard exists

In vitro potency assay has been developed

Stability studies develop confidence product is a “drug”

Reproducible model systems have confirmed in vivo activity with clinical product

Early animal work includes some toxicology

Scale-up requirements practical for initial clinical trials

In general, reflects experience and scientific maturity of investigator
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In addition to the US agencies that develop the regulations that govern drug development and

licensing, the International Conference on Harmonization (ICH) was formed in April 1990 involving

the United States, the European Union, and Japan to address the issue of globalizing such regulations.

The ICH Steering Committee meets at least twice a year to continue their agenda of updating and

harmonizing regulations for medicinal products; they emphasize safety, quality, and efficacy. Expert

Working Groups were formed within ICH to address specific topics related to these basic areas. Although

the FDA has not formally adopted all of the ICH guidelines, these guidelines should be followed when

they exist in preliminary form. For investigators planning to conduct investigational drug trials in

foreign countries, it is imperative that they be familiar with, and adhere to, the regulations set forth

by ICH.

2.2. Current FDA and ICH Safety Guidance Statements

In 1996–2001, a series of FDA and ICH guidance documents on characterization and preclinical

safety evaluation of biotechnology-derived pharmaceuticals was developed (1–8). These guidances

represent the FDA’s current thinking on preclinical safety evaluation of biotechnology-derived pharma-

ceuticals. These are defined as products derived from characterized cells using a variety of expres-

sion systems, including bacteria, yeast, insect, plant, and mammalian cells. The active substances

may include proteins and peptides, their derivatives, and products of which they are components.

These materials could be derived from cell cultures or produced using recombinant DNA technol-

ogy, including production by transgenic plants and animals. Examples include cytokines, enzymes,

fusion proteins, growth factors, hormones, monoclonal antibodies, plasminogen activators, recombi-

nant plasma factors, and receptors. The intended indications for use in humans may include in vivo

diagnostic, therapeutic, or prophylactic uses. The principles outlined in these guidance documents

may also be applicable to recombinant DNA protein vaccines, chemically synthesized peptides, plasma-

derived products, endogenous proteins extracted from human tissue, and oligonucleotide drugs.

The FDA defines gene therapy as “a medical intervention based on modification of the genetic

material of living cells” (9). Cells may be modified ex vivo for subsequent administration to humans

or may be altered in vivo by gene therapy given directly to the patient. When the genetic manipulation

is performed ex vivo on cells that are then administered to the patient, this is also considered a form of

somatic cell therapy (9). “The genetic manipulation may be intended to have a therapeutic or prophylactic

Table 2

Issues Requiring Attention at the Outset of a Project

Inappropriate antibiotic selection markers (e.g., ampicillin for recombinant proteins)

Lab-scale affinity purification

Solubility problems

Low yield

Errors in genetic sequence

Extraneous genetic material

Poorly defined production systems

Inadequate purification schemes

Unvalidated or nonexistent in vitro potency assay(s)

Lack of key reagents (e.g., antibodies to desired product)

Poor biochemical characterization

Inappropriate raw materials

Raw material qualification problems

Inappropriate cell banks

Difficult or unidentified toxicology systems

Failed vendor qualification

Intellectual property concerns
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effect or may provide a way of marking cells for later identification. Recombinant DNA materials used

to transfer genetic material for such therapy are considered components of gene therapy and as such are

subject to regulatory oversight”.

Specific information related to gene therapy issues is contained in the 1998 “FDA Guidance for

Industry: Guidance for Human Somatic Cell Therapy and Gene Therapy” (9). This guidance document

updates and replaces the 1991 FDA “Points to Consider” on this subject (9a). New information was

intended to provide manufacturers with current information regarding regulatory concerns for pro-

duction, quality control testing, and administration of recombinant vectors for gene therapy and of

preclinical testing of both cellular therapies and vectors. The FDA defines somatic cell therapy as

“the administration to humans of autologous, allogeneic, or xenogeneic living non-germline cells,

other than transfusable blood products, for therapeutic, diagnostic, or preventive purposes.”

3. PRECLINICAL SAFETY TESTING OF BIOLOGICALS

The evaluation of the safety of gene therapy products is perhaps one of the more difficult tasks

that faces toxicologists in the drug development arena today. Because many of the agents, like other

biologicals, are species specific and because these agents integrate into the host genome, the choice

of animal models and study designs is fraught with uncertainty, and each product frequently breaks

new regulatory ground. Until recently, many investigators working in this field were probably lulled

into a false sense of security because of the close scrutiny that preclinical studies and clinical proto-

cols received from the NIH RAC and the FDA. With the death of Jesse Gelsinger, a patient enrolled

in a gene therapy clinical trial to correct a metabolic disease, in 1999 and the recent reports of a

leukemialike disease produced in children who received gene therapy treatments to correct severe

combined immunodeficiency disease (SCID) (10–13), the safety of these agents is called into ques-

tion more than ever.

As a result, the toxicologist is under even more pressure to design more rigorous safety evaluation

programs. There have been a number of reviews in this area in recent years by toxicologists from the

FDA (14), industry (15,16), and international workshops (17) that cover many of the fundamentals

regarding safety evaluation of gene therapy products. These resources, in conjunction with this chap-

ter and the various guidance documents from the FDA and the ICH (7,9,18), can be used by toxicolo-

gists to develop sound safety programs. These issues are discussed in greater detail in the latter half

of this chapter.

4. WHERE TO FIND REGULATORY INFORMATION

The basic foundation of regulations for drug development can be found in the Code of Federal

Regulations, Title 21 Food and Drugs (21 CFR; 19-26). In addition to Title 21, FDA maintains an

extensive number of Web sites containing regulatory information that should be consulted during the

development of a novel biotherapeutic. The collection of available regulatory information includes

Points to Consider, Guidance Documents, Drafts, and reports from public forums and symposia as

well as information on the meetings of the Biological Response Modifiers Advisory Committee. ICH

also sponsors a Web site for obtaining the most recent guidelines. A free subscription to an e-mail

advisory update service is also available (Table 3).

In addition to the regulatory guidelines provided by the FDA, the NIH has published, and frequently

updates, the NIH Guidelines for Research Involving Recombinant DNA Molecules, which can also

be found electronically (Table 3). Although published documents disseminated by the FDA and NIH

are essential starting points for planning a cGMP development strategy, it is important to realize that,

in this rapidly evolving field, some requirements may be reflected in public comments or a growing

consensus among industry long before they are formally adopted. Furthermore, it is not unusual dur-

ing the development of a new biologic to have also developed alternatives to conventional practices

that are based on sound scientific data and are then implemented after discussions with the FDA.
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5. BASIC REGULATORY PROCESS

Product-specific factors can influence the regulatory requirements for an investigational agent. These

issues should be explored in detail with the FDA in a pre-IND meeting at which the IND sponsor pre-

sents relevant preclinical data and manufacturing and animal safety testing to support the proposed

approach to clinical development. The types of further studies pertinent to the particular agent can

then be proposed, and input from the agency help shape the final development plan.

Interactions should take place with regulatory authorities at intervals that will facilitate the devel-

opment of a product (Table 4). A key issue frequently not understood is that regulatory demands

become more stringent as a product moves from phase I (safety), through phase II (activity), to phase

III (comparative efficacy) trials and licensure (6,27–31). This philosophy reflects the conscious effort

not to stifle innovation in early phase clinical testing, but to ensure that, by the time registration-

oriented late-stage trials are contemplated, issues related to production variability, assay, and assurance

of safety are mature and well-substantiated because the results of such trials could be the basis for sale

of the agent to the public.

Another factor that affects the level of regulatory compliance is the nature of the study population.

Products manufactured for Phase I trials in healthy normal volunteers typically must meet much

stricter requirements than those studied in patients with dire, life-threatening conditions (e.g., cancer

or end-stage acquired immunodeficiency syndrome). As improved technology becomes available,

requirements also tend to increase (27–31).

5.1. Development of a Product

The level of regulatory compliance to be followed during different stages of development is depen-

dent on the type of biologic product and the technology available for supporting its development.

Assays, methods, and technologies for monoclonal antibody development (32), for instance, are better

defined than the techniques available for some of the new virus vectors that are emerging. Further-

more, new technologies to support product development are also constantly evolving. The number of

specific viral contaminant tests required of cGMP human cell lines, for example, has increased steadily

as new pathogens are identified and assays become available.

As new scientific knowledge accumulates, novel regulatory challenges can appear. The issue of

transmissible spongiform encephalopathy, for example, has resulted in stringent requirements in raw

material qualifications and traceability (33). To minimize the impact of regulatory changes, careful

record keeping of all processes and materials involved in deriving the product is highly recommended.

Table 3

Web Sites for Regulatory Guidance

General FDA: www.fda.gov

CBER: www.fda.gov/cber/index.html

CBER guidelines: www.fda.gov/cber/guidelines.htm

General ICH: www.ich.org

ICH guidances: www.fda.gov/cber/ich/ichguid.htm

NIH/RAC Web sites:

Office of Biotechnology Activities: www4.od.nih.gov/oba/

RAC: www4.od.nih.gov/oba/rac/aboutrdagt.htm

NIH guidelines: www4.od.nih.gov/oba/rac/guidelines/guidelines.html

CBER and FDA e-mail update service:

CBER: www.fda.gov/cber/pubinfo/elists.htm

FDA: www.fda.gov/emaillist.html
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Table 4

Organization of Activities and Interactions With Regulatory Authorities During Development

Phase of development Investigator activity                      FDA activity NIH activity

Early Demonstrated proof of concept in vitro

Beginning scale-up of production and

purification studies

Basic assays available for identity,

purity, and potency

Preclinical Animal model for efficacy established                       Pre-IND meeting RAC review

Assays well developed for identity,

purity, and potency

Animal safety studies completed

Production, purification methods ready

for clinical manufacturing

Clinical phase I Initial dose finding and safety studies

carried out in humans

Continued refinement of production and 30 Day review of IND

purification methods

Refinement of assays

Validation of stability studies in progress

Clinical phase II Dose finding, initial efficacy, and further End of phase II meeting Monitoring of safety Monitoring of safety

safety studies in humans data, clinical data and clinical

Production, purification methods well defined protocols and protocols

Assay validation in progress annual reports

Validation of stability assays completed

Clinical phase III Comparative efficacy studies, continued Pre-BLA submission Meetings with Meetings with

collection of safety data meeting investigators investigators

Production scale-up and validation nearly as needed as needed

complete

Assay validation complete

BLA preparation in progress

Licensing BLA filing Pre-approval inspection

Continued collection of safety data Comprehensive,

multidisciplinary review

4
4

6
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Finally, because of the availability of improved techniques for characterizing certain biologicals,

the FDA is reorganizing its regulatory approach in ways that are analogous to the regulation of small

molecule drugs. Technical demands will rise as regulatory requirements become more standardized.

5.2. General Principles of Regulatory

Requirements for a Well-Characterized Product

Beyond identification and confirmation of an interesting novel concept, a major challenge in the

preclinical development of biologicals is the optimal allocation of research and development resources.

Key to this is proper assessment of a candidate concept’s readiness for clinical development. All

applicants for the National Cancer Institute’s biologicals production resources now receive a list of

“generic questions” corresponding to the appropriate product type. At the beginning of a project, it is

not always reasonable to expect all issues to be resolved, but the assumption is that, for a successful

candidate, these issues should be in hand by the time the project is completing phase I clinical testing.

Table 5 lists the generic questions for cGMP production of recombinant virus vectors.

Because it is not possible to provide a complete guide to cGMP development in a few pages, we

highlight some concerns common to many projects arising from academic laboratories. These are

based on DTP’s experience (both successes and failures) with projects making the transition from the

preclinical research phase to pilot clinical studies. Our discussion is organized primarily around the

concepts of identity, purity, potency, and safety that underlie development, manufacture, and release.

5.2.1. Identity

From the viewpoint of regulatory compliance, it is essential to establish the identity of the product

and the components used to generate it during manufacturing (9,22). We have noted that, frequently

in proposed gene therapy or recombinant DNA-derived products submitted to us, DNA sequencing

shows some deviation from the sequence published and/or submitted by the investigator, sometimes

with major consequences for the project. When the DNA product, such as plasmid vaccines, will be

administered to the patient, full plasmid sequencing has occasionally revealed unacceptable genetic

sequences outside the open reading frame, as passengers from previous experiments, spurious pro-

moters, frame shifts resulting in translation of nonsense sequences beyond the intended termination,

and so on. DNA sequencing and repair are available at relatively low cost compared to the cost of

repeating critical preclinical experiments. The FDA now requires complete sequencing of vectors of

sizes up to 40 kilobases (kb) (34).

For viral vectors, genetic stability is a major concern, particularly with respect to the possible issues

of recombination with generation of replication-competent viruses. Specific guidelines are provided

for adenovirus, retrovirus, and lentivirus vectors (9,35,36). For other virus vectors, specific assays (e.g.,

neurovirulence testing of recombinant poliovirus and herpes virus vectors) are required to ensure that

an attenuated phenotype is preserved after scale-up. If possible, the investigator should attempt to

assess the genetic stability of the vector during preclinical studies, after administration in vivo or

propagation in vitro.

In addition to the gene therapy product itself, the cells used to produce the product must be simi-

larly identified and qualified for cGMP manufacturing. Excellent guidance documents are available

for the production of master cell banks, working cell banks, and master virus banks (9,32,37). At mini-

mum, the complete cell history should be known and documented, and the cells should be tested to

verify their origin.

Peptide sequencing or mapping employing liquid chromatography-mass spectrometry is typically

used to provide critical information for synthetic peptides and recombinant proteins. For recombinant

vectors containing transgenes, the expression of the desired gene product should be verified, for

example, by immunoassay using a specific antibody against the product.
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Table 5

Generic Questions for Candidate Projects Involving Recombinant Virus Vectors

1. What amount of delivered product is desired? How are these quantities justified?

A. Non-GMP for additional preclinical development

B. cGMP (clinical grade)

2. Provide details of molecular construct(s), including starting materials (e.g., plasmid, relevant vector maps,

detailed vector construction scheme, and so on)

3. Does the construct contain an antibiotic resistance gene or other selectable marker? Are alternative meth-

ods of selection available? Why was the proposed selection chosen?

4. Is the vector replication competent or replication defective? (For replication-selective vectors, what is the

molecular basis of the selectivity and the conditions under which the vector would replicate?)

5. Does the vector have an altered cell tropism? Define. What is the effect of altered tropism on anticipated

host toxicity?

6. Has this construct been sequenced? Provide a sequence in an electronic format.

7. Are data available evaluating the genetic stability of the recombinant vector? Have mutation rates been

established and/or rates of reversion to either wild-type or alternate viral genomes?

8. Are data available evaluating the potential for genetic recombination with other organisms in the patient or

in the environment?

9. Is the organism currently grown in a qualified cGMP cell line? If not, is there a qualified cell line available

for propagation of this vector? Was the cell line genetically modified to support this vector? Provide details

of its construction and any information regarding the stability of the genetic alteration in the cell line.

10. Is there a cGMP-qualified virus seed bank?

11. Provide details of the proposed production method.

12. Has this material ever been produced for laboratory or clinical studies using this production system?

13. Has this material been produced in a related or other production system? If so, please provide the details.

14. Please provide details of existing purification methods.

15. What is the average yield of the production system before and after purification? What is the largest amount

of material that you have produced in your laboratory in a single production batch? Please provide average

ratios obtained by this production method for virus particle/infectious unit and infectious units/cell. How

does this scale to anticipated quantities for clinical trial?

16. How much material is available as a reference standard?

17. Is material available as bulk biological substance for preliminary pharmacology and toxicology studies?

18. Are there reproducible assays for the product? Please provide the following assays, if available:

A. Identity

B. Purity

C. Potency

19. What are to be the release criteria for the product? How does one know that a lot of product is qualified for use?

20. In what form (lyophilized, formulated product, and so on) and fill size is the desired final product? What is

the desired final product formulation?

21. Are there issues of formulation that must be resolved?

22. What is known about the product stability with respect to physical integrity and activity?

23. Do you have any information regarding the estimated costs of this production project?

24. Have you identified any possible sources of production with any commercial firms? Please provide details.

25. Are there any safety issues connected with the production, purification, and/or handling of the product?

26. What is the status of the product(s) regarding intellectual property issues?

27. Sometimes, proposed projects are an improvement or modification of an existing approach. In these cases,

this information may significantly affect the analysis of feasibility, cost, and other production issues. Please

provide a brief summary of the nature of any such antecedents or other approaches that appear closely

related to the proposed project.

28. Have there been any meetings scheduled with regulatory agencies, such as a pre-IND meeting with the FDA

or a presentation to the NIH RAC? If so, please indicate the type of meeting, the regulatory agency, and the

date or proposed date.

29. If you have had a pre-IND or RAC meeting, were any issues concerning manufacturing, safety, or stability

raised that will have an impact on producing your product?

30. Who will sponsor the IND for the proposed study?

31. Has a source of funding been identified for performing the clinical trial with this product?
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5.2.2. Purity

Purification strategies depend on the nature of the biologic agent and expected impurities. These

approaches are guided by the early development of reliable analytical techniques appropriate to the

product and to the manufacturing approach. For example, purification of recombinant proteins and

monoclonal antibodies for cGMP manufacture typically involve large-scale chromatography based

on multiple isolation principles (e.g., charge, hydrophobicity, size, and so on). Specific contaminants,

such as DNA, endotoxin, viruses from mammalian cell production systems, contaminants introduced

in the manufacturing process, and the like must be quantified and may require additional specific puri-

fication measures to remove or inactivate them.

Problems in refolding or solubility, tendencies to aggregate, and product stability at intermediate

holding points can be significant issues in process development for scale-up. These represent key chal-

lenges in scale-up from investigator laboratory-generated lots to a potentially suitable scale to allow

clinical testing. Additional concerns include subtle degradations of proteins that can lead to undesirable

immunogenicity. A major concern is the impact of each additional step on the downstream product,

which should be reassessed using in vitro potency assays as well as physicochemical characterization.

At major development milestones, selected in vivo models should be reexamined using purified product.

Production cells must be cGMP qualified and tested for adventitious agents and other contami-

nants, before initiation of production as well as at end of production. A number of cGMP-qualified

cell lines and starting vectors are available commercially at relatively low cost and should be consid-

ered for use as raw materials to initiate cGMP seed banks in preference to shared materials of uncer-

tain provenance despite the good intentions of the original provider. In the handling of cell lines, care

should also be taken to avoid contamination (e.g., from media components, trypsin, or activities tak-

ing place in nearby laboratory space). Postproduction cells can be tested for specific contaminants in

the presence of a viral product (e.g., using polymerase chain reaction [PCR]). In the presence of virus

product, however, it is unlikely that the full set of cGMP tests (e.g., cocultivation) for adventitious

agents can be performed on postproduction cells. Before initiating cGMP production, therefore, inves-

tigators should consider the parallel propagation of a mock-infected control to provide a surrogate

postproduction test article.

