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The ability to label antigens and antibodies with simple
chemicals and even with whole proteins fostered new
approaches to basic studies of the immune system as well as
new methods of immunodiagnosis and immunotherapy. This
was especially true following the introduction of monoclonal
antibodies, which enhanced the specificity of many of these
applications. The uses to which these labeled immunoreagents
were put were legion, and those who employed them might
come from any field of biology or medicine. Many of these
technical elaborations were critical to progress in immunology
and in many other biomedical sciences. They illustrate also the
often complex interplay between technology and theory.

Such substances...would represent...magic bullets which seek
their target of their own accord.

Paul Ehrlich, 1906 (ref. 1)

...either scientific instruments and techniques are derived from
theory, or they are the ground upon which theory is based.

Keating and Cambrosio, 1994 (ref. 2)

A new dimension in the young field of immunology was opened in
1906 when Obermeyer and Pick3 showed that the chemical treat-
ment of proteins could confer upon them new antigenic specifici-
ties. Thus, immunization with diazotized proteins would induce
the formation of antibodies specific for the attached chemical
group, an approach that would later be applied to the study of anti-
body specificity by Karl Landsteiner and others. The use of labeled
antigens for specificity studies proved to be only the tip of a tech-
nological iceberg; labeled antigens (and antibodies) would soon be
employed as immunohistochemical reagents for localization pur-
poses. Then, with the advent of monoclonal antibodies, these
would be modified to furnish exquisite tools for the separation of
cell mixtures and for immunodiagnosis and immunotherapy. The
popularity and importance of these many uses of labeled proteins
in immunology is apparent from the great proliferation of publica-
tions: literally tens of thousands of citations in the US National
Library of Medicine online4.

The development of each of the many applications of labeled anti-
gens and antibodies has its own inner logic, which will be explored
briefly in this historical account. Some technical advances involve the
combination of two methods (often from outside disciplines) to form
a useful third one; others represent the step-by-step accretion of com-
plexity as methods are adapted to answer new questions or to better
answer old ones. Equally interesting is the interplay of technique and
theory; sometimes an idea would demand a new technique for its
pursuit, while in other situations application of a new method might
push concept and understanding in entirely new directions.

Labeled antigens
From the very outset, an understanding of the nature of immunolog-
ical specificity was central to all studies within this field. Paul
Ehrlich’s prediction that specificity depends on the stereochemical fit
of an antibody (cell receptor) with its antigen was just that: a theory
that could not be tested using the ill-defined molecules of the 1890s.
But when Karl Landsteiner seized upon the practice of labeling pro-
tein with simple chemical groups (haptens) to study the resulting
anti-hapten antibodies, a powerful tool emerged5. He could now
show such fine variations of specificity as the difference between
antibodies to malonanilic and succinanilic acids (differing by one
carbon atom in length); to ortho-, meta- and para-azobenzoates (dif-
fering by the site of attachment on the benzene ring) and to L-, 
D- and M-tartaric acids (differing by the spatial orientation of the
groups on the carbon atoms). More than this, he could show from
these studies the extent of the degeneracy (in later terms, polyclonal-
ity) of the immune response, soon to loom large in discussions of the
size and origin of the antibody repertoire6.

The production of antibodies to hapten-conjugated antigens
enabled the first estimates of the size of the antibody-combining
site7. In the hands of Pauling and Pressman, Karush and others8, the
thermodynamics and heterogeneity of the antibody-hapten interac-
tion could be estimated9, and Eisen and Karush could use the
approach to demonstrate conclusively by equilibrium dialysis the
divalency of antibody10.

Many of the haptens that were employed to label antigens were col-
ored, and it occurred to Florence Sabin in 1939 that this might offer a
way to track how protein antigens are distributed in the body11.
Locating the antigen might be critical in determining where antibody
is formed and by what cells. However, the colored labels proved to be
insufficiently sensitive markers, and better ones were sought. The
demand was met with the introduction of fluorescent12 and radioac-
tive13 labeling techniques, and sensitivity was increased markedly. In a
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review of the relative merits of the two methods, Pressman et al.14

showed that whereas the fluorescein label might permit more precise
localization geographically, the use of a radioiodine label could be
some 1,500 times more sensitive, depending upon the specific activity
of the radiolabel coupled.

Iodine-labeled antigens found extensive application in the study of the
kinetics of antibody formation and catabolism15. Campbell and Garvey
would use this approach in a generally unsuccessful attempt to demon-
strate the persistence of antigen throughout the entire course of an
immune response16, a critical requirement of Pauling’s instructive theory
of antibody formation that they espoused, then under attack by the
clonal selectionists. Another early application of labeled antigens was for
the quantitative estimation of antibody titers. Michael Heidelberger cou-
pled highly colored ‘R-salt’ to protein antigen and used it to precipitate its
specific antibody; total protein was measured, and then antigen protein
was deduced by colorimetric analysis17. Even more elegant and sensitive
was the introduction by Farr of a radioiodinated antigen for the assay of
antibody18. Here, the immune complex is precipitated by ammonium
sulfate, and the antigen remaining in the supernatant is measured.
Related to this was the radioimmunoassay technique of Yalow and
Berson for the assay of a wide variety of biological substances19. This
involves measurement of the competition between the test sample and a
standardized iodine-labeled antigen for binding to an immobilized anti-
body. In this manner, nanogram to picogram amounts of certain sub-
stances could be measured (such as the hormones that interested Yalow).
Radioimmunoassay has been largely replaced by the enzyme-linked
immunosorbent assay (ELISA), in which an enzyme-labeled antigen is
used in place of the radioactive one20. The system can also be reversed by
the use of enzyme-labeled antibody to test for antigen.