In addition to the usual tests for sterility and purity of purified investigational product (9,20,21), it

is important to have an assay for residual host cell DNA. Assays for host cell proteins are not always

required for all phase I products, but are required for phase II and beyond. This consideration is another

reason to start with cGMP-qualified cell lines from a commercial source because host cell DNA and

protein assays may already be available.

The general requirement for adventitious agent testing is given in guidance documents (e.g., ref.

9). It is important to note that some specific assays are not yet described in published FDA documents,

but can enter widespread cGMP practice by sponsor-based industry consensus, liability consider-

ations, or other factors. Endotoxin assays are available as kits, which are useful to guide laboratory

process development. A qualified good laboratory practice (GLP) laboratory, however, should per-

form endotoxin assays for clinical product release. Specific assays may also be required to quantify

process residuals from production and purification components (CsCl, antibiotics, and so on). In

production facilities, particularly those where different types of gene therapy products may be pro-

duced, assays are necessary to support decontamination and cleaning, product changeover, environ-

mental monitoring, and raw material qualification (25,38). In general, all equipment that has contact

with the investigational product should be verified free of contaminants before use.

Special consideration must also be given to assays to qualify virus seeds and end product for the

presence of defective particles, replication-competent viruses, or defective genomes. In addition to

monitoring for replication-competent and/or pathogenic vectors during manufacture, suitable assays

may also be required to monitor patients receiving the therapeutic agent. In this case, levels of sensi-

tivity for detection must be suitable for different types of patient specimens (serum, urine, sputum, and
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so on). Evolving requirements for long-term follow-up of gene therapy patients (39) should be con-

sulted to ensure that proper assay support is maintained beyond the duration of the planned clinical trial.

The FDA regulations governing the performance of assays that support the production of biologics for

human use can be found in 21 CFR 211, subpart I, “Laboratory Controls” (25). GLP regulations only

per-tain to the performance of preclinical animal and in vitro studies (23).

5.2.3. Potency

The measured activity of a biological candidate depends on the hypothesized molecular mechanism

of therapeutic action (21 CFR 600.3; 9, 19). Although it is most reassuring to see in vivo demonstration

of efficacy in appropriate animal models, the efficient development of a cGMP process will strongly

benefit from the availability of rapid, reliable, and reproducible in vitro assays relating to the mecha-

nism of action in addition to assays for purity and identity. Assays based on the basic therapeutic mech-

anism, therefore, are critical goals of early research and development.

5.2.4. Formulation and Stability

Formulation development should begin as early as possible as suitable assays become available and

experience with real-time stability accumulates. It is preferable to choose formulations from candidates

likely to be acceptable to the FDA, such as those whose components are already used for licensed

products. As production reaches larger scales, handling and storage considerations become increas-

ingly important. Stability studies incorporate assays for identity, purity (including aggregation), and

potency. Although they can provide some useful information, accelerated stability studies are typi-

cally not reliable for predicting real-time stability of biologics. Therefore, there is a need for real-time

stability studies to be initiated as soon as possible.

Suitability of formulated product should also be assessed in the identical administration and han-

dling conditions expected in the clinic. This may include transient exposure to conditions expected

during transit to the study site and storage in an environment that closely mimics study site conditions.

These may result in markedly different product behavior at the study site from that expected from the

behavior of vouchered specimens at a central repository site. The results of ongoing stability studies

are useful to support process development; to evaluate product at intermediate hold points in scale-

up production and at product release; and to support formulation development, product storage, ship-

ment, and handling during toxicology studies and clinical applications. As development proceeds,

master specifications for release of intermediate and final product should be established and refined.

The IND must indicate a schedule for real-time stability studies to be performed throughout the

duration of the clinical trial.

6. ORGANIZATION OF RESEARCH ACTIVITIES

TO OPTIMIZE DEVELOPMENT OPPORTUNITIES

Some key early milestones common to all product areas include the attainment of an adequate scale

of high-quality, single-batch production, the availability of adequate amounts of high-quality labora-

tory reference standard, and the development of reliable assays for identity, purity, and potency of

the product. These milestones are necessary in addition to the exploration of animal models showing

safety and promising evidence of efficacy. At early stages in a project, investigators should expect sub-

stantial variability in product quality, assays, and animal models.

Ideally, therefore, a single high-quality batch should be used to establish laboratory standards, sup-

port multiple assay qualification runs, and perform replicate animal model experiments. Multiple pro-

duction runs could then be performed to explore process development issues, including scale-up. In this

way, fundamental issues could be explored at the research stage to prepare for development required

for cGMP manufacture. Following this reasoning, our facility often manufactures high-quality GLP

lots to provide a uniform supply of material for additional preclinical research and development for

selected biologics of interest before making the decision to undertake cGMP production.
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6.1. Good Laboratory Practices

The early establishment of certain aspects of GLP (21 CFR 58) is crucial to the advancement of a

drug development project. By following simple rules of laboratory cleanliness, documentation, and

segregation of materials and activities at the start of development, time can be saved by avoiding the

necessity to duplicate results that were not properly performed or documented from the outset.

At the discovery phase, development of reliable assays to explore basic therapeutic mechanisms

of action are just as important as the performance of animal models in laying the groundwork for

future cGMP product development. Laboratory facilities and staff should be adequate to perform

necessary studies. Assay protocols should be specific and reproducible. Research documentation

should be kept at a GLP level with complete and secure laboratory notebooks. Records of all reagents

(i.e., manufacturer, catalog number, lot number, Certificates of Analysis [COAs], and expiration

dates) should be routinely archived. Even if cGMP production or testing is not contemplated in the

development laboratory, fluctuations in product activity are not unusual during later scale-up, and

these materials and information may be useful in resolving such issues. Key assays for product or

reagent identity should be repeated at appropriate intervals.

6.2. Segregation of Laboratory Activities

Access to critical raw materials and reagents, reference standards, and cell banks should be limited.

Staff should avoid comingling of research-grade, GLP, and GMP activities or reagents by labeling

reagent containers and sequestering them as much as possible. Similarly, signs should be posted on

dedicated equipment, and access should be limited as appropriate. If common equipment must be

used, standard operating procedures should be developed to define the use and control of such equip-

ment, to clean equipment before and after use to avoid cross-contamination, and to document the use,

cleaning, and calibration of the equipment.

6.3. Raw Materials

Critical raw materials (e.g., those used in seed development or pilot product manufacture) must be

traceable to their source and obtained from reliable vendors. It is beneficial when possible to use

vendors subjected to commercial audits. Animal-derived reagents should be avoided; reagents such

as glycerol, detergents, proteins, amino acids, and the like should preferably come from vegetable

sources. If this is not possible, animal-derived reagents should come from acceptable herds in coun-

tries without endemic or questionable transmissible spongiform encephalopathy (33). It is important

to ensure that raw materials are stored under appropriate conditions and not used beyond their expira-

tion date. Inventories and logbooks should be used to track use of important reagents.

Critical materials requiring special storage conditions should be stored at more than one location

to prevent loss in the event of equipment failure. cGMP-qualified cell lines should be purchased from

vendors if possible, but if cGMP-qualified cell lines do not exist, cell lines should be obtained directly

from a reliable repository source such as the American Type Culture Collection (ATCC) and docu-

mentation should be archived. Incoming cell lines must be tested for sterility and mycoplasma con-

tamination. Thorough records should be kept on cell passages, observations, frozen storage, and the

COAs from media and other components used to grow, freeze, and otherwise manipulate the cells.

Critical cell lines should be segregated to prevent cross-contamination. Stock cells should not be

cultured in incubators containing virus-infected cell lines.

Vectors should be purchased from a reliable vendor, and documentation should be kept on the

propagation, storage, and use, including COAs, lot numbers, and so on of the reagents used to propa-

gate the vector. If the vector is acquired from another laboratory (i.e., is unavailable for purchase

from a vendor), a detailed history should be obtained of the generation of the vector, and detailed

records should be kept from that time. All genetic manipulations of the vectors should be well docu-

mented and verified by sequencing.
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6.4. Reference Standards

A lab-generated reference standard is a critical raw material for a biologic. It is ideal to have a

large enough stock of this reference standard to use for the duration of the development work. It is

often not possible, however, to produce sufficient quantities or material of sufficient stability at the

early development stages. For this reason, it may be necessary to produce fresh batches and to test

them thoroughly against independent standards or the current standard before that standard is depleted

or loses potency.

The same consideration should be given to other critical reagents, such as cell lines and compounds

obtained from outside sources. Reference standards and key reagents should be made or obtained in

adequate amounts, characterized as well as possible, and stored under conditions that will maintain

stability for at least the duration of the development process. As improved manufacturing and assay

processes are developed, improved reference standards will be required, but quantities of the original

standards should also be preserved to provide material for later comparisons as required (40). In some

cases, such as for retrovirus and adenovirus vector development, the FDA has made available refer-

ence material against which all sponsors can standardize their own reference reagents.

6.5. Assays and Resources

To avoid future questions about data reliability, investigators should consider outsourcing of dif-

ficult but common technologies, such as transmission electron microscopy, tandem liquid chro-

matography mass spectroscopy, peptide mapping, or DNA sequencing, if these are not adequate in

their facility. Product-specific assays, such as potency studies and pilot animal efficacy and toxicity

studies, are likely to be performed best at the researcher’s own facility, early in development. Preclin-

ical assay protocol development and record keeping must ensure that data are useful for later IND sub-

mission. At some point in cGMP process development, consideration should be given to technology

transfer of critical assays to a GLP-compliant laboratory prepared to support the repetitive studies

required during cGMP process development, manufacture, release, and postrelease stability studies

for the duration of the clinical trial.

6.6. Preparation of Toxicology Material

Toxicology material should ideally be manufactured using the same process used to manufacture

the cGMP clinical material. Therefore, a toxicology lot is produced late in process development.

If there are concerns over batch-to-batch variability, production of a single lot for both toxicology and

the initial phase I trial is recommended. Typically, a toxicology lot can be available several months

before the clinical lot is ready for release.

7. SPECIAL REGULATORY CONSIDERATIONS

7.1. Cellular Therapies

For studies involving autologous cells, the handling of cells must be under GMP conditions to

preserve sterility and prevent cross-contamination with other cells. For allogeneic cells, it is impor-

tant to use a cGMP-tested cell line with adequate traceability, including its origin, passage history,

and exposure to media products that may have been derived from animal sources.

7.2. DNA Plasmids

Starting material must be routinely checked for sequence accuracy; therefore, the complete plas-

mid should be sequenced. It is also preferable to examine genetic stability that can lead to the intro-

duction of coding errors and changes in protein expression. The use of penicillin-like antibiotics

(�-lactams) for selection is unacceptable because of the possibility of allergic reactions in patients

administered products produced using this selection system. Other antibiotics, such as kanamycin,



Regulatory Aspects 453

are substituted, or alternative methods of selection are employed. Measures of DNA quality include

supercoiled content, as well as assays for endotoxin, genomic DNA, and other contaminants from the

production system. More in-depth guidance is available through guidance documents (9).

7.3. Viral Agents

It is generally recommended by the FDA that a vector smaller than 40 kb must be completely

sequenced (34). As technology improves, this criterion may well be expanded to include larger vector

genomes. Those vectors with genomes larger than 40 kb (e.g., herpes viruses, poxviruses) must have

the transgene sequenced along with 5' and 3' flanking regions and any significant modifications to

the vector backbone or sites vulnerable to alteration during molecular manipulation.

When qualified vaccine strains exist for the vector of interest (e.g., vaccinia, poliovirus) it is pref-

erable for cGMP manufacture to derive investigational constructs using the vaccine strain if avail-

able from the NIH, ATCC, or commercial sources. For adenovirus vectors, the recent availability of

an adenovirus reference standard allows for the normalization of dosing based on virus particle con-

centration and infectious unit (IU) titer. Current recommendations by the FDA are for a ratio of viral

particle to infectious unit of less than or equal to 30:1 (35).

For replication-defective adenoviruses, generation of replication-competent adenoviruses (RCA)

must be measured in lots produced for clinical use. The current target requirement is fewer than 1 RCA

per 3 � 10
10

 virus particles as measured by a cell culture/cytopathic effect method (35). For viruses

that are replication selective, different testing strategies (e.g., quantitative PCR) may be called for and

should be discussed with the FDA. Similarly, the agency may have special considerations for viruses

with altered tropism to ensure appropriate containment and prevent the generation of a replication-

competent adenovirus with an expanded cell tropism. It should be noted that RCA assays must be

optimized regarding the presence of defective particles and other factors that may affect the sensitiv-

ity of the assay.

Retroviruses are of special concern because of the possibility of insertional carcinogenesis. This

potential safety problem is amplified if replication-competent retroviruses (RCRs) are generated (9,36).

The general guideline is to test at least 5% of the total virus vector supernatant produced by amplify-

ing any RCR on a permissive cell line. In addition, 1% of the producer cells or 10
8
 (whichever is less)

must also be tested at the end of production by the method of coculturing on permissive cells (36). As

with adenovirus vectors, retrovirus vectors with tropism modifications are of special concern and

may require more stringent containment and patient follow-up (39). Promoter modifications may

also affect the safety profile of these virus vectors.

Lentiviruses generally have the same safety concerns as retroviruses, particularly because they can

replicate in a broader variety of cells (dormant as well as actively dividing cells). Although there is a

retrovirus standard available through ATCC to investigators who are developing retrovirus vectors,

there is no lentivirus standard currently offered. A lentivirus standard is not planned for the future

primarily because of the great variability in lentivirus backbones currently under development for

clinical investigations (e.g., equine, murine, human). Herpes viruses under development for clinical

use either must be replication defective or, if replication competent, must be shown to be nonneuro-

virulent. Neurovirulence is an issue for poliovirus as well. Adeno-associated virus (AAV) vectors are

of concern because, although these vectors are designed to be maintained episomally, there can be

reversion to wild type, resulting in integration into the host chromosome, or the vector could be rescued

in a patient with a concurrent adenovirus infection (41).

Several interesting concepts seek to employ modified bacteria as the therapeutic agent. As with

recombinant viruses, general issues of safety as well as specific issues of genetic stability and exchange

should be considered. Stabilization of the new genetic material may be required by incorporation into

the bacterial genome rather than through a plasmid that can be lost or exchanged. Strategies to incor-

porate new genetic material into bacterial DNA will depend on confirming the sequence accuracy of

the target bacterial sequences as well as the novel genetic material. Introduction of an antibiotic resis-
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tance gene through a manufacturing step raises special concerns and can be avoided using alternative

selection approaches.

8. SAFETY, TOXICOLOGY, AND BIODISTRIBUTION STUDIES

8.1. Safety Study Design Issues

8.1.1. General Toxicity Issues

Whether evaluating small molecules or biologically derived materials such as gene therapy prod-

ucts, the basic intent of nonclinical toxicity studies is to define the pharmacological and toxicological

effects predictive of the human response, not only prior to initiation of phase I clinical trials in humans,

but also throughout the entire drug development process leading ultimately to Biologics License

Application (BLA). The goals of these studies include, first, to define an initial safe starting dose and

dose escalation schemes for first-in-human clinical trials; second, to identify potential target organs

for toxicity, biomarkers or other parameters that can be monitored in patients receiving these ther-

apies, and to determine if this toxicity is reversible; and finally, to determine which patient populations

may be at greater risk for developing toxicity to a given cellular or gene therapeutic product (42).

These nonclinical studies should be designed with the following points in mind: whether the prod-

uct is transduced cells, the population of cells to be administered, or the class of vector used; the most

appropriate animal species and physiological state of that model most relevant for the clinical indica-

tion and product class; and the intended doses, route of administration, and treatment regimens that

will be used in the clinic. Many of the questions that need to be taken into consideration and addressed

during the design phase for safety studies include what is already known about the most likely toxici-

ties related to the agent’s biodistribution, local as well as systemic toxicity, immune responses (immu-

nogenicity and immunotoxicity), the potential for insertional mutagenesis, and biological activities

of the transgene product. Then specific questions that arise with the new product or use are addressed.

For example, are the safety issues primarily related to the vector, the transgene product, the method

of administration, the formulation/excipient, or some combination of the above? How might existing

published or unpublished nonclinical or clinical data address the questions mentioned above? Safety

issues that should be addressed in these studies include evaluation of the toxicity of the vector alone

(irrespective of the transgene), including its potential toxicity and/or tumorigenicity (in some cases,

this is apparent from previous evaluations with the same vector); toxicity of transgene expression in

vivo that may not be evident from in vitro studies; occurrence and consequences of ectopic transgene

expression in nontargeted tissues; occurrence and consequences of immune responses to transgene

or vector proteins such as autoimmunity; and finally the possibility of germline transduction (34).

Because conventional pharmacology and toxicity testing as typically used for the evaluation of

small molecules may not always be appropriate to determine the safety and biologic activity of cellu-

lar and gene therapy products, issues such as species specificity of the transduced gene, permissive-

ness for infection by viral vectors, and comparative animal to human physiology should be considered

in the design of these studies. Available animal models mimicking the disease indication may be

useful in obtaining both sufficient safety and efficacy data prior to entry of these agents into clinical

trials. Early pre-IND discussions with the FDA during development of a toxicology plan may prevent

delays and added expenses because of inadequate data or the use of inappropriate species. Some of

the questions that should be answered by preclinical pharmacology/toxicology studies are the fol-

lowing (43): What is the relationship of the dose to the biologic activity? What is the relationship of

the dose to the toxicity? Does the route and/or schedule affect activity and/or toxicity? What risks can

be identified for the clinical trial?

For ex vivo gene transfer, the product is considered to be the transduced cells. The general safety

test (21 CFR 610.11) must be performed on the final product. When appropriate, modified procedures

may be developed according to 21 CFR 610.9. The FDA is considering proposed rule making to amend

the general safety test rules and scope of applicability, especially for cell therapy products (9).
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Finally, it is expected that these nonclinical toxicity studies will be conducted in compliance with

GLP regulations. However, there will be situations in which highly specialized assays will be required

because of the nature of biotechnology-derived products, and it will not be possible to conduct these

assays in full compliance with GLPs (e.g., in university or other discovery laboratories). It will be

important that these areas be identified for any impact that they may have on the interpretation of

toxicity data. In most cases, carefully performed studies such as this can be used to support INDs and

BLAs (7).