One of the more interesting applications of labeled antigens takes
advantage of the pharmacological activity of the activation products of
the complement cascade. During the course of normal immune
responses, a product of the third component, C3b, becomes attached
to antigen, thus ‘labeling’ it, and enhancing immunogenicity by
attaching the complex to complement receptors on antigen-presenting
cells21. Both C3b and C3d have been employed as adjuvants to
enhance the response to vaccines by attachment chemically to the
immunizing antigen22.

Labeled antibodies
Whenever a technique is shown to be useful in one area, it will surely
be seized on and adapted to answer questions in other areas. Thus the
utility of labeled antigens was quickly extended to the coupling of
similar labels onto antibodies. Once Reiner showed that arsanilic acid
might be coupled to anti-pneumococcal antibody without loss of
specificity23 and Breinl and Haurowitz (authors in 1930 of a popular
instructionist theory of antibody formation24) showed that treatment
of bacterial agglutinins with iodine, diazonium groups, formol and so
on did not completely destroy the ability of these antibodies to clump
bacteria25, the way was open for the exploration of many new avenues
of both basic and applied immunological research.

The first practical application of labeled antibodies addressed an
important question about the very nature of the antibody molecule. It
was still unclear in the 1930s whether antibodies were actually proteins.
Arguing against this was the finding that antisera could be so diluted
that they would still agglutinate bacteria despite containing no
detectable protein. John Marrack then coupled the dye R-salt to antity-
phoid sera and found that the bacteria were colored specifically at sim-
ilar high dilutions of the antiserum. He concluded that contemporary
methods for the assay of proteins were too insensitive and that antibod-
ies are in fact proteins26.

In his 1961 presidential address to the American Association of
Immunologists27, Albert Coons described his original idea of using a
labeled antibody to test the theory that streptococci might be respon-
sible for rheumatic fever. He first tried to detect bacteria with
Marrack’s R-salt-labeled antibodies, but the color was too faint in tis-
sue section to be useful. He next considered a fluorescent label, and by
happy chance two Harvard organic chemists were just then experi-
menting with the coupling of fluorescent anthracene isocyanate to
proteins. Coons’ idea, joined to the chemists’ methods, gave birth to
the founding communication in what became the broadly productive
field of immunohistochemistry28. Because the whitish fluorescence of
anthracene was so close to the normal autofluorescence of tissue sec-
tions, the even brighter apple-green dye fluorescein was soon substi-
tuted29, permitting widespread application30. The usefulness of the
method was further enhanced by introduction of the ‘sandwich tech-
nique’. Now antigen could first be localized by treatment with unla-
beled specific rabbit antibody, and then the stain developed by the use
of a labeled anti-rabbit immunoglobulin31. Eventually, fluorescent
labels with other colors were introduced, most notably the orange-red
derivatives of rhodamine32; these were often used together with fluo-
rescein in double-labeling experiments.

The uses to which fluorescence immunohistochemistry were put
were legion. It was possible to locate antigens (both native and for-
eign) with great precision in tissues and cells. The plasma cell was
confirmed as the one involved in antibody formation33, and the
Russell body plasma cell inclusion was identified as immunoglobu-
lin34. Finally, Albert Coons was proved correct, and the pathogenesis
of many diseases could be clarified35.

A new approach to immunohistochemistry was furnished in the
mid-1960s by Nakane and Pierce and by Avrameas and Lespinats36.
This involved the coupling of an enzyme such as horseradish peroxi-
dase to the desired antibody. The antibody moiety affixes to its spe-
cific antigen in tissue section, and then the immunostain is developed
by treatment of the enzyme portion with a suitable substrate to yield
an insoluble colored product37. Just as double-fluorescent labels of
contrasting colors may be used to compare two antigens, so also may
double-enzyme labels be employed similarly. Thus, alkaline phos-
phatase may be coupled to one antibody and horseradish peroxidase
to the second38. The enzyme-linked antibody technique has also been
adapted for luminescence detection. In this case, the localized enzyme
acts upon a substrate to produce a luminescent product, which may
provide a more sensitive probe for immunoassay39.

Radioactive tracers provided an even more sensitive means to local-
ize antigens on tissue sections40. The most direct method involves the
labeling of the desired antibody, usually with radioiodine, although
biotin can be coupled to antibody and the picture developed by treat-
ment of the localized complex with labeled avidin41.

One of the more imaginative and practically useful applications of
labeled antibodies emerged with the introduction of the immunoblot
(Western blot) technique. The protein components of a complex anti-
gen mixture are separated by polyacrylamide gel electrophoresis and
then transferred onto a nitrocellulose membrane, where antigens are
identified by treatment first with specific antibody and then with a
radiolabeled or enzyme-coupled antiglobulin42. This system has
found broad application in such areas as the diagnosis of infection,
the screening of blood to avoid human immunodeficiency virus
transmission and the testing of the efficacy of vaccines.

The introduction of monoclonal antibody techniques sharpened
the specificity and even the sensitivity of the many applications of
labeled antibodies. In addition, it permitted yet another approach to
the labeling of antibodies. Because monoclonals are produced in
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hybridoma cell cultures they can be labeled internally with, prefer-
ably, radiocarbon-labeled lysine43.

It did not take long after the application of labeled antibodies to the
study of morphology that they were used to answer ultrastructural
questions44. The ability to attach electron-opaque labels (or labels
from which electron-opaque products can be developed) to antibod-
ies opened new vistas in immunohistochemistry45. As early as 1959,
Singer demonstrated that the iron-containing protein ferritin could
be coupled to antibody46. The high content of iron (up to 2,000 atoms
per molecule) and the unique appearance of this molecule renders it
highly recognizable in the electron photomicrograph. (Other heavy
metals such as uranium and mercury were introduced47, but they
have not received widespread general application.)

One of the very few approaches