8.1.2. Animal Model/Species Selection

When selecting the animal model that will be used in the various preclinical biodistribution, pharma-

cology, and toxicology studies, consideration should be given to the scientific rationale for the ani-

mal species used. For example, would there be an advantage to performing the studies in rodents when

larger numbers of animals might be more practical, or is there a necessity for a large animal model,

such as a canine or nonhuman primate? If nonhuman primate studies are proposed, is it clear that

another large animal or rodent model would not provide the same information? Would there be any

utility in a genetically deficient model, and would this deficient model be more relevant to the pro-

posed study either because of the potential for adverse immunologic consequences or because of the

biological effects in the deficient condition?

Animal models of disease may not be available for every cellular or gene therapy system proposed

for development. This makes species selection an even more difficult process. Preclinical pharmaco-

logical and safety testing of these agents should employ the most appropriate, pharmacologically

relevant animal model available. A relevant animal species might be one in which the biological

response to the therapy mimics the human response. This entails some knowledge of the pathophysi-

ology of the disease in humans and of how faithfully it is reproduced in the animal model.

The species of animal chosen for preclinical toxicity evaluations of viral preparations should be

selected for its sensitivity to infection and production of pathologic sequelae induced by the wild-type

virus related to the chosen vector, as well as its utility as a model of biologic activity of the vector con-

struct. There should be a reasonable expectation of a similar distribution of receptors or permissivity

in the animal model as there is in humans. Thus, the species utilized may vary with the vector admin-

istered, the transgene expressed, the route of administration, the patient population treated, and the

disease studied. Rodent models rather than nonhuman primates may be useful if they are susceptible

to pathology induced by the virus class (e.g., cotton rats are semipermissive hosts for adenovirus infec-

tions) (44); the use of the SCID mouse (45) or the cotton rat (46) may be suitable for the evaluation of

herpes simplex virus (HSV) rather than the Aotus monkey. Some investigators have also suggested

the use of miniature swine for evaluation of adenoviral vectors (47,48). When evaluating the activity

of a vector in an animal model for the clinical indication, safety data can be gathered from the same

model to assess the contribution of disease-related changes in physiology or underlying pathology to

the response to the vector. Some specialized circumstances illustrating these points follow.

8.1.2.1. COTTON RAT MODEL AND ADENOVIRUS

The inbred cotton rat (Sigmodon hispidus) has been used extensively as an animal model for research

since the 1940s, when it was first used in poliomyelitis research. Since that time, it has been shown to

be a semipermissive host for adenoviral infection (44,49). In those studies, it was shown that the

pulmonary lesions and replication pattern of the virus seen in the cotton rat paralleled those seen in

humans. Virus persisted in the nasal mucosa and lung for up to 21 and 28 days, respectively, after inoc-

ulation. This was even in the presence of high-titer neutralizing antibody that was detected by day 7.

Although cotton rats have readily adapted to the laboratory environment, they have retained a num-

ber of the characteristics of their wild counterparts. These animals have a tendency to bite, panic when

handled, jump out of their cages, and have a large fight-or-flight zone. Care and handling of these

animals have been described by other investigators (50,51).
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The cotton rat has been used for the evaluation of numerous adenovirus vectors by many routes of

administration, and some of these studies are described here. When early E3-deleted adenoviral vec-

tors were evaluated in the cotton rat, it was discovered that the E3 region was not required for repli-

cation, but that this region plays a critical role in the pathogenesis of the disease in that these mutants

induced a markedly greater lymphocyte and macrophage/monocyte inflammatory response in the lungs

(52). E3 replacement recombinants were significantly less pathogenic than E3-deleted viruses after

intranasal administration (53). This study also demonstrated that adenovirus replicated in BALB/c

and CBA mice and produced results that were similar to those seen in cotton rats.

The intracranial administration of a replication-defective adenovirus expressing the herpes sim-

plex virus thymidine kinase (HSVtk) gene at a dose of 1.0 � 10
9
 pfu into both adenoviral immune and

adenoviral naïve cotton rats resulted in only mild gliosis and trace meningitis along the injection tract

and approximated a “no toxic effect” dose (54). When this same vector was administered to either

Wistar rats or rhesus monkeys, direct neuronal injury or a dose-related inflammatory response was

seen at the injection site and in the surrounding parenchyma. There was no apparent injury to tissues

not of the central nervous system in any of the three models, and all cerebral spinal fluid, blood,

urine, and stool samples failed to culture for adenovirus.

In a study with a similar HSVtk adenovirus inoculated into cotton rats via intracardiac injection at

doses up to 3 � 10
10

 viral particles per animal with and without ganciclovir (GCV), the only signifi-

cant microscopic lesions observed were epicardial inflammation and splenic hemosiderosis (55).

Vector sequences persisted throughout the 14-day assay period in the heart, lung, and lymphoid organs.

Infectious virions were detected for 24 hours, but these virions were only detected at the site of injec-

tion of two animals in the highest dose group.

When a similar vector was administered as either one or two subcutaneous injection cycles with

2.3 � 10
12

 viral particles/kg each or as a single course with 6.9 � 10
13

 viral particles/kg, the only

significant treatment-related histopathological finding was dermatitis with mild acanthosis at the site

of vector injection (56). In addition to these local effects, mild hyperamylasemia, lymphocytosis, and

granulocytosis were seen clinically, but no other clinical signs of toxicity or death were observed.

Vector sequences were detected in the skin at the injection site and to a lesser extent in the liver, spleen,

and lungs, and small amounts of vector DNA were detected in the ovaries. These were cleared rapidly,

and the absence of viral sequences in the excreta and swabs of the majority of animals suggested that

there was no significant replication of this adenovirus vector in this host and little shedding.

8.1.2.2. AOTUS MONKEY MODEL AND HSV

The owl monkey (Aotus trivirgatus or nancymae) has been an excellent model for oncogenic and

nononcogenic viruses such as HSV type 1 (HSV-1) and others (57), and the herpes virus that infects

these animals is a strain of HSV-1 (58). These animals have been routinely used to test vaccines against

HSV-1 and found to mimic the course of the disease in humans (59,60). As a result, it was only natural

that these animals be used to evaluate the safety of gene therapy vectors produced from HSV-1. How-

ever, these animals tend to be more fragile to use than other species and as a result must be handled

with greater care.

G207, an attenuated, replication-competent HSV-1 recombinant, was tested for safety after intra-

cerebral inoculation in the Aotus (61). These animals received doses of either 10
7
 or 10

9
 pfu of G207

or 10
3
 pfu of the wild-type HSV-1 strain F. Wild-type HSV-1 caused rapid mortality and symptoms

consistent with HSV encephalitis, including fever, hemiparesis, meningitis, and hemorrhage in the

basal ganglia. For up to 1 year after G207 inoculation, seven of the treated animals were alive and

exhibited no evidence of clinical complications, indicating that this form of HSV was considerably

attenuated in comparison to wild-type virus. Two animals were reinoculated with 10
7
 pfu of G207

at the same stereotactic coordinates 1 year after the initial dose. These animals were alive and healthy

2 years after the second inoculation.
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As a further, more comprehensive clinical evaluation, animals were subjected to cerebral mag-

netic resonance imaging (MRI) studies both before and after G207 inoculation. These studies failed

to reveal radiographic evidence of the typical HSV-related sequelae in the brain seen in the animals

treated with the wild-type virus. Microscopic examination of multiple tissues found no evidence of

HSV-induced histopathology or dissemination in spite of the fact that measurable increases in serum

anti-HSV titers were detected. Viral shedding and biodistribution in the Aotus were also evaluated

using PCR analyses and viral cultures of tear, saliva, or vaginal secretion samples (62). Neither infec-

tious virus nor viral DNA was detected at any time-point up to 1 month postinoculation. Analyses of

tissues obtained at necropsy at 1 month or 2 years after inoculation showed the distribution of G207

DNA was restricted to the brain, although infectious virus was not isolated in these samples.

The safety of this construct was also evaluated in the Aotus after intraprostatic injections (63). Safety

was assessed on the basis of clinical observations, viral biodistribution, virus shedding, and histopa-

thology. None of the injected monkeys displayed evidence of clinical disease, shedding of infectious

virus, or spread of the virus into other organs. No significant microscopic abnormalities were observed

in the organs evaluated. The results of these studies demonstrated that G207 can be safely inoculated

into either the brain or the prostate, and that the Aotus monkey could be successfully used in preclini-

cal toxicological evaluations.

In addition to the studies performed with this vector in Aotus monkeys, BALB/c mice were also

used to evaluate the safety of G207. Mice were inoculated in the same manner as the Aotus either

intracerebrally or intraventricularly with 10
7
 PFU of G207 and survived for over 20 weeks with no

apparent symptoms of disease. In contrast, over 80% of animals inoculated intracerebrally with 1.5 �

10
3
 pfu of HSV-1 wild-type strain KOS and 50% of animals inoculated intraventricularly with 10

4

pfu of wild-type strain F died within 10 days. When mice were inoculated intrahepatically with G207

(3 � 10
7
 pfu), all animals survived for over 10 weeks, whereas no animals survived for even 1 week

after inoculation with 10
6
 pfu of wild-type KOS (64).

Mice were also injected in the prostate with either G207 or wild-type HSV-1 strain F and observed

for 5 months (63). None of the G207-injected animals exhibited any clinical signs of disease or died.

However, 50% of mice injected with strain F displayed sluggishness and hunched behavior and were

dead by day 13. On microscopic examination, the prostates injected with G207 were normal, whereas

those injected with strain F showed epithelial flattening, sloughing, and stromal edema. These studies

and those described by Whitley with the SCID mouse (45) point to the fact that rodents can be used

in place of the owl monkey and produce adequate safety data for the evaluation of HSV-1 vectors for

gene therapy.

Finally, safety data can also be obtained in well-designed efficacy studies. In many cases, mouse

studies can provide similar information as studies conducted in nonhuman primates, so smaller spe-

cies should not be automatically rejected. The nonhuman primate should not be relied on for use as a

model simply because of the comfort of going into studies in humans only after evaluation of the

toxicity of the agent in nonhuman primates. Experience has repeatedly shown for numerous classes

of agents, both small molecules as well as biologicals, that no one species may be predictive of all

human toxicities, and that not all human toxicities may be seen in other animal species (65). Finally,

certain human populations may not be predictive of all other human populations. This last fact makes

predicting each and every toxicity almost impossible.

8.2. Dose, Route, and Schedule

The doses of vectors used in nonclinical studies should be selected based on preliminary efficacy/

activity data from both in vitro and in vivo studies. A no-effect dose level, an overtly toxic dose, and

several intermediate doses should be evaluated, along with appropriate controls, such as naïve or

vehicle-treated animals. For new formulations, it is very important to include this last group to distin-

guish formulation-related effects from those of the agent of interest. When products are difficult to
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produce in large quantities and as a result are in limited supply or for products with an inherently low

toxicity, a maximum tolerated dose may not be achievable; as a result, a maximum feasible dose may

be administered as the highest level tested in the preclinical studies and should be so designated in

appropriate reports. Although this may not be intellectually or scientifically satisfying, the data derived

from such a study should at least establish the safety of the clinical starting dose. Preclinical safety/

toxicity studies should include at least one dose that is equivalent to and at least one dose escalation

level exceeding those proposed for the clinical trial. The multiples of the human dose required to

determine adequate safety margins may vary with each class of vector employed, and the relevance

of the animal model to humans and the rationale for dose selection should be provided.

Scaling of doses based on either body weight or total body surface area as appropriate facilitates

comparisons across the animal species used and humans. Although most small molecule cancer thera-

peutics are scaled based on body surface area (66), body surface area may not be appropriate for gene

therapeutics. Information generated in the preclinical studies can be used to determine the margin of

safety of the vector for use in the clinical trial, as well as gage an acceptable dose escalation scheme

depending on the steepness of the toxicity curve.

In a cross comparison of doses for an adenoviral vector for cystic fibrosis (14), very similar toxici-

ties were seen in cotton rats, mice, hamsters, rhesus monkeys, and baboons when the agent was directly

instilled into the lungs of the animals. When the doses were scaled for body surface area, the no obser-

vable adverse effect levels for the various species were remarkably similar to one another and to the

first human dose at which toxicity was observed, 0.4–2.4 � 10
9
 IU/m

2
 vs 1.2 � 10

9
 IU/m

2
 for humans.

The only notable exception was the rhesus monkey at 4.6 � 10
7
 IU/m

2
. Studies like this enable other

investigators to make wiser choices in the selection of doses and species to evaluate.

The route of administration of vectors can have an obvious influence on toxicity in vivo because

of the distribution and concentrations of the agent that are produced. For example, intravenous bolus

doses can produce very high concentrations for short durations; other routes of administration, such

as subcutaneous, may produce much lower concentrations and more prolonged exposure. Current

practice recommends that safety evaluations in preclinical studies should be conducted by the identi-

cal route and method of administration as that proposed for the phase I clinical trial whenever possi-

ble. When this is difficult to achieve in a small animal species, a method of administration similar to

that planned for use in the clinic is advised. For example, intrapulmonary instillation of adenoviral

vectors by intranasal administration in cotton rats or mice is an acceptable alternative to direct intra-

pulmonary administration through a bronchoscope because the latter procedure is simply not feasible

in rodents. If the proposed clinical route is a nonintravenous (e.g., intratumoral), it may be wise also

to conduct an intravenous study to provide perhaps “worse-case” data for what may happen in the

event of an accidental injection directly into a patient’s blood vessel.

When possible, the schedule of administration in the animal studies should also be identical to that

intended in the phase I clinical trial. This may not be feasible in certain instances because of the

production of neutralizing antibodies in the animal model that might preclude repeated administra-

tion; that may not be a factor in humans. In studies in which additional agents will be administered in

combination with the gene therapy agent (e.g., in suicide therapy using HSVtk and GCV or HSV cyto-

sine deaminase and 5-fluorocytosine), the route and schedule should also be identical to that planned

for the clinic. Evaluating the vector alone in animal models would not provide sufficient data for pre-

dicting additional toxicity that may be produced by the combination, but should be at least one arm of

the planned preclinical animal studies.

8.3. Pharmacological and Toxicological End Points

At a minimum, treated animals should be monitored for general health status (clinical observations,

body weight and temperature changes, changes in food and water consumption), serum biochemis-

try, and hematological profiles. Target organs and other critical tissues should be examined for gross

and microscopic changes. The addition of other parameters to be evaluated will depend on the nature
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of the product studied, the species used, and the route of administration. There is no set of all-inclu-

sive parameters that is sufficient for each and every new agent. Studies should be designed specifi-

cally for each agent, utilizing the most appropriate tests to capture as much relevant data as possible.

8.4. Immunogenicity

Because many biotechnology-derived pharmaceuticals intended for human use will be immuno-

genic in animals, the use of animal-derived proteins/products, if available, should be considered to

define the intrinsic toxicity of the new agent. This may entail parallel development processes in which

a construct relevant to the species in the safety test is developed to a point to allow a most relevant

safety test to proceed. The analogous human construct then may actually be brought into the clinic

supported by these results. If human material is used, measurement of antibodies associated with

administration of products should always be performed when conducting repeated dose toxicity stud-

ies. These data will assist the investigator in the interpretation of the results of these studies.

Antibody responses produced in animals should be fully characterized (e.g., titer, number of respond-

ing animals, neutralizing or nonneutralizing), and their appearance should be correlated with any phar-

macological and/or toxicological changes observed. More specifically, the effects of antibody formation

on pharmacokinetics and/or pharmacodynamics, incidence and/or severity of adverse effects, comple-

ment activation, or the emergence of new toxic effects should be considered when interpreting the data.

Attention should also be paid to the evaluation of possible pathological changes related to immune

complex formation and deposition, especially in the kidney of treated animals.

The detection of antibodies in animals should not be the sole criterion for the early termination of

a preclinical safety study or modification of the duration of the study unless the immune response

neutralizes the pharmacological and/or toxicological effects of the biopharmaceutical in a large propor-

tion of the animals. In most cases, the immune response to biopharmaceuticals in animals will be var-

iable, similar to such responses in humans. If these issues do not compromise the interpretation of the

data from the safety study, then no special significance should be ascribed to the antibody response.

The induction of antibody formation in animals is not necessarily predictive of a potential for anti-

body formation in humans. By the same token, humans may also develop serum antibodies against

humanized proteins, and frequently the therapeutic response persists in their presence. The same may

happen in animals if a purified protein is administered via a gene therapy viral vector. In the case of

human factor IX, when the purified protein was administered to rhesus macaques, the monkeys did

not make antibodies (67). However, when factor IX was administered in a first-generation adenoviral

vector, the animals mounted an acute phase response that produced neutralizing antibody that elimi-

nated factor IX from the circulation (68). Finally, the occurrence of severe anaphylactic responses to

recombinant proteins is rare in humans. The results of guinea pig anaphylaxis tests, which are gener-

ally positive for protein products, are not considered predictive for reactions in humans; therefore,

studies such as this are considered of little value for the routine evaluation of these types of products

even though they are frequently performed.

Inflammatory, immune, or autoimmune responses induced by the gene product may be of concern.

Animal studies should be conducted over a sufficient duration of time to allow development of such

responses. Host immune responses against viral or transgene proteins may limit their usefulness for

repeated administration in the clinic. The immune status of the intended recipients of a gene therapy

should be considered in the risk–benefit analysis of a product, particularly for viral vectors. If exclu-

sion of immunocompromised patients would unduly restrict a clinical protocol, immune-suppressed,

genetically immunodeficient, or newborn animals may be used in preclinical studies to evaluate any

potential safety risks.

8.5. Safety Pharmacology Studies

It is extremely important to investigate the potential for undesirable pharmacological activity in

appropriate animal models and, when necessary, to incorporate particular monitoring for these activ-
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ities in nonclinical toxicity studies and/or clinical studies. Safety pharmacology studies are designed

to measure functional indices of potential toxicity. These indices may be investigated in separate

studies or may be carefully incorporated into the design of nonclinical toxicity studies. The aim of

these studies should be to reveal any functional effects on the major physiological systems of the

body (e.g., cardiovascular, respiratory, renal, and central nervous systems) that will have a major

impact on whether or how the agent is administered in the clinic. Some of these investigations may

include the use of isolated organs or other test systems that do not involve the use of intact animals,

such as the use of a perfused rabbit heart model for the evaluation of torsade de pointes and QT

prolongation (69,70). The results from all of these safety pharmacology studies may allow a mecha-

nistically based explanation of specific organ toxicities, which should be considered carefully with

respect to human use and intended indications. The use of additional biomarkers, exemplified by

cardiac troponin T or I (71,72) for agents with potential cardiac toxicity, may be warranted in addi-

tional nonclinical animal studies and/or in clinical studies in humans.

Pharmacology studies can be divided into three main categories, depending on the nature of the

effect: primary and secondary pharmacodynamic studies and safety pharmacology studies. Safety phar-

macology studies are defined in the ICH guidance document (S7A) on this subject (18) “as those

studies that investigate the potential undesirable pharmacodynamic effects of a substance on physio-

logical functions in relation to exposure in the therapeutic range and above.” This last point is par-

ticularly important in that these studies should be conducted at dose levels or serum concentrations

that are therapeutic targets based on prior efficacy/activity studies. Simply conducting these studies

at low doses does not provide much useful information or adequately assess the safety of the agent.

The objectives of these studies are to identify undesirable pharmacodynamic properties of a drug

substance that may have relevance to its human safety and toxicity; to evaluate more fully adverse phar-

macodynamic and/or pathophysiological effects of a drug substance that were previously observed in

nonclinical toxicology and/or clinical studies; and to investigate the mechanism of action of the adverse

pharmacodynamic effects that were either previously observed or suspected. The investigational plan

developed to meet these objectives should be clearly identified and delineated by the drug develop-

ment team.

For biotechnology-derived products that achieve highly specific receptor targeting, it is often

sufficient to evaluate safety pharmacology end-points as a part of well-designed toxicology and/or

pharmacodynamic studies; therefore, the need for separate safety pharmacology studies can be reduced

or eliminated. For those bioproducts that represent a new therapeutic class and/or those products that

do not achieve highly specific receptor targeting, a more extensive evaluation in separate safety phar-

macology studies should be considered.

8.6. Biodistribution/Pharmacokinetic Studies

Biodistribution studies are generally performed for gene therapy products, and typical pharmaco-

kinetic studies used for most types of drugs that measure serum or plasma levels, half-life, clearance,

and the like are generally not performed. These preclinical animal biodistribution studies are designed

to determine the distribution of the vector to sites other than the intended therapeutic site as an indi-

cator of potential toxicity. The goals of these studies are generally twofold: determination of dissemi-

nation of the vector to the germline and distribution of vector to nontarget tissues. The first has been

routinely accomplished by assaying total gonadal tissue. The second provides information on poten-

tial target organs of toxicity. Both may be addressed in the same preclinical study. Studies may use

normal, intact animals or animal models of disease. The latter study may be more representative of

the clinical setting.

Whenever possible, the intended route of administration should be employed, again with the con-

sideration that groups of animals might also be treated intravenously as a worst-case scenario. Trans-

fer of the gene to normal, surrounding, and distal tissues as well as the target site should be evaluated

using the most sensitive detection methods possible, such as reverse transcriptase PCR, and should
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include evaluation of gene persistence. When aberrant or unexpected localization is observed, addi-

tional studies should be conducted to determine whether the gene is expressed and whether its pres-

ence is associated with any pathologic effects.

Biodistribution studies may not be necessary for all new agents (73). With “previously defined”

vectors, if there is previous experience with a similar vector, route of administration, formulation,

and schedule (e.g., adenovirus type 5 vectors), if the transgene product is considered “innocuous” if

expressed ectopically, and when the size of the new vector is not essentially different, biodistribution

aspects of the prior agent may be referenced. On the other hand, studies may not be postponed if a new

class of vector is used (i.e., there is little or no previous experience; e.g., AAV, lentivirus, others); if

there is a change in the formulation (i.e., lipid carrier instead of an aqueous formulation); if the route

of administration is changed to an intentional systemic route from local administration of the “estab-

lished” vector; and finally, if the transgene has the potential to induce toxicity if it is aberrantly

expressed in nontarget organs.

As with toxicity studies, there are a number of factors that should be taken into consideration

when designing vector biodistribution studies. Regarding species selection, nonhuman primates are

not always needed. Rodents may be perfectly acceptable. The animal gender should reflect the intended

patient population. At least 3–5 animals per sex and group should be used as a minimum. The use of

smaller animals (i.e., mice or rats) allows the inclusion of larger numbers of animals and the easy eval-

uation of more time points. As in other studies, the following dose groups should be included when

practical: controls, the maximally feasible/clinically relevant dose, and a lower dose for establishment

of the no observable adverse effect level. The route of administration should mimic intended clinical

route to the greatest extent possible. Regarding animal sacrifice and/or sampling time points, an early

point that reflects peak vector transduction/expression should be included, as should a later time-

point determined by intended clinical use and a time-point that should reflect clearance from the gonads

and nontarget organs to determine persistence. The following tissues are generally recommended:

peripheral blood; gonads; injection site; highly perfused organs (to assist in determination of toxic-

ity) such as brain, liver, lung, kidneys, heart, spleen; other tissues based on toxicity/pathology as

determined by transgene (e.g., bone marrow); and those based on the route of administration, such as

draining, contralateral lymph nodes. The methodology used to detect the agent should detect a se-

quence of the vector DNA (or ribonucleic acid) that is unique to that product and should be appropri-

ate to detect the vector sequence adequately in tissue samples from both preclinical animal studies

and samples obtained during the initial clinical trials. Many of the points presented and discussed in

this section are elaborated in publicly accessible FDA documents (43,73).

8.7. Dissemination, Persistence, and Shedding

Shedding of viral vectors through the skin or in excreta is of obvious concern with highly infectious

viruses. To measure the dissemination, persistence, and shedding of these vectors, multiple tissues

(e.g., brain, heart, lungs, spleen, liver, kidneys, ovaries, and skin) as well as bodily fluids such as urine,

feces, tears, saliva, vaginal secretions, and skin swabs are taken at multiple time-points throughout the

study and analyzed by real-time quantitative PCR for the presence of vector sequences. If the vector

sequences are rapidly cleared and viral sequences are absent in the excreta and swabs of the majority

of animals, this suggests that there was no significant replication of the vector in the host (56,62,74).

8.8. Single-Dose Toxicity Studies

Even if the intended clinical schedule involves repeated doses, single-dose studies may generate

useful data to describe the relationship of dose to systemic and/or local toxicity and the steepness of the

dose/toxicity curve. Data from these studies can be used to select doses for repeated-dose toxicity studies.

Information on dose–response relationships may be gathered through the conduct of a single-dose tox-

icity study or as a component of pharmacology or animal model efficacy studies. The incorporation
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of safety pharmacology parameters in the design of these studies should be considered, which will

reduce the number of animals used, the amount of product required, and the number of studies that

must be performed.

8.9. Repeated-Dose Toxicity Studies

The route and dosing regimen for these studies (e.g., daily vs intermittent dosing) should reflect

the intended clinical use or exposure (e.g., once a week for 3 weeks, every other day, etc.). A recov-

ery period should be included to determine the reversal or potential worsening of pharmacological/

toxicological effects and/or the potential for delayed toxic effects. For biopharmaceuticals that induce

prolonged pharmacological/toxicological effects, recovery group animals should be monitored until

reversibility is demonstrated. This may not be fundamentally obvious at the outset of the study. The

duration of repeated dose studies should be based on the intended duration of clinical exposure and

disease indication. This duration of animal dosing has generally been 1–3 months for most biotechnol-

ogy-derived pharmaceuticals, but this probably will not be the case for most gene therapy studies. How-

ever, in the case of life-threatening diseases such as cancer, longer term studies are generally not required

to support phase I trials.

8.10. Immunotoxicity Studies

One aspect of immunotoxicological evaluation includes the assessment of potential immunogenic-

ity as described in Section 8.4. Many biotechnology-derived pharmaceuticals are intended to stimu-

late or suppress the immune system and therefore may affect not only humoral, but also cell-mediated

immunity. Inflammatory reactions at the injection site may be indicative of a stimulatory response. It

is important, however, to recognize that simple injection trauma or specific toxic effects caused by the

formulation vehicle may also result in toxic changes at the injection site. In addition, the expression

of surface antigens on target cells may be altered, which has implications for autoimmune potential.

8.11. Reproductive/Teratology Studies

For conventional small molecule drugs, reproductive toxicity is usually assessed in rats and rab-

bits. The species specificity and potential immunogenicity of biologicals has led to the increased use

of nonhuman primates for this purpose. The need for reproductive and developmental toxicity stud-

ies will depend on the product, clinical indication, and intended patient population. The specific study

design and dosing schedule may be modified based on issues related to species specificity, immunoge-

nicity, biological activity, and/or a long elimination half-life.

8.12. Germline Integration

The issue of germline integration has prompted considerable public discussion (75). For gene

therapy products directly administered to patients, the risk of vector transfer to germ cells should be

seriously considered. Animal testicular or ovarian samples should be analyzed for vector sequences

by the most sensitive method available. If a signal is detected in the gonads, further studies should be

conducted to determine if the sequences are present in germ cells as opposed to stromal tissues; tech-

niques used may include, but are not limited to, cell separations, in situ PCR, or other techniques.

Semen samples for analysis can be collected from mature animals, including mice, by well-established

methods (76,77) for determination of vector incorporation into germ cells. Evaluation of biodistribu-

tion to the gonads may not be needed prior to all phase I clinical trials, and this issue should be con-

sidered carefully in pre-IND meetings with the FDA. The Informed Consent Form should address the

lack of data and the unknown risks.

8.13. Genotoxicity Studies

Genotoxicity studies, such as the Ames salmonella assay, the micronucleus test, and the mouse

lymphoma assay, which are routinely conducted for small molecule pharmaceuticals, are not appli-
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cable to biotechnology-derived pharmaceuticals, especially gene therapy products, and therefore are

not needed. The administration of large quantities of peptides, proteins, or viruses may yield unin-

terpretable results. When there is cause for concern about the product, genotoxicity studies should be

performed in available and relevant systems, including newly developed systems. The use of stan-

dard genotoxicity studies as indicated for assessing the genotoxic potential of process contaminants

is not considered appropriate. If standard assays are performed for this purpose, the rationale should

be provided.

8.14. Carcinogenicity Studies

Standard 2-year carcinogenicity bioassays in normal mice and rats are generally inappropriate for

biotechnology-derived pharmaceuticals and probably more so for gene therapy products. This issue

has received additional attention owing to the emergence of a lymphoproliferative syndrome in a

potentially significant fraction of recipients of a vector designed to treat SCID syndrome (10,11).

This clinical result actually recapitulates to a certain degree toxicities anticipated from experience in

animal models (78). Thus, product-specific assessment of carcinogenic potential will still be needed

for biopharmaceuticals, and studies utilized must be refined after consideration of the duration of

anticipated clinical dosing, the patient population, or the biological activity of the product (e.g., retro-

virus vectors, growth factors, immunosuppressive agents, etc.).

When there is a concern about carcinogenic potential, a variety of new approaches may be consid-

ered to evaluate this risk. When the potential to support or induce proliferation of transformed cells

and clonal expansion leading to neoplasia is considered possible, the product should be evaluated

with respect to receptor expression for the biopharmaceutical or for the transgene’s expressed form

in various malignant and normal human cells, especially those potentially relevant to the patient

population under study. The ability of the biopharmaceutical to stimulate growth of normal and/or

malignant cells expressing the relevant receptors should be determined. When in vitro studies such as

this give cause for concern about carcinogenic potential, further studies in relevant animal models

may be needed if these are available and relevant.

As stated in this section, when gene transfer agents must be evaluated, the standard rodent models

(mice and rats) and the 2-year carcinogenicity bioassay are probably not appropriate. Daily adminis-

tration of vector as is usually performed in these studies is not feasible; however, several of these

vectors, including AAV, continue to express over the lifetime of the animal. The other factor that may

be limiting is that the host immune response to the vector or to the transgene may either limit the

toxicity, perhaps because of the development of neutralizing antibodies, or may have effects on

tumor development. It will be necessary to consult with the FDA to develop product-specific studies

on an individualized basis or to determine whether and which carcinogenicity studies are needed.

8.15. Local Tolerance Studies

Local tolerance to administration of the new agent should be evaluated. The formulation intended

for the clinical trial should be tested unless there is a cogent reason why this would not be feasible or

biologically meaningful. In most cases, the potential adverse effects of the product at the site of admin-

istration can be evaluated in the single- or repeated-dose toxicity studies that are usually conducted in

the normal course of development, thus eliminating the need for separate studies.

9. SPECIAL SAFETY CONSIDERATIONS PERTAINING TO VIRAL AGENTS

9.1. Adenovirus

Adenoviral vectors can efficiently deliver genes to a wide variety of dividing and nondividing cell

types both in vitro and in vivo, resulting in a high level of transient gene expression. Considerable

modifications have been made in the wild-type virus to reduce infectivity and toxicity in normal

tissues or to improve transduction or tropism for tumor cells. The death of Jesse Gelsinger because of
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several complications, including liver failure, coupled with the fact that adenovirus infections in

immunocompromised oncology patients can lead to fatal hepatotoxicity (79,80), and reports of seri-

ous hepatotoxicity and death in nonhuman primates treated with different adenoviral vectors make

the safety evaluation of these vectors for cancer treatment paramount.

When a first-generation adenovirus vector expressing human factor IX was intravenously injected

into rhesus macaques at doses from 1 � 10
10

 to 1 � 10
11

 pfu/kg, no toxicity was seen at the lower dose

level, but substantial, dose-limiting liver toxicity was observed at the higher dose (68). This hepato-

toxicity was manifested as elevated serum transaminase levels, hyperbilirubinemia, hypoalbumin-

emia, and prolongation of clotting times. All evidence of liver toxicity resolved except for persistent

hypofibrinogenemia in the high-dose recipient, indicating possible permanent liver damage. These

data suggested a very narrow therapeutic window for this first-generation adenovirus-mediated gene

transfer vector. In follow-up studies (81), it was concluded that these abnormalities may be caused by

direct toxic effects of the adenovirus vector itself, or may result indirectly from the accompanying acute

inflammatory response marked by elevations in interleukin 6.

When another first-generation adenoviral vector expressing �-galactosidase was intravenously

injected into two baboons at doses of 1.2 � 10
12

 or 1.2 � 10
13

 particles/kg, the baboon receiving the

high dose developed acute symptoms, decreased platelet counts, and increased liver enzymes and

became moribund at 48 hours after injection; the baboon receiving the lower dose developed no

symptoms (82). Again, a very narrow therapeutic index was demonstrated.

Recombinant adenoviruses infused into the portal vein of adult rhesus monkeys at a dose of 10
13

particles/kg resulted in the formation of neutralizing antibody, severe liver toxicity, and death. Read-

ministration of a second vector was associated with the same degree of toxicity as the first vector, but

prompted a much more vigorous neutralizing antibody response (83). The administration of several

gene transfer vehicles and routes was studied in rhesus monkeys to develop a model for adenovirus-

mediated gene transfer for liver. Vectors administered via the portal vein or saphenous vein were

efficient, but this resulted in transient gene expression and was accompanied by an immune response

to both vector and transgene products and acute hepatitis (84).

Turning to models of intracerebral administration, baboons received intracerebral injections of

either a high dose of a replication-defective adenoviral vector expressing HSVtk (1.5 � 10
9
 pfu) with

or without GCV or a low dose of ADV/RSVtk (7.5 � 10
7
 pfu) with GCV to evaluate the safety of this

regimen. Animals receiving the high-dose vector and GCV either died or became moribund and were

sacrificed during the first 8 days of treatment. Necropsy of these animals revealed cavities of coagu-

lative necrosis at the injection sites. Animals that received only the high-dose vector were clinically

normal; however, lesions were detected with MRI at the injection sites corresponding to cystic cavi-

ties at necropsy. Animals that received the low-dose vector and GCV were clinically normal and

exhibited small MRI abnormalities, and although no gross lesions were present at necropsy, micro-

scopic foci of necrosis were present. Neutralizing antibodies were produced in the animals, but no

shedding of the vector was found in urine, feces, or serum 7 days after intracerebral injection (74).

Intrapulmonary administration uses are exemplified through the use of recombinant adenovirus

vectors containing expression cassettes for human cystic fibrosis transmembrane conductance regu-

lator, which were instilled through a bronchoscope into limited regions of lung in baboons. The only

adverse effect noted was a mononuclear cell inflammatory response within the alveolar compartment

of animals receiving doses of virus that were required to induce detectable gene expression. Minimal

inflammation was seen at 10
7
 and 10

8
 pfu/mL, but at 10

9
 and, more prominently, at 10

10
 pfu/mL, a

perivascular lymphocytic and histiocytic infiltrate was seen (85).

9.1.1. First-Generation Modified Adenoviral Vectors (E1- and E3-Deleted Vectors)

Host immune elimination of infected cells often limits gene expression in vivo to 1–2 weeks after

infection (86,87). In addition to a cell-mediated immune response to the adenovirus infection, a humoral
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response to the injected virus is often generated (88). Although this humoral response may prevent

the use of adenoviral vectors for repeated dosing, it may be blocked or reduced by coadministration

of immunosuppressive agents or cytokines. Alternatively, the use of adenoviruses of different sero-

types may allow for repeated administration, even in the presence of neutralizing antibodies (88).

Harvey et al. (89) reported on 6 years of experience with the local administration of low (<10
9

particle units) and intermediate (10
9
 to 10

11
 particle units) doses of E1

�
/E3

�
 adenovirus vectors to six

different sites. With a group incidence of only 0.7% for major adverse events and no deaths related to

administration of the adenovirus vectors, local administration of low and intermediate doses of adeno-

virus vectors was well tolerated.

9.1.2. Second-Generation Modified Adenoviral Vectors (E1/E2- and E1/E4-Deleted Vectors)

Second-generation adenoviral vectors, mutated in E2a, have been proposed to decrease host immune

responses against transduced cells, reduce toxicity, and increase duration of expression as compared

with first-generation vectors deleted only in E1. The safety of and E1-, E2a-, E3-deleted adenoviral

vector (Av3H82) encoding an epitope-tagged B-domain-deleted human factor VIII complementary

DNA was evaluated in cynomolgus monkeys. Animals received intravenous administration of either

6 � 10
11

 or 3 � 10
12

 particles/kg. Vector distribution was widespread, with the highest levels observed

in liver and spleen. Histopathology, hematology, and serum chemistry analysis identified the liver

and blood as major sites of toxicity. Transient mild serum elevations of liver enzymes were observed,

along with a dose-dependent inflammatory response in the liver. In addition, mild lymphoid hyperpla-

sia was observed in the spleen. Mild anemia and a transient decrease in platelet count were observed,

as was marrow hyperplasia and extramedullary hematopoiesis (90).

When vectors deleted in E1 and containing either a temperature-sensitive mutation in the E2a

gene or a deletion of the E4 region were infused into the hepatic artery of nonhuman primates, mini-

mal toxicity was seen. Histopathology showed that portal inflammation was present throughout both

livers in the animals receiving the high dose. No differences were seen in the level of portal inflam-

mation in targeted and untargeted lobes. PCR analysis detected viral DNA sequence in gonads and

brain as well as many other tissues in baboons treated with high-dose vector. In baboons treated with

lower doses of an E1-E4-deleted vector expressing the human ornithine transcarbamylase gene, DNA

was detectable by nested PCR in liver, but not gonads, at days 29 and 61. The data suggested that

intraarterial administration of recombinant adenoviral E1-E4-deleted vector is feasible and safe. (91).

Toxicity of first-generation and E2a-deleted vectors expressing human �1-antitrypsin was evalu-

ated in C3H mice after administration of increasing doses starting at 1 � 10
12

 particles/kg. Both

vectors induced dose-dependent toxicity, including transient thrombocytopenia, elevated alanine

aminotransferase, and increased hepatocyte proliferation, followed by inflammation and then hyper-

trophy. There were no differences in toxicity between the two vectors when measured at matching levels

of human �1-antitrypsin expression. However, the E2a-deleted vector had slightly reduced hepato-

cyte toxicity at an intermediate particle dose (92). Although these vectors are purported to be less

toxic, the fact remains that the human fatality that occurred in the ornithine transcarbamylase defi-

ciency trial at the University of Pennsylvania was an E1, E4-deleted construct (93).

9.1.3. Modified Tropism Adenoviruses

The current E1-deleted adenoviruses can infect a wide variety of cells through a specific interac-

tion between the viral fiber protein and at least one cell surface receptor. Entry of the virus into the

cell is further enhanced through a specific interaction of the fiber with an integrin “coreceptor.” The

host’s range of tissue susceptibilities to the virus can therefore be altered by various strategies so that

it can bind more efficiently to the target cell surface (94–96). Antibodies against tissue-specific cell

surface proteins can also be coupled to the fiber protein to facilitate partial targeting of the virus (97).

Another approach to achieve “targeting” of the virus is the use of cell-specific promoters to drive
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expression of a therapeutic gene in the context of the recombinant virus (98). Enhanced uptake strate-

gies through fiber modification may present special concerns for toxicity, especially regarding hepato-

toxicity when administered by an intravenous or direct hepatic artery injection. Careful comparison

of a tropism-modified adenoviral vector to the nontropism-modified vector in mouse toxicity and

biodistribution studies as well as nonhuman primate and toxicity studies might be desirable.

9.2. Adeno-Associated Viruses

Members of the family Parvoviridae AAVs are among the smallest of the DNA viruses (99). Unlike

autonomous parvoviruses, AAVs or dependo-viruses require coinfection with unrelated helper viruses

for a productive infection to occur (100,101). As recombinant vectors for gene therapy, they seem to

have several advantages compared to other vectors, such as the transduction of terminally differenti-

ated and nondividing cells (102,103), relatively high stability of transgene expression (104), and the

potential for targeted integration (105,106). From a safety point of view, AAV vectors show a lack of

pathogenicity (107–109), low immunogenicity (104,110), and low risk of insertional mutagenesis

(111). Also, there did not appear to be any evidence of transduction in the gonads of rhesus monkeys

(112). However, AAV has a limited DNA capacity.

9.3. Herpes Simplex Virus

HSV vectors can deliver large amounts of exogenous DNA; however, cytotoxicity and maintenance

of transgene expression are obvious obstacles to their use. They also have the advantages of the

abilities to infect nondividing cells and to establish latency in some cell types. The ability to establish

latency in neuronal cells makes HSV an attractive vector for treating neurological disorders such as

Parkinson’s and Alzheimer’s diseases. In addition, the ability of HSV to infect efficiently a number

of different cell types, such as muscle and liver, may make it an excellent vector for treating non-

neurological diseases.

One problem associated with HSV-based vectors has been the toxicity of the vector in many dif-

ferent cell types. The generation of HSV vectors with deletions in many of the immediate early gene

products, which is similar to the strategy used for adenovirus, has resulted in vectors with reduced

toxicity and antigenicity as well as prolonged expression in vivo (60–65).

No clinical study has been reported in detail with these vectors. Section 8.1.2. details a summary

of preclinical safety considerations pertaining to use of the Aotus monkey in comparison to rodent

species.

9.4. Retroviruses

Retrovirus vectors are replication-defective and are primarily based on the Moloney murine leuke-

mia virus (MMLV), which is a well-studied and well-characterized retrovirus (113,114) with numer-

ous advantages. They have been extensively studied, produce stable integration into the host genome,

and are very efficient at gene transfer. Disadvantages include an infection that is limited to dividing

cells, which makes gene transfer into nondividing cells such as hematopoietic stem cells, hepato-

cytes, myoblasts, and neurons an impossibility, and low titer of products.

There are four theoretical concerns that exist for retroviral-mediated gene transfer that relate to

two potential delayed toxicities. These are insertional mutagenesis, recombination with endogenous

retroviral sequences, transfer of exogenous genetic material, and accidental exposure to replication-

competent murine retroviruses (115). Because retroviral vectors can permanently integrate into the

genome of the infected cell, there is a serious concern regarding insertional mutagenesis causing

the development of a secondary malignancy. The presence of RCRs is of major concern because of

the fact that RCRs have produced lethal malignant T-cell lymphomas in 3/10 rhesus monkeys (78).

These concerns resulted in a publication concerning the FDA considerations on these issues (116)

and the issuance of a new FDA guidance on this subject in October 2000 (36). Some of these con-
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cerns are no longer theoretical. The elation that this type of retroviral-mediated therapy was success-

ful in curing a number of children with SCID (117) has been severely dampened by the reports of a

leukemialike disease produced in two of these children (10–13).

9.5. Lentiviruses

Unlike oncoretrovirusus such as Moloney murine leukemia virus, one subclass of retroviruses, the

lentiviruses, can infect nondividing cells. This makes these viruses attractive for gene transfer. One

of these viruses, human immunodeficiency virus (HIV), has been the subject of investigation by a

number of groups. The most obvious concerns with using HIV for gene therapy is safety and the pos-

sible generation of replication-competent virus during vector production. This involves engineering

the vector so that it is replication defective. This has been done in a number of cases by eliminating

all accessory genes, such as tat, vif, vpr, vpu, and nef, from a packaging construct that still has the

ability to transduce cells (118). Concern about the possibility of insertional activation of cellular

oncogenes by a random integration of the vector provirus into the host genome has led to the develop-

ment of self-inactivating vectors (119–122). The use of self-inactivating viruses significantly improves

the biosafety of HIV-derived vectors because it reduces the likelihood that RCRs will originate dur-

ing vector production and target cells and hampers recombination with wild-type HIV in an infected

host. In an attempt to make even safer constructs, other groups are working on the development of

lentiviral vectors from HIV-2 (123), simian immunodeficiency virus (124), bovine immunodeficiency

virus (125,126), and feline immunodeficiency virus (127). These last vectors may be inherently more

acceptable because they are not based on HIV-1. None of these newer constructs has moved toward

the clinic, so there is little animal safety data and no human data on these vectors yet.

10. SUMMARY AND CONCLUSIONS

This chapter presents a range of issues that might be considered in contemplating the development

of a gene therapy agent to the point of an early phase clinical trial. As no gene therapy product has yet

been recognized as “safe and effective,” the standard approach to these issues should be regarded

very much as a “work in progress.” Indeed, the nature of these agents would suggest that each new

opportunity would call for its own unique set of requirements, so that a single approach will probably

never “standardly” exist. Rather, the principles that underlie regulatory policy should be woven into

the approach to each new agent.

In broad strokes, these involve approaches to answering the following questions: Is the identity of

the agent clearly defined? Can successive batches of the material be made reproducibly in the quan-

tity to support clinical development, and how is this known? Are the biological features of the vector,

and its transgene when applicable, clearly similar in the animal species used for safety studies and in

the human, at least as far as this can be ascertained? What dose is likely to be required for therapeutic

effect? What level of gene expression or replication is necessary to attain a therapeutic effect? When

toxicity occurs because of the agent, what is the evidence the toxicity will be reversible? Is toxicity

after repeated doses of agent likely to be attenuated or magnified by immunological response to the

agent? What are the consequences of long-term presence of the therapeutic agent in the recipient? Is

there a danger of producing directly (as the therapeutic agent itself) or indirectly (through recombina-

tion and/or replication) an infectious agent that acts horizontally in the population or vertically across

generations? How will the presence and distribution of the gene therapy agent be followed in the

patient?

Sponsors are above all encouraged to see the regulatory process as a collaborative interaction with

the regulatory agencies with the end not only of protecting the patient, but also of advancing the most

scientifically defensible and rigorous questions to clinical trial. Far more costly than the conduct of

experiments designed to be compliant with regulatory requirements is a failed or overtly injurious

clinical trial. A clear understanding and a proactive approach in addressing regulatory issues outlined
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here will maximally ensure the likelihood of an interpretable clinical outcome. The regulatory issues

outlined here must be approached with continuing appreciation of the evolving science associated

with the gene therapy field. As such, requirements may evolve with the state of the science, and

careful sustained contact with the regulatory agencies is important in incorporating the best and most

current science into the design, conduct, and interpretation of regulatory studies.

REFERENCES*

1. ICH guidance on quality of biotechnology/biological products: derivation and characterization of cell substrates

used for production of biotechnical/biological products, September 21, 1998. Available on-line at: http://www.fda.

gov/cber/guidelines.htm.

2. ICH: final guideline on quality of biotechnological products: analysis of the expression construct in cells used for pro-

duction of r-DNA derived protein products, February 1996. Available on-line at: http://www.fda.gov/cber/guidelines.htm.

3. ICH guidance on specifications: test procedures and acceptance criteria for biotechnological/biological products,

August 18, 1999. Available on-line at: http://www.fda.gov/cber/guidelines.htm.

4. ICH Guidance for Industry Q1A (R2), stability testing of new drug substances and products, November 20, 2003.

Available on-line at: http://www.fda.gov.cber/guidelines.htm.

5. ICH guidance on viral safety evaluation of biotechnology products derived from cell lines of human or animal origin,

September 24, 1998. Available on-line at: http://www.fda.gov/cber/guidelines.htm.

6. ICH guidance: Q7A good manufacturing practice guidance for active pharmaceutical ingredients, September 25,

2001. Available on-line at: http://www.fda.gov/cber/guidelines.htm.

7. ICH guidance for industry: S6 preclinical safety evaluation of biotechnology-derived pharmaceuticals, July16, 1997.

Available on-line at: http://www.ich.org.

8. ICH: final guidance on stability testing of biotechnological/biological products, July 10, 1996. Available on-line at:

http://www.fda.gov/cber/guidelines.htm.

9. FDA guidance for industry: guidance for human somatic cell therapy and gene therapy, March 30, 1998. Available

on-line at: http://www.fda.gov/cber/guidelines.htm.

10. Check, E. (2002) Gene therapy: a tragic setback. Nature 420, 116–118.

10a. FDA Draft Points to Consider in Human Somatic Cell Therapy and Gene Therapy, August 27, 1991.

11. Hacein-Bey-Abina, S., von Kalle, C., Schmidt, M., et al. (2003) A serious adverse event after successful gene therapy

for X-linked severe combined immunodeficiency. N. Engl. J. Med. 347, 255–256.

12. Check, E. (2002) Regulators split on gene therapy as patient shows signs of cancer. Nature 419, 545–546.

13. Check, E. (2003) Second cancer case halts gene-therapy trials. Nature 421, 305.

14. Pilaro, A. M. and Serabian, M. A. (1999) Preclinical development strategies for novel gene therapy products. Toxicol.

Pathol. 27, 4–7.

15. Pilling, A. M. (1999) The role of the toxicologic pathologist in the preclinical safety evaluation of biotechnology-

derived pharmaceuticals. Toxicol. Pathol. 27, 678–688.

16. Dempster, A. M. (2000) Nonclinical safety evaluation of biotechnologically derived pharmaceuticals. Biotech. Annu.

Rev. 5, 221–258.

17. Griffiths, S. A. and Lumley, C. E. (1998) Non-clinical safety studies for biotechnology-derived pharmaceuticals:

conclusions from an international workshop. Hum. Exp. Toxicol. 17, 63–83.

18. ICH guidance to industry: S7A safety pharmacology studies for human pharmaceuticals, July 12, 2001. Available at:

http://www.fda.gov/cber/guidelines.htm.

19. Code of Federal Regulations, Title 21, Food and Drugs, Part 610.10, Subpart B, General biological products standards;

general provisions; potency, p. 61, revised as of April 1, 2002.

20. Code of Federal Regulations, Title 21, Food and Drugs, Part 610.12, Subpart B, General biological products standards;

general provisions; sterility, pp. 63–67, revised as of April 1, 2002.

21. Code of Federal Regulations, Title 21, Food and Drugs, Part 610.13, Subpart B, General biological products standards;

general provisions; purity, pp. 67–68, revised as of April 1, 2002.

22. Code of Federal Regulations, Title 21, Food and Drugs, Part 610.14, Subpart B, General biological products standards;

general provisions; identity, pp. 68–69, revised as of April 1, 2002.

23. Code of Federal Regulations, Title 21, Food and Drugs, Part 58, Good laboratory practice for nonclinical laboratory

studies, pp. 302–316, revised as of April 1, 2002.

24. Code of Federal Regulations, Title 21, Food and Drugs, Part 210, Current good manufacturing practice in manufac-

turing, processing, packing, or holding of drugs; general, pp. 113–115, revised as of April 1, 2002.

25. Code of Federal Regulations, Title 21, Food and Drugs, Part 211, Current good manufacturing practice for finished

pharmaceuticals, pp. 115–135, revised as of April 1, 2002.

*All websites accessed 05/17/2004.



Regulatory Aspects 469

26. Code of Federal Regulations, Title 21, Food and Drugs, Part 312, Investigational new drug application, pp. 57–95,

revised as of April 1, 2002.

27. FDA guidance for industry: content and format of Investigational New Drug Applications (INDs) for phase I studies

of drugs, including well-characterized, therapeutic, biotechnology-derived products, November 1995. Available on-

line at: http://www.fda.gov/cder/guidance/phase1.pdf.

28. FDA guidance for industry: IND’s for phases 2 and 3 studies of drugs, including specified therapeutic biotechnol-

ogy-derived products, chemistry, manufacturing and controls content and format, April 20, 1999. Available on-line at:

http://www.fda.gov/cber/guidelines.htm.

29. FDA guidance for industry: content and format of chemistry, manufacturing, and controls information and establish-

ment description information for a vaccine or related product, January 5, 1999. Available on-line at: http://www.fda.

gov/cber/guidelines.htm.

30. FDA guidance for industry for the submission of chemistry, manufacturing, and controls information for a therapeu-

tic recombinant DNA-derived product or a monoclonal antibody product for in vivo use, August 1996. Available on-

line at http://www.fda.gov/cber/guidelines.htm.

31. FDA guidance for industry: formal meetings with sponsors and applicants for PDUFA products, March 7, 2000.

Available on-line at: http://www.fda.gov/cber/guidelines.htm.

32. FDA points to consider in the manufacturing and testing of monoclonal antibody products for human use, February

28, 1997. Available on-line at: http://www.fda.gov/cber/guidelines.htm.

33. FDA letter to manufacturers of biological products: recommendations regarding bovine spongiform encephalopathy

(BSE), April 19, 2000. Available on-line at: http://www.fda.gov/cber/ltr/bse041900.htm.

34. FDA Biological Response Modifiers Advisory Committee: current policy on sequence characterization of gene transfer

products, November 16, 2000. Available on-line at: http://www.fda.gov/cber.

35. FDA Biological Response Modifiers Advisory Committee: adenovirus titer measurements and RCA levels, July 13,

2001. Available on-line at: http://www.fda.gov/cber.

36. FDA guidance for industry: supplemental guidance on testing for replication competent retrovirus in retroviral vec-

tor based gene therapy products and during follow-up of patients in clinical trials using retroviral vectors, October

18, 2000. Available on-line at: http://www.fda.gov/cber/guidelines.htm.

37. FDA points to consider in the characterization of cell lines used to produce biologicals, May 17, 1993. Available on-

line at: http://www.fda.gov/cber/guidelines.htm.

38. FDA Dear Gene Therapy IND or Master File Sponsor Letter, March 6, 2000. Available on-line at: http://www.fda.gov/

cber/ltr/gt030600.htm

39. FDA gene therapy patient tracking system final document, June 27, 2002. Available on-line at: http://www.fda.gov/

cber/genetherapy/gttrack.htm.

40. FDA guidance concerning demonstration of comparability of human biological products, including therapeutic bio-

technology-derived products, April 1996. Available on-line at: http://www.fda.gov/cber/gdlns/comptest.txt.

41. Third national NIH gene transfer safety symposium: safety considerations in the use of AAV vectors in gene transfer

clinical trials, March 7, 2001. Available on-line at: http://www4.od.nih.gov/oba/rac/transcript 3-7-011.pdf.

42. Cornetta, K. G. and Robertson, M. J. (2000) Basic principles of gene therapy: basic principles and safety consider-

ations. In Principles and Practice of the Biologic Therapy of Cancer, 3rd ed. (Rosenberg, S. A., ed.), Lippincott,

New York, pp. 733–747.

43. Pilaro, A. M. (2000, November 17) Preclinical animal models in gene therapy research. Biological Response Modi-

fiers Advisory Committee Meeting. Available on-line at: http://www.fda.gov/cber/advisory/brm/brmmain.htm

44. Pacini, D. L., Dubovi, E. J., and Clyde, W. A. Jr. (1984) A new animal model for human respiratory tract disease due

to adenovirus. J. Infect. Dis. 150, 92–97.

45. Whitley, R. (2000, November 16) Use of Aotus monkey to assess neurovirulence of replication-selective herpes

vectors. Biological Response Modifiers Advisory Committee Meeting. Available on-line at: http://www.fda.gov/cber/

advisory/brm/brmmain.htm.

46. Lewandowski, G., Zimmerman, M. N., Denk, L. L., Porter, D. D., and Prince, G. A. (2002) Herpes simplex type 1

infects and establishes latency in the brain and trigeminal ganglia during primary infection of the lip in cotton rats

and mice. Arch. Virol. 147, 167–179.

47. Torres, J. M., Alonso, C., Ortega, A., Mittal, S., Graham, F., and Enjuanes, L. (1996) Tropism of human adenovirus

type 5-based vectors in swine and their ability to protect against transmissible gastroenteritis coronavirus. J. Virol.

70, 3770–3780.

48. Morrissey, R. E., Horvath C., Snyder, E. A., et al. (2002) Porcine toxicology studies of SCH 58500, an adenoviral

vector for the p53 gene. Toxicol. Sci. 65, 256–265.

49. Prince, G. A., Porter, D. D., Jenson, A. B., Horswood, R. L., Chanock, R. M., and Ginsberg, H. S. (1993) Pathogene-

sis of adenovirus type 5 pneumonia in cotton rats (Sigmodon hispidus). J. Virol. 67, 101–111.

50. Prince, G. A. (1994) The cotton rat in biomedical research. Animal Welfare Information Center Newslett. 5. Avail-

able on-line at: http://www.nal.usda.gov/awic/newsletters/v5n2/5n2princ.htm.



470 Aurigemma et al.

51. Ward, L. E. (2001) Handling the cotton rat for research. Lab. Anim. 30, 45–50.

52. Ginsberg, H. S., Lundholm-Beauchamp, U., Horswood, R. L., et al. (1989) Role of early region 3 (E3) in pathogen-

esis of adenovirus disease. Proc. Natl. Acad. Sci. USA 86, 3823–3827.

53. Berencsi, K., Uri, A., Valyi-Nagy, T., et al. (1994) Early region 3-replacement adenovirus recombinants are less

pathogenic in cotton rats and mice than early region 3-deleted viruses. Lab. Invest. 71, 350–358.

54. Smith, J. G., Raper, S. E., Wheeldon, E. B., et al. (1997) Intracranial administration of adenovirus expressing HSV-

TK in combination with ganciclovir produces a dose-dependent, self limiting inflammatory response. Hum. Gene

Ther. 8, 943–954.

55. Rojas-Martinez, A., Wyde, P. R., Montgomery, C. A., Chen, S. H., Woo, S. L., and Aguilar-Cordova, E. (1998)

Distribution, persistency, toxicity, and lack of replication of an E1A-deficient adenoviral vector after intracardiac

delivery in the cotton rat. Cancer Gene Ther. 5, 365–370.

56. Wildner, O. and Morris, J. C. (2002) Subcutaneous administration of a replication-competent adenovirus expressing

HSV-tk to cotton rats: dissemination, dersistence, shedding, and pathogenicity. Hum. Gene Ther. 13, 101–112.

57. Barahona, H., Melendez, L. V., Hunt, R. D., and Daniel, M. D. (1976) The owl monkey (Aotus trivirgatus) as an

animal model for viral diseases and oncologic studies. Lab. Anim. Sci. 26, 1104–1112.

58. Leib, D. A., Hart, C. A., and McCarthy, K. (1987) Characterization of four herpesviruses isolated from owl monkeys

and their comparison with Herpesvirus saimiri type 1 (Herpesvirus tamarinus) and herpes simplex virus type 1.

J. Comp. Pathol. 97, 159–169.

59. Meignier, B., Jourdier, T. M., Norrild, B., Pereira, L., and Roizman, B. (1987) Immunization of experimental animals

with reconstituted glycoprotein mixtures of herpes simplex virus 1 and 2: protection against challenge with virulent

virus. J. Infect. Dis. 155, 921–930.

60. Meignier, B., Martin, B., Whitley, R. J., and Roizman, B. (1990) In vivo behavior of genetically engineered herpes

simplex viruses R7017 and R7020. II. Studies in immunocompetent and immunosuppressed owl monkeys (Aotus

trivirgatus). J. Infect. Dis. 162, 313–321.

61. Hunter, W. D., Martuza, R. L., Feigenbaum, F., et al. (1999) Attenuated, replication-competent herpes simplex virus

type 1 mutant G207: safety evaluation of intracerebral injection in nonhuman primates. J. Virol. 73, 6319–6326.

62. Todo, T., Feigenbaum, F., Rabkin, S. D., et al. (2000) Viral shedding and biodistribution of G207, a multimutated,

conditionally replicating herpes simplex virus type 1, after intracerebral inoculation in Aotus. Mol. Ther. 2, 588–595.

63. Varghese, S., Newsome, J. T., Rabkin, S. D., et al. (2001) Preclinical safety evaluation of G207, a replication-compe-

tent herpes simplex virus type 1, inoculated intraprostatically in mice and nonhuman primates. Hum. Gene Ther. 12,

999–1010.

64. Sundaresan, P., Hunter, W. D., Martuza, R. L., and Rabkin, S. D. (2000) Attenuated, replication-competent herpes

simplex virus type 1 mutant G207: safety evaluation in mice. J. Virol. 74, 3832–3841.

65. Olson, H., Betton, G., Robinson, D., et al. (2000) Concordance of the toxicity of pharmaceuticals in humans and in

animals. Regul. Toxicol. Pharmacol. 32, 56–67.

66. Freireich, E. J., Gehan, E. A., Rall, D. P., Schmidt, L. H., and Skipper, H. E. (1966) Quantitative comparison of

toxicity of anticancer agents in mouse, rat, hamster, dog, monkey, and man. Cancer Chemother. Rep. 50, 219–244.

67. Lozier, J. N., Metzger, M. E., Donahue, R. E., and Morgan, R. A. (1999) The rhesus macaque as an animal model for

hemophilia B gene therapy. Blood 93, 1875–1881.

68. Lozier, J. N., Metzger, M. E., Donahue, R. E., and Morgan, R. A. (1999) Adenovirus-mediated expression of human

coagulation factor IX in the rhesus macaque is associated with dose-limiting toxicity. Blood 94, 3968–3975.

69. Eckardt, L., Haverkamp, W., Borggrefe, M., and Breithardt, G. (1998) Experimental models of torsade de pointes.

Cardiovasc. Res. 39, 178–193.

70. Eckardt, L., Haverkamp, W., Mertens, H., et al. (1998) Drug-related torsade de pointes in the isolated rabbit heart:

comparison of clofilium, d,l-sotalol and erythromycin. J. Cardiovasc. Pharmacol. 32, 425–434.

71. Jaffe, A. S. (2001) Elevations in cardiac troponin measurements: false false-positives: the real truth. Cardiovasc.

Toxicol. 1, 87–92.

72. Sparano, J. A., Brown, D. L., and Wolff, A. C. (2002) Predicting cancer therapy-induced cardiotoxicity: the role of

troponins and other markers. Drug Saf. 25, 301–311.

73. Serabian, M. A. and Pilaro, A. M. (2000, November 17) Preclinical considerations for gene transfer clinical trials:

vector biodistribution. Biological Response Modifiers Advisory Committee Meeting. Available on-line at: http://

www.fda.gov/cber/advisory/brm/brmmain.htm.

74. Goodman, J. C., Trask, T. W., Chen, S. H., et al. (1996) Adenoviral-mediated thymidine kinase gene transfer into the

primate brain followed by systemic ganciclovir: pathologic, radiologic, and molecular studies. Hum. Gene Ther. 7,

1241–1250.

75. Recombinant DNA Advisory Committee (RAC), National Institutes of Health (1999, March 11–12). Meeting sum-

mary (available on-line at: www4.od.nih.gov/oba/rac/summaries/3-99sum.htm.) and meeting minutes RAC Minutes-

03/11-12/99. Available on-line at: www4.od.nih.gov/oba/rac/minutes/3-99 RAC.htm.

76. Snell, G. D., Hummel, K. P., and Abelmann, W. H. (1944) A technique for the artificial insemination of mice. Anat.

Rec. 90, 243–253.



Regulatory Aspects 471

77. Kile, J. C. Jr. (1951) An improved method for the artificial insemination of mice. Anat. Rec. 109, 109–117.

78. Donahue, R. E., Kessler, S. W., Bodine, D., et al. (1992) Helper virus induced T cell lymphoma in nonhuman pri-

mates after retroviral mediated gene transfer. J. Exp. Med. 176, 1125–1135.

79. Zahradnik, J. M., Spencer, M. J., and Porter, D. D. (1980) Adenovirus infection in the immunocompromised patient.

Am. J. Med. 68, 725–732.

80. Haura, E. B., Winden, M. A., Proia, A. D., and Trotter, J. E. (2002) Fulminant hepatic failure due to disseminated

adenovirus infection in a patient with chronic lymphocytic leukemia. Cancer Control 9, 248–253.

81. Lozier, J. N., Csako, G., Mondoro, T. H., et al. (2002) Toxicity of a first-generation adenoviral vector in rhesus

macaques. Hum. Gene Ther. 13, 113–124.

82. Morral, N., O’Neal, W. K., Rice, K., et al. (2002) Lethal toxicity, severe endothelial injury, and a threshold effect

with high doses of an adenoviral vector in baboons. Hum. Gene Ther. 13, 143–154.

83. Nunes, F. A., Furth, E. E., Wilson, J. M., and Raper, S. E. (1999) Gene transfer into the liver of nonhuman primates

with E1-deleted recombinant adenoviral vectors: safety of readministration. Hum. Gene Ther. 10, 2515–2526.

84. Sullivan, D. E., Dash, S., Du, H., et al. (1997) Liver-directed gene transfer in non-human primates. Hum. Gene Ther.

8, 1195–1206.

85. Simon, R. H., Engelhardt, J. F., Yang, Y., et al. (1993) Adenovirus-mediated transfer of the CFTR gene to lung of

nonhuman primates: toxicity study. Hum. Gene Ther. 4, 771–780.

86. Yang, Y., Su, Q., and Wilson, J. M. (1996) Role of viral antigens in destructive cellular immune responses to adeno-

virus vector-transduced cells in mouse lungs. J. Virol. 70, 7209–7212.

87. Yang, Y. and Wilson, J. M. (1995) Clearance of adenovirus-infected hepatocytes by MHC class I-restricted CD4
+

CTLs in vivo. J. Immunol. 155, 2564–2570.

88. Mack, C. A., Song, W. R., Carpenter, H., et al. (1997) Circumvention of anti-adenovirus neutralizing immunity by

administration of an adenoviral vector of an alternate serotype. Hum. Gene Ther. 8, 99–109.

89. Harvey, B. G., Maroni, J., O’Donoghue, K. A., et al. (2002) Safety of local delivery of low- and intermediate-dose

adenovirus gene transfer vectors to individuals with a spectrum of morbid conditions. Hum. Gene Ther. 13, 15–63.

90. Brann, T., Kayda, D., Lyons, R. M., et al. (1999) Adenoviral vector-mediated expression of physiologic levels of

human factor VIII in nonhuman primates. Hum. Gene Ther. 10, 299–301.

91. Raper, S. E., Haskal, Z. J., Ye, X., et al. (1998) Selective gene transfer into the liver of non-human primates with

E1-deleted, E2A-defective, or E1–E4 deleted recombinant adenoviruses. Hum. Gene Ther. 9, 671–679.

92. O’Neal, W. K., Zhou, H., Morral, N., et al. (1998) Toxicological comparison of E2a-deleted and first-generation

adenoviral vectors expressing alpha1-antitrypsin after systemic delivery. Hum. Gene Ther. 9, 1587–1598.

93. Batshaw, M. L., Wilson, J. M., Raper, S., Yudkoff, M., and Robinson, M. B. (1999) Recombinant adenovirus gene

transfer in adults with partial ornithine transcarbamylase deficiency (OTCD). Hum. Gene Ther. 10, 2419–2437.

94. Wickham, T. J., Carrion, M. E., and Kovesdi, I. (1995) Targeting of adenovirus penton base to new receptors through

replacement of its RGD motif with other receptor-specific peptide motifs. Gene Ther. 2, 750–756.

95. Krasnykh, V. N., Mikheeva, G. V., Douglas, J. T., and Curiel, D. T. (1996) Generation of recombinant adenovirus

vectors with modified fibers for altering viral tropism. J. Virol. 70, 6839–6846.

96. Miller, R. and Curiel, D. T. (1996) Towards the use of replicative adenoviral vectors for cancer gene therapy. Gene

Ther. 3, 557–559.

97. Wickham, T. J., Segal, D. M., Roelvink, P. W., et al. (1996) Targeted adenovirus gene transfer to endothelial and

smooth muscle cells by using bispecific antibodies. J. Virol. 70, 6831–6838.

98. Kochanek, S., Clemens, P. R., Mitani, K., Chen, H. H., Chan, S., and Caskey, C. T. (1996) A new adenoviral vector:

replacement of all viral coding sequences with 28 kb of DNA independently expressing both full-length dystrophin

and �-galactosidase. Proc. Natl. Acad. Sci. USA 93, 5731–5736.

99. Siegl, G., Bates, R. C., Berns, K. I., et al. (1985) Characteristics and taxonomy of Parvoviridae. Intervirology 23, 61–73.

100. Atchison, R. W., Casto, B. C., and Hammon, W. McD. (1965) Adenovirus-associated defective virus particles. Science

194, 754–756.

101. Buller, R. M., Janik, J. E., Sebring, E. D., and Rose, J. A. (1981) Herpes simplex virus types 1 and 2 completely help

adenovirus-associated virus replication. J. Virol. 40, 241–247.

102. Kotin, R. (1994) Prospects for the use of adeno-associated virus as a vector for human gene therapy. Hum. Gene Ther.

5, 793–801.

103. Flotte, T. R. and Carter, B. J. (1995) Adeno-associated virus vectors for gene therapy. Gene Ther. 2, 357–362.

104. Flotte, T. R., Afione, S. A., Conrad, C., et al. (1993) Stable in vivo expression of the cystic fibrosis transmembrane

conductance regulator with an adeno-associated virus vector. Proc. Natl. Acad. Sci. USA 90, 10,613–10,617.

105. Kotin, R. M., Siniscalco, M., Samulski, R. J., et al. (1990) Site-specific integration by adeno-associated virus. Proc.

Natl. Acad. Sci. USA 87, 2211–2215.

106. Kotin, R. M., Menninger, J. C., Ward, D. C., and Berns, K. I. (1991) Mapping and direct visualisation of region-

specific viral DNA integration site on chromosome 19q13-qter. Genomics 10, 831–834.

107. Blacklow, N. R., Hoggan, M. D., Kapikian, A. Z., Austin, J. B., and Rowe, W. P. (1968) Epidemiology of adeno-

associated virus infection in a nursery population. Am. J. Epidemiol. 88, 368–378.



472 Aurigemma et al.

108. Blacklow, N. R., Hoggan, M. D., Sereno, M. S., et al. (1971) A seroepidemiologic study of adenovirus-associated

virus infection in infants and children. Am. J. Epidemiol. 94, 359–366.

109. Blacklow, N. R. (1988) Adeno-associated viruses of humans. In Parvoviruses and Human Disease (Pattison, J., ed.),

CRC Press, Boca Raton, FL, pp. 165–174.

110. Chiorini, A., Wendtner, C. M., Urcelay, H., Saffer, B., Hallek, N., and Kotin, R. M. (1995) High efficiency transfer of

the T cell co-stimulatory molecule B7-2 to lymphoid cells using high-titer recombinant adeno-associated virus vec-

tors. Hum. Gene Ther. 6, 1531–1541.

111. Walsh, C. E., Liu, J. M., Xiao, X., Young, N. S., Nienhuis, A. W., and Samulski, R. J. (1992) Regulated high level

expression of a human �-globin gene introduced into erythroid cells by an adeno-associated virus vector. Proc. Natl.

Acad. Sci. USA 89, 7257–7261.

112. Flotte, T. R., Conrad, C., Reynolds, T., et al. (1995) Preclinical evaluation of AAV vectors expressing the human

CTFR cDNA [abstract]. J. Cell Biochem. 21A, 364.

113. Robbins, P. D., Tahara, H., Mueller, G., et al. (1994) Retroviral vectors for use in human gene therapy for cancer,

Gaucher disease, and arthritis. Ann. NY Acad. Sci. 716, 72–88.

114. Riviere, I., Brose, K., and Mulligan, R. C. (1995) Effects of retroviral vector design on expression of human adenos-

ine deaminase in murine bone marrow transplant recipients engrafted with genetically modified cells. Proc. Natl.

Acad. Sci. USA 92, 6733–6737.

115. Cornetta, K. (1992) Safety aspects of gene therapy. Br. J. Haematol. 80, 421–426.

116. Wilson, C. A., Ng, T.-H., and Miller, A. E. (1997) Evaluation of recommendations for replication competent retrovirus

testing associated with use of retroviral vectors. Hum. Gene Ther. 8, 869–874.

117. Hacein-Bey-Abina, S., Le Deist, F., Carlier, F., et al. (2002) Sustained correction of X-linked severe combined

immunodeficiency by ex vivo gene therapy. N. Engl. J. Med. 346, 1185–1193.

118. Kim, V. N., Mitrophanous, K., Kingsman, S. M., and Kingsman, A. J. (1998) Minimal requirement for a lentivirus

vector based on human immunodeficiency virus type 1. J. Virol. 72, 811–816.

119. Miyoshi, H., Blomer, U., Takahashi, M., Gage, F. H., and Verma, I. M. (1998) Development of a self-inactivating

lentivirus vector. J. Virol. 72, 8150–8157.

120. Mitta, B., Rimann, M., Ehrengruber, M. U., et al. (2002) Advanced modular self-inactivating lentiviral expression

vectors for multigene interventions in mammalian cells and in vivo transduction. Nucleic Acids Res. 30, e113.

121. Koya, R. C., Kasahara, N., Pullarkat, V., Levine, A. M., and Stripecke, R. (2002) Transduction of acute myeloid

leukemia cells with third generation self-inactivating lentiviral vectors expressing CD80 and GM-CSF: effects on

proliferation, differentiation, and stimulation of allogeneic and autologous anti-leukemia immune responses. Leuke-

mia 16, 1645–1654.

122. Zufferey, R., Dull, T., Mandel, R. J., et al. (1998) Self-inactivating lentivirus vector for safe and efficient in vivo

gene delivery. J. Virol. 72, 9873–9880.

123. Cheng, L., Chaidhawangul, S., Wong-Staal, F., et al. (2002) Human immunodeficiency virus type 2 (HIV-2) vector-

mediated in vivo gene transfer into adult rabbit retina. Curr. Eye Res. 24, 196–201.

124. Kobayashi, M., Iida, A., Ueda, Y., and Hasegawa, M. (2003) Pseudotyped lentivirus vectors derived from simian

immunodeficiency virus SIVagm with envelope glycoproteins from paramyxovirus. J. Virol. 77, 2607–2614.

125. Berkowitz, R., Ilves, H., Lin, W. Y., et al. (2001) Construction and molecular analysis of gene transfer systems

derived from bovine immunodeficiency virus. J. Virol. 75, 3371–3382.

126. Molina, R. P., Matukonis, M., Paszkiet, B., Zhang, J., Kaleko, M., and Luo, T. (2002) Mapping of the bovine immu-

nodeficiency virus packaging signal and RRE and incorporation into a minimal gene transfer vector. Virology 304,

10–23.

127. Lotery, A. J., Derksen, T. A., Russell, S. R., et al. (2002) Gene transfer to the nonhuman primate retina with recom-

binant feline immunodeficiency virus vectors. Hum. Gene Ther. 13, 689–696.



Index

473

AAV vectors, see Adeno-associated virus
vectors

Adaptive immunity, antitumor responses,
132

Adeno-associated virus (AAV) vectors,
advantages, 386, 387
angiogenesis inhibitor delivery, 267, 268
dendritic cell tumor vaccine, 155
infectivity enhancement, 387
life cycle, 386
packaging cells, 386
production, 386
safety, 466
virus features, 386

Adenosine deaminase deficiency, 5
Adenovirus death protein (ADP), 243
Adenovirus vectors,

Adp53, 24, 26, 27, 351, 352
Advexin, 211
angiogenesis inhibitor delivery, 266, 267
cell entry, 383–385
clinical trials,

oncolytic adenovirus expressing
therapeutic genes, 217, 222–224

ONYX-015, 224, 225,, 249
replicating adenovirus, 217–219, 228

clinical use barriers, 385, 386
combination therapy, 221, 222, 244, 245
conditionally replicating adenoviruses,

cancer gene therapy, 243, 244
exploitation of functional similarities

of adenovirus and cancer, 239–
243

promoters, 237, 238
transcriptional control of early genes,

235–239
virion release maximization, 243

deletion of viral genes,
E1a, 214, 216, 236, 240
E1b-55K, 214, 224, 241

dendritic cell tumor vaccine, 153–155,
179

early gene expression using transcription
factors upregulated in tumor
cells, 216, 217, 222

exploitation of p53 and retinoblastoma
protein defects in cancer, 219,
220

genes, 383
historical perspective, 211, 212, 384
immunogenicity, 385
infectivity enhancement, 384, 385
mechanism of action, 225, 229
oncolytic activity enhancement, 220, 221
prospects, 225, 245, 246
prostate cancer metastasis trials, 310, 311
protein kinase R inhibition, 242
radiation therapy therapeutic ratio

enhancement by replication-
competent virus, 358, 360

radiosensitization gene delivery, 351,
352

regulatory considerations, 453
replication enhancement with fusogenic

membrane glycoproteins, 75,
76

reporter gene imaging in gene therapy,
419, 420

safety studies,
cotton rat model, 455, 456
first-generation vectors, 464, 465
modified tropism vectors, 465, 466
regulatory aspects, 463, 464
second-generation vectors, 465

tissue-specific promoter regulation of
early region genes, 218, 224

virus features and types, 235, 382–384
ADEPT, see Antibody-directed enzyme

prodrug therapy
ADP, see Adenovirus death protein

Curiel_Index_Final 07/22/2004, 12:20 PM473



474 Index

Adp53, 24, 26, 27, 351, 352
AGT, see O6-Alkylguanine-DNA

alkyltransferase
O6-Alkylguanine-DNA alkyltransferase

(AGT),
O6-benzylguanine inhibition and resistant

mutant generation, 323
chemoprotection studies,

large animals and clinical trials, 328,
329

mouse, 325
DNA repair, 322, 323
drug resistance role, 322
gene transfer for improved antitumor
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tumor suppressor activity, 10

APCs, see Antigen-presenting cells
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dendritic cells in cancer, 151
induction in cancer cells with gene therapy,
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combination therapies, 279
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prodrug therapies, 273, 274
TRAIL, 276, 277
tumor suppressor genes, 277–279
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B-cell receptor (BCR),
adaptive immunity and antitumor

response, 132
tumor antigens, 134
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apoptosis regulation, 274
domains, 274
ribozyme targeting, 54

Bcl-Rambo, apoptosis regulation and
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reporter gene imaging in
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ribozyme targeting, 52
silencing RNA targeting, 57 ,
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cancer cells with gene therapy,
275

Bloom syndrome, 14
Bone marrow transplantation, suicide gene
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graft-versus-host disease prevention, 121
purging of tumor cells prior to

transplantation, 121
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Bystander effect,

antibody-directed enzyme prodrug
therapy, 82

fusogenic membrane glycoproteins,
see Fusogenic membrane
glycoproteins

gene-directed enzyme prodrug therapy,
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mechanisms with gene therapy, 27
systemic bystander effects, 65, 66

Cadherins, metastasis role, 304
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CAR, see Cocksackie and adenovirus
receptor

Carboxylesterase, enzyme/prodrug system
for suicide gene therapy, 88

Carboxypeptidase A, enzyme/prodrug
system for suicide gene therapy,
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Carboxypeptidase G2, enzyme/prodrug
system for suicide gene therapy,
88, 89, 91, 93, 94

CBER, see Center for Biologics Evaluation
and Research

CCL21, dendritic cell stimulation, 153
CD40 ligand, tumor vaccine utilization, 4
CD44, metastasis suppression, 302
Cell adhesion molecules, metastasis role,

304, 305
Cell cycle, derangements in cancer, 12
Center for Biologics Evaluation and

Research (CBER), 442, 445
Chemosensitization, see also Drug

resistance,
classification, 335
definition, 335
inhibition targets in gene therapy, see

also P-glycoprotein,
epidermal growth factor receptor, 342
erbB-2, 342
insulin-like growth factor, 342, 343

p53
gene therapy rationale, 338–342
mutations in drug resistance, 338, 339

targets, 335–337
tumor necrosis factor−α, 221

Chemotherapy,
adenoviral vector combination therapy,

221, 222, 244, 245, 343
chemoimmunoconjugates, 82
disadvantages, 81
p53 gene therapy combination trials, 26,

27
regional chemotherapy rationale,

gene-directed enzyme prodrug
therapy, 111

intratumoral administration, 110

intravesical administration, 110
overview, 109, 110

Clinical trials, cancer gene therapy,
antisense trials, 45, 436
bone marrow-targeting trials, 436
p53 replacement, 24, 25, 277–280, 435,

436
phase I trials,

design considerations, 112, 427, 428
maximum tolerated dose, 111, 427,

428
objectives, 111, 112

phase II trial design, 429, 430
phase III trials, 430
published trials, 430–432
regulatory process for investigational

agent development, 445–447
suicide gene therapy, 434, 435

Clostridium vectors,
clostridia-directed enzyme prodrug

therapy,
advantages over other delivery

systems,
construct universality, 397
intratumor distribution, 396, 397
non-immunogenicity, 396
tumor targeting specificity, 397

clinical prospects, 398, 401, 402
overview, 84, 394–396

combination with vascular targeting
agents, 397

hypoxia and necrosis in solid tumors,
393

radioresponsive promoters, 397, 398
tumor colonization, 393, 394

c-myc, antisense targeting, 45
Cocksackie and adenovirus receptor (CAR),

383–385
Commercial development, see Product

development
Conditionally replicating adenoviruses, see

Adenovirus vectors
Contact inhibition, loss in cancer, 12
Current good manufacturing practices, 441,

442, 445, 447, 449
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methotrexate inhibition, 323, 324
prospects for gene therapy, 329
reporter gene imaging of expression, 421

DNA vaccine, see Polynucleotide
immunization

Dominant cancer syndromes, 14, 15
Dopamine D2 receptor, reporter gene for in

vivo radionuclide imaging, 407,
408

Drug resistance, see O6-Alkylguanine-DNA
alkyltransferase; Dihydrofolate
reductase; P-glycoprotein

DT-diaphorase, enzyme/prodrug system for
suicide gene therapy, 88

DTP, see Developmental Therapeutics
Program

E1A,
deletion in adenovirus vectors, 214, 216,

236, 240
domains, 239, 240
metastasis suppression,

gene therapy,
phase I clinical trials, 291
preclinical animal model studies,

289–291
Her-2/neu downregulation, 287–289
mechanisms, 287

p300/CBP interactions and p53
regulation, 213, 216, 241

toxicity, 242, 243
transcriptional regulation, 236, 237
tumor suppressor activity, 287, 288, 436
vector expression,

promoters, 236, 237
transcription factors upregulated in

tumor cells, 216, 217, 219
E1B, apoptosis inhibition, 243
E2F,

adenovirus vector exploitation of p53 and
retinoblastoma protein defects in
cancer, 219, 220

defects in cancer, 213
transcriptional control, 237, 238

EGFR, see Epidermal growth factor
receptor

Egr-1,
ionizing radiation induction, 354
radiation-inducible gene therapy

application, 355, 357
Electroporation, gene delivery, 369
Endostatin, gene therapy for angiogenesis

inhibition, 264, 266, 267
Epidermal growth factor receptor (EGFR),

antisense targeting, 45
chemosensitization via gene therapy

inhibition, 342
overexpression in cancer, 254
Ras signaling, 251
reovirus binding, 251

ErbB-2, chemosensitization via gene
therapy inhibition, 342

EWS/Fli-1 fusion, silencing RNA targeting,
59

Familial adenomatous polyposis, APC
mutations, 10

Farnsyltransferase, inhibitors in Ras
targeting, 256

Fas ligand, apoptosis regulation and
induction in cancer cells with
gene therapy, 276, 277

FDA, see Food and Drug Administration
Fhit, gatekeeper functions, 21
Fibroblast growth factor-2, angiogenesis

role, 261, 262
Flk-1, gene therapy for angiogenesis

inhibition, 268
FMGs, see Fusogenic membrane

glycoproteins
Food and Drug Administration (FDA),

Center for Biologics Evaluation and
Research, 442, 445

Investigational New Drug application,
442

preclinical safety testing requirements,
444

regulatory information resources, 444,
445

regulatory process for investigational
agent development, 445–447

safety guidance statements, 443, 444
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(FMGs),

cell killing mechanisms, 68–72
dendritic cells in cell killing, 69–72
immunostimulation, 76
local bystander killing, 66
prospects in cancer gene therapy, 76
replicating vector enhancement, 74–76
tumor antigen liberation, 72
tumor cell-dendritic cell hybrid

generation, 72–74
tumor killing activity compared with

suicide gene systems, 66

G47∆, see Herpes simplex virus vectors
G207, see Herpes simplex virus vectors
Galactosidase, enzyme/prodrug system for

suicide gene therapy, 88
Gangliosides, dendritic cell differentiation

inhibition, 150
Gap junctions, bystander effects in gene-

directed enzyme prodrug
therapy, 98, 99

GDEPT, see Gene-directed enzyme prodrug
therapy

Gene-directed enzyme prodrug therapy
(GDEPT), see also Suicide gene
therapy,

antibody-directed enzyme prodrug
therapy comparison, 82–84

bystander effect, 81, 93, 98–100
clinical trials,

cytosine deaminase/5-fluorocytosine,
118, 119

nitroreductase/CB1954, 119–121
overview, 100, 101
phase I trial design and objectives,

111–113
table, 113
thymidine kinase/ganciclovir,

brain tumors, 115, 116
colorectal cancer, 116, 117
intracavitary delivery, 117
overview, 114, 117, 118
prostate cancer, 116

definition, 81

efficacy factors, 84
enzymes,

enzyme/prodrug systems, 84–88
expression control, 88, 89, 123
improvement strategies, 91, 92
kinetics considerations, 89–91

imaging, see Imaging, cancer gene
therapy

immune response, 100
potentiation of drug effects, 94, 95
principles, 81, 109, 112
prodrug design, 92–94
prospects, 101, 122, 123
rationale, 109–111
safety, 123
transgene expression monitoring, 123
tumor targeting, 123
vectors, 84, 113, 114, 122, 123

Gene marking,
hematopoietic stem cells, 3
historical perspective, 2, 3
tumor-infiltrating lymphocytes, 2, 3

Genetically modified organism (GMO),
clinical trial design
considerations, 112

Genetic immunotherapy,
adoptive specific immunotherapy, 138
cancer applications, 130
combination with herpes simplex virus

vectors, 204–206
nonspecific immunotherapy,

costimulatory receptors and ligands,
135

cytokines and chemokines, 134, 135
overview, 129, 130
prospects, 139
vaccines for active specific immuno-

therapy, see Tumor vaccines
Genotoxicity, safety studies, 463
Germline integration, safety studies, 462
GFP, see Green fluorescent protein
GLPs, see Good laboratory practices
Glucuronidase, enzyme/prodrug system for

suicide gene therapy, 88
GM-CSF, see Granulocyte-macrophage

colony-stimulating factor

Curiel_Index_Final 07/22/2004, 12:20 PM479



480 Index

GMO, see Genetically modified organism
Good laboratory practices (GLPs), 450, 451
Graft-versus-host disease (GVHD), suicide

gene therapy prevention in
allogeneic bone marrow
transplantation, 121

Granulocyte-macrophage colony-
stimulating factor (GM-CSF),

dendritic cell stimulation, 152, 174, 175
gene delivery, 135
herpes simplex virus vector combination

with genetic immunotherapy, 20
tumor vaccine utilization, 5

Green fluorescent protein (GFP), optical
imaging, 412

GVHD, see Graft-versus-host disease

Harakiri, apoptosis regulation and induction
in cancer cells with gene
therapy, 276

Hematopoietic stem cell (HSC),
gene marking, 3
transplantation and residual disease, 3

Hepatitis viruses, ribozyme targeting, 52
Hereditary nonpolyposis colorectal cancer

(HNPCC),
carriers, 14
gene mutations, 13
relative risk, 14

Heritability, cancer types and known genes,
12, 13, 15

Her-2/neu,
E1A suppression, 287–289
metastasis role, 288
ribozyme targeting, 52
tumor expression, 254

Herpes simplex virus (HSV) vectors,
advantages,

cancer gene therapy, 199, 249
oncolytic therapy, 206, 207

dendritic cell tumor vaccine, 155
dvB7Ig, 204, 205
G207

antitumor efficacy, 201
antitumor immune responses, 202, 203

clinical trial in malignant glioma,
202

safety studies, 201, 202, 456, 457
structure, 200, 201

G47∆, 203, 204, 206
genetic immunotherapy combination,

204–206
life cycle, 388
owl monkey model for safety testing,

456, 457
prospects, 206
radiation therapy therapeutic ratio

enhancement by replication-
competent herpes simplex virus-
1, 357, 358

replication enhancement with fusogenic
membrane glycoproteins, 76

reporter gene imaging in oncolytic virus,
420, 421

safety, 466
virus features, 388

High-risk, rare genes, in carcinogenesis, 14,
15

Historical perspective, cancer gene therapy,
1–7

HIV, see Human immunodeficiency virus
HNPCC, see Hereditary nonpolyposis

colorectal cancer
Horseradish peroxidase, enzyme/prodrug

system for suicide gene therapy,
88

HPV, see Human papillomavirus
HSC, see Hematopoietic stem cell
HSV vectors, see Herpes simplex virus

vectors
Human immunodeficiency virus (HIV),

ribozyme targeting, 52, 59
suicide gene therapy, 121, 122

Human papillomavirus (HPV),
DNA vaccine trials, 192
tumor vaccine, 136

Hypoxanthine-guanine
phosphoribosyltransferase,
enzyme/prodrug system for
suicide gene therapy, 88
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ICH, see International Conference on
Harmonization

IGF, see Insulin-like growth factor
IL-2, see Interleukin-2
IL-4, see Interleukin-4
IL-6, see Interleukin-6
IL-10, see Interleukin-10
IL-12, see Interleukin-12
IL-18, see Interleukin-18
Imaging, cancer gene therapy, see also

specific imaging modalities
applications, 405, 419–422
needs, 405, 408
optical imaging,

advantages, 411, 412
green fluorescent protein, 412
luciferase,

firefly enzyme, 412
sea pansy enzyme, 412, 413

prospects, 422
reporter gene expression correlation with

therapeutic gene expression,
bicistronic messages, 416, 417
bidirectional promoters, 416
coadministration of vectors, 415
dual promoters, 415, 416
gene fusions, 415
thymidine kinase as reporter, 414, 415
tissue-specific promoters, 417
two-stage transcriptional activation

systems for somatic cell reporter
gene expression, 417–419

reporter genes,
rationale for analysis, 406, 407
reporter genes for in vivo radionuclide

imaging,
dopamine D2 receptor, 407, 408
sodium iodide symporter, 410, 411
somatostatin receptor, 410
thymidine kinase, 408, 409, 415

vector delivery, 406
Immune response, tumors,

adaptive immunity, 132
dendritic cells, 132, 133
escape mechanisms, 134

innate immunity, 131
tumor antigens,

B-cell versus T-cell antigens, 134
self- versus non self-antigens, 133

Immune surveillance escape, cancer cells, 12
Immunogenicity, vectors, 6, 100, 459
Immunotherapy, see also Genetic

immunotherapy,
active versus passive, 129
clinical trials, 432-434
history of cancer cell targeting, 129

IND application, see Investigational New
Drug application

Innate immunity, antitumor responses, 131
Insulin-like growth factor (IGF),

chemosensitization via gene
therapy inhibition, 342, 343

Integrins,
cancer expression and metastasis role,

302–304
ribozyme targeting, 54

Interferons,
antitumor responses, 131
dendritic cell stimulation, 152, 153
protein kinase R induction, 242

Interleukin-2 (IL-2),
antitumor activity, 129
gene therapy combination with suicide

gene therapy, 96, 97
tumor vaccine utilization, 5

Interleukin-4 (IL-4), dendritic cell
stimulation, 152

Interleukin-6 (IL-6), dendritic cell
differentiation inhibition, 150

Interleukin-10 (IL-10), dendritic cell
differentiation inhibition, 150

Interleukin-12 (IL-12), gene therapy,
angiogenesis inhibition, 266
combination with suicide gene therapy,

96, 97
Interleukin-18 (IL-18), dendritic cell

stimulation, 153
International Conference on Harmonization

(ICH),
historical perspective, 443

Curiel_Index_Final 07/22/2004, 12:20 PM481



482 Index

preclinical safety testing requirements, 444
regulatory information resources, 444, 445
safety guidance statements, 443, 444

Investigational New Drug (IND)
application, 442

Jet injection, gene delivery, 370, 371

KAI1, metastasis suppression, 301
Km, see Michaelis constant

Lactamase, enzyme/prodrug system for
suicide gene therapy, 88

Langerhans cell, see Dendritic cell
Lentivirus vectors,

dendritic cell tumor vaccine, 156
features, 388
regulatory considerations, 453
safety, 467

Li-Fraumeni syndrome, relative risk, 14
Liposome, gene delivery, 373, 374
Low-risk, common genes, in carcinogenesis,

14, 15
Luciferase, optical imaging,

firefly enzyme, 412, 419, 420
sea pansy enzyme, 412, 413

Macrophage colony-stimulating factor (M-
CSF), dendritic cell
differentiation inhibition, 150

Magnetic resonance imaging (MRI),
reporter gene imaging, 411
vector delivery imaging, 406

Magnetic resonance spectroscopy (MRS),
suicide gene studies, 98

Magnetofection, gene delivery, 371
Matrix metalloproteinases (MMPs),

angiogenesis,
inhibition with gene therapy, 267
role, 261

metastasis role, 303
ribozyme targeting, 54

Maximal velocity (Vmax), gene-directed
enzyme prodrug therapy
considerations, 89–91, 113

Maximum tolerated dose (MTD), 111, 427,
428

MBOs, see Mixed-backbone
oligonucleotides

M-CSF, see Macrophage colony-stimulating
factor

Mdm2,
antisense targeting, 45
regulation of p53, 23, 212, 338

MDR-1, see P-glycoprotein,
MEN2, see Multiple endocrine neoplasia 2
MET, see Methionine lyase,
Metastasis, see also Prostate cancer

metastasis,
cascade, 300
definition, 300
E1A suppression,

gene therapy,
phase I clinical trials, 291
preclinical animal model studies,

289–291
Her-2/neu downregulation, 287–289
mechanisms, 287

p202 suppression,
gene therapy studies, 292–294
mechanisms, 291, 292

prostate cancer metastasis,
angiogenesis targets, 305, 306
cell adhesion molecules, 304, 305
clinical trials,

Ad-OC-E1a, 311
Ad-OC-TK, 310, 311
calydon CV787, 311

difficulty in treatment, 299
epithelial cell component targets,

301–305
epithelial-stromal cell interaction

targets, 305
osteocalcin expression regulation,

306, 307
prostate-specific antigen,

enhancer sequences for gene
therapy, 308, 309

promoter and expression
regulation, 307, 308
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prostate-specific membrane antigen
expression regulation, 309

PSES chimeric promoter for gene
therapy, 310

suppressors, 301–304
stages, 300, 301

Methionine lyase (MET), enzyme/prodrug
system for suicide gene therapy,
88

Methylphosphonate oligonucleotides, 38
Michaelis constant (Km), gene-directed

enzyme prodrug therapy
considerations, 89–91, 113

Mixed-backbone oligonucleotides (MBOs),
39

MKK4/SEK1, metastasis suppression, 301,
302

MMPs, see Matrix metalloproteinases
MRI, see Magnetic resonance imaging
MRS, see Magnetic resonance

spectroscopy
MTD, see Maximum tolerated dose
Multiple endocrine neoplasia 2 (MEN2),

carriers, 14
relative risk, 14

Multistage theory, carcinogenesis, 10, 11, 13

Nanoplex, gene delivery, 374, 375
National Institutes of Health (NIH),

Developmental Therapeutics Program,
441, 442

Recombinant DNA Advisory Committee,
see Recombinant DNA
Advisory Committee

Natural killer (NK) cell,
antitumor responses, 131
gene-modified cells for adoptive specific

immunotherapy, 138
Neurofibromatosis, 14, 21
NF1, gatekeeper functions, 21
NIH, see National Institutes of Health
NIS, see Sodium iodide symporter
Nitroreductase,

enzyme/prodrug system for suicide gene
therapy, 88, 93

gene-directed enzyme prodrug therapy
trials with CB1954, 119–121

NK cell, see Natural killer cell
NMR, see Nuclear magnetic imaging
Nuclear magnetic imaging (NMR), suicide

gene studies, 98

ONYX-015, see Adenovirus vectors
Osteocalcin, expression regulation in

prostate cancer, 306, 307
Osteomimicry, prostate cancer cells, 305

p16, apoptosis regulation, induction in cancer
cells with gene therapy, 278

p19ARF, 23
p21, apoptosis regulation and induction in

cancer cells with gene therapy,
278, 279

p53,
adenovirus vector exploitation of p53 and

retinoblastoma protein defects in
cancer, 219, 220

Adp53 vector, 24, 26, 27
defects in cancer, 212–214
functions, 21, 23
mdm2 regulation, 23, 212, 338
mutations,

cancer, 10, 20, 23, 277
drug resistance, 338, 339

radiosensitization gene therapy, 351, 352
replacement studies in cancer,

combination with conventional
cytotoxic therapy,

chemosensitization, 338–342
clinical trials with chemotherapy,

26, 27
clinical trials with radiation

therapy, 27, 351, 352
preclinical studies, 26
rationale, 26

gene therapy clinical trials, 24, 25,
277–280, 435, 436

preclinical studies, 23, 24
prospects, 27
rationale, 6, 23
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p73, gatekeeper functions, 21
p202,

angiogenesis suppression, 294
apoptosis promotion, 292
cell cycle regulation, 292
metastasis suppression,

gene therapy studies, 292–294
mechanisms, 291, 292

prospects for gene therapy, 294
protein interactions, 292

p300/CBP, E1a interactions and p53
regulation, 213, 216, 241

PDME systems, see Prodrug metabolizing
enzyme systems,

PEG, see Polyethylene glycol
PEI, see Polyethyleneimine
PET, see Positron emission tomography
P-glycoprotein,

chemoprotection studies,
large animals and clinical trials, 328,

329
mouse, 324, 325

drug resistance role, 337, 338
drug specificity, 321, 322
hematopoietic cell expression, in vivo

selection, 327
prospects for gene therapy, 329
ribozyme targeting, 54
selection of transduced cells, 5

Pharmacology, safety studies, 459, 460
Philadelphia chromosome,

ribozyme targeting, 52
silencing RNA targeting, 57, 53

Phosphothioae oligonucleotides, 38
PKR, see Protein kinase R
Pleiotrophin, ribozyme targeting, 54
PNI, see Polynucleotide immunization
Polyethylene glycol (PEG), DNA

polyplexes for gene delivery,
372, 373, 375

Polyethyleneimine (PEI), DNA polyplexes
for gene delivery, 371–373

Polymorphisms, 9
Polynucleotide immunization (PNI),

advantages, 185

barries to cellular uptake, 367, 368
clinical limitations, 185, 186
clinical trials in cancer, 191, 192
delivery,

direct injection, 368
electroporation, 369
gene gun delivery, 186, 368, 369
intramuscular delivery, 186
jet injection, 370, 371
magnetofection, 371
ultrasound facilitation, 370

dendritic cell tumor vaccine, 156, 157
immune response induction,

antigen-presenting cells, 187, 189, 190
enhancement strategies, 189–191
factors affecting, 188, 189
T-cells, 187, 188

messenger RNA versus DNA plasmids,
187

oral delivery, 186
particle-based gene transfer systems,

lipoplexes, 373, 374
nanoplexes, 374, 375
polyplexes, 371–373
prospects, 375

preclinical studies, 191
prospects, 192, 193
regulatory considerations, 452, 453

Positron emission tomography (PET),
reporter genes for in vivo imaging,

dopamine D2 receptor, 407, 408
sodium iodide symporter, 410, 411
somatostatin receptor, 410
thymidine kinase, 408, 409, 422

suicide gene imaging, 97, 98
thymidine kinase substrates, 409, 410
vector delivery, 406

Prodrug metabolizing enzyme (PDME)
systems,

development, 4
enzyme/prodrug systems for suicide gene

therapy, 84–89
Product development,

cellular therapies, 452
DNA plasmids, 452, 453
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principles of regulatory requirements for
a well-characterized product,

formulation and stability, 450
identity, 447
potency, 450
purity, 447, 449, 450

research activity organization for
development optimization,

assays and resources, 452
good laboratory practices, 450, 451
raw materials, 451
reference standards, 451, 452
segregation of laboratory activities,

451
toxicology material preparation, 452

safety study design,
adeno-associated virus vectors, 466
adenovirus vectors, 463–466
animal model selection, 455–457
biodistribution/pharmacokineic

studies, 460, 461
carcinogenicity studies, 463
dissemination, persistence, and

shedding, 461
dose, route, and schedule, 457, 458
general toxicity issues, 454, 455
genotoxicity studies, 462, 463
germline integration, 462
herpes simplex virus vectors, 466
immunogenicity, 459
immunotoxicty studies, 462
lentivirus vectors, 467
local tolerance studies, 463
pharmacological and toxicological

endpoints, 458, 459
repeated-dose toxicity studies, 462
reproductive/teratology studies, 462
retrovirus vectors, 466, 467
safety pharmacology, 459, 460
single-dose toxicity studies, 461, 462

steps for gene therapy projects, 442,
445–447

viral agents, 453
Prostaglandins, dendritic cell differentiation

inhibition, 151

Prostate cancer metastasis,
angiogenesis targets, 305, 306
cell adhesion molecules, 304, 305
clinical trials,

Ad-OC-E1a, 311
Ad-OC-TK, 310, 311
calydon CV787, 311

difficulty in treatment, 299
epithelial cell component targets, 301–

305
epithelial-stromal cell interaction targets,

305
osteocalcin expression regulation, 306,

307
prostate-specific antigen,

enhancer sequences for gene therapy,
308, 309

promoter and expression regulation,
307, 308

tissue-specific promoter, 417
prostate-specific membrane antigen

expression regulation, 309
PSES chimeric promoter for gene

therapy, 310
reporter gene imaging in gene therapy,

419, 420
suppressors, 301–304

Protein kinase A, antisense targeting, 45
Protein kinase C, antisense targeting, 45
Protein kinase R (PKR),

adenovirus inhibition, 242
herpes simplex virus induction, 200
interferon induction, 242
reovirus inhibition, 252–254

PSES promoter, 310
PTEN, gatekeeper functions, 21
Purine nucleotide phosphorylase, enzyme/

prodrug system for suicide gene
therapy, 88, 93

RAC, see Recombinant DNA Advisory
Committee

Radiation therapy,
adenoviral vector combination therapy,

222
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principles, 349
radiation-induced gene expression,

cell death, 349, 350
Egr-1, 354, 355, 357
immediate early gene induction, 354
tumor necrosis factor−α for inducible

gene therapy, 355, 357
radioresponsive promoters with

Clostridium vectors, 397, 398
Radiosensitization,

gene therapy,
delivery systems, 351
p53 delivery with viral vectors, 351,

352
prospects, 360, 361
replication-deficient vectors for

suicide gene delivery, 352–354
therapeutic ratio enhancement, 350,

351
suicide gene combinations, 97, 350–354
tumor necrosis factor−α, 355

RANK ligand, metastasis role, 305
Ras,

epidermal growth factor receptor
signaling, 251

mutations in cancer, 254
oncogenic activity, 10
therapeutic targeting, 255, 256

Rb, see Retinoblastoma protein
Recessive cancer syndromes, 14
Recombinant DNA Advisory Committee

(RAC),
historical perspective, 442
overview of functions, 3, 24
preclinical safety testing requirements,

444
regulatory information resources, 444,

445
Relative risk (RR), cancer, 14, 15
Reovirus,

advantages in cancer gene therapy, 249
cancer cell infection, 250, 251
human infections and safety, 250
infection mechanism, 251–254
life cycle of virus, 250

oncolysis, 254, 255
protein kinase R inhibition, 252–254
serotypes, 249
virus features, 250

Restenosis, prevention with suicide gene
therapy, 122

Retinoblastoma,
carriers, 14
familial disease, 13

Retinoblastoma protein (Rb),
adenovirus vector exploitation of p53 and

retinoblastoma protein defects in
cancer, 21, 220

defects in cancer, 212–214, 278
gatekeeper functions, 21

Retrovirus vectors, see also Lentivirus
vectors,

angiogenesis inhibitor delivery, 268
dendritic cell tumor vaccine, 155, 156
DNA integration into host, 380
ex vivo gene transfer, 380, 381
features of virus, 380
host range and virus pseudotyping, 381,

382
life cycle, 380
packaging cells, 380, 381
regulatory considerations, 453
safety, 381
safety, 466, 467
suicide gene delivery, 381
transductional targeting, 382
types, 380

Ribozyme,
delivery, 54
discovery, 51
evolutionary significance, 55
RNA repair mediation, 55
silencing RNA therapy comparison, 59,

60
structures, 51, 52
substrate turnover, 55
therapeutic applications and prospects,

52, 54, 56
transgenic animal expression, 54, 55
types, 51
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RNAi, see RNA interference
RNA interference (RNAi),

antisense therapy mechanisms, 40
discovery, 35, 51
mechanisms, 35, 51, 52
ribozyme therapy comparison, 59, 60
synthesis of silencing RNAs, 56, 57
therapeutic potential, 35, 37
therapeutic prospects, 57–59

RNase H,
antisense therapy mechanism, 39, 40
digestion-based screening in antisense

design, 41
RNA vaccine, see Polynucleotide

immunization
RNA world, 55
RR, see Relative risk

Safety studies, see Product development
Salmonella vectors,

accumulation in tumors, 399, 400
antitumor effects, 400
clinical trials, 401
gene-directed enzyme prodrug therapy,

84
pathogenicity reduction, 399, 400
protein delivery, 400, 401

SCID, see Severe combined
immunodeficiency

Selectins, metastasis role, 304
Severe combined immunodeficiency

(SCID), 5, 44, 255, 421, 444
Silencing RNA, see RNA interference
Single-photon emission computed

tomography (SPECT), reporter
genes for in vivo imaging,

dopamine D2 receptor, 407, 408
sodium iodide symporter, 410, 411
somatostatin receptor, 410
thymidine kinase, 408, 409

Sodium iodide symporter (NIS), reporter
gene for in vivo radionuclide
imaging, 410, 411

Somatostatin receptor, reporter gene for in
vivo radionuclide imaging, 410

SPECT, see Single-photon emission
computed tomography

STI571, 58
Suicide gene therapy, see also Antibody-

directed enzyme prodrug
therapy; Clostridium vectors;
Gene-directed enzyme prodrug
therapy,

bone marrow purging of tumor cells prior
to transplantation, 121

clinical trials, 434, 435
combination therapies,

cytokine gene therapy, 96, 97
multiple suicide gene utilization, 96
radiosensitizing gene combinations, 97

enzyme/prodrug systems, 84–88
graft-versus-host disease prevention in

allogeneic bone marrow
transplantation, 121

human immunodeficiency virus
treatment, 121, 122

immune response, 100
restenosis prevention, 122

T-cell,
dendritic cells in activation, 148, 149,

173, 176
DNA vaccine immune response

induction, 187, 188
gene-modified cells for adoptive specific

immunotherapy, 138
T-cell receptor (TCR),

adaptive immunity and antitumor
response, 132

tumor antigens, 134
TCR, see T-cell receptor
Telomerase, activity in cancer, 12
Teratology, safety studies, 462
Thrombospondin-2, gene therapy for

angiogenesis inhibition, 265, 306
Thymidine kinase,

adenovirus vector delivery, 224
enzyme/prodrug system for suicide gene

therapy, 88, 91–97, 273, 274,
435
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gene-directed enzyme prodrug therapy
trials with ganciclovir,

brain tumors, 115, 116
colorectal cancer, 116, 117
intracavitary delivery, 117
overview, 114, 117, 118
prostate cancer, 116

potentiation of drug effects in suicide
gene therapy, 94, 95

radiosensitization applications, 352–354
reporter gene for in vivo radionuclide

imaging, 408, 409, 415, 422
Thymidine phosphorylase, enzyme/prodrug

system for suicide gene therapy,
88, 96

Tie2, gene therapy for angiogenesis
inhibition, 267

TILs, see Tumor-infiltrating lymphocytes
TIMPs, see Tissue inhibitors of

metalloproteinases
Tissue inhibitors of metalloproteinases

(TIMPs), gene therapy for
angiogenesis inhibition, 267

Tissue targeting, approaches, 28
TNF−α, see Tumor necrosis factor−α
TRAIL, apoptosis regulation and induction

in cancer cells with gene
therapy, 276, 277

Transgenic animals, reporter gene imaging,
421, 422

TSG, see Tumor suppressor gene
Tumor antigens,

B-cell versus T-cell antigens, 134
self- versus non self-antigens, 133
vaccination, see Polynucleotide

immunization; Tumor vaccines
Tumor-infiltrating lymphocytes (TILs),

gene marking, 2, 3
Tumor necrosis factor−α (TNF−α),

adenovirus vector delivery, 222, 224
chemosensitization, 221
dendritic cell stimulation, 152
radiation-inducible gene therapy, 355,

357
radiosensitization, 355

Tumor suppressor gene (TSG), see also
specific genes,

apoptosis regulation and induction in
cancer cells with gene therapy,
277–279

gatekeeper genes, 21
history of study, 19, 20
identification of novel genes, 28
p53 gene therapy trials, see p53
replacement therapy,

combination with other gene therapy
strategies, 28

overview, 20, 23, 27
prospects, 27–29

types and functions, 20–23
Tumor vaccines,

combination strategies, 138
dendritic cells,

administration routes, 158
clinical trials, 160, 161, 179
danger signals, 157
ex vivo generation, 157
in vivo targeting, 157, 158
overview, 137, 138, 144, 178, 179
prospects, 161, 162
selective transduction in vivo, 159
target molecules for in situ trans-

duction and activation, 159, 160
vectors, 153–157

design considerations, 135, 136
history of study, 4, 5
human papillomavirus, 136
prospects, 139
vectors,

polynucleotide vectors, 136
viral vectors, 136, 137

whole-tumor cell vaccines, 138
Tumstatin, 306
Tyrosine kinase, enzyme/prodrug system for

suicide gene therapy, 84, 88
Ultrasound, gene delivery facilitation, 370

Vaccinia virus vectors,
dendritic cell tumor vaccine, 155
features, 388
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Vascular endothelial growth factor (VEGF),
angiogenesis,

role, 261, 262
inhibition,

antisense, 268
receptor gene therapy, 267

dendritic cell differentiation inhibition,
150

Vectors, see also specific vectors,
bacterial vectors, see specific bacteria
current good manufacturing practice

questions for recombinant virus
vectors, 447, 448

dendritic cell tumor vaccines, 153–157
development, 28
ideal properties, 1
immunogenicity, 6, 100, 459
nonviral vectors, see Polynucleotide

immunization

tumor vaccines, 136, 137
viral vectors, see specific viruses

VEGF, see Vascular endothelial growth
factor

Vesicular stomatitis virus (VSV), G protein
pseudotyping of retroviral
vectors, 381, 382

VHL, gatekeeper functions, 21
Vitravene, 35
Vmax, see Maximal velocity
VSV, see Vesicular stomatitis virus

Wilms’ tumor, 14

Xanthine-guanine
phosphoribosyltransferase,
enzyme/prodrug system for
suicide gene therapy, 88

Xeroderma pigmentosum, 14
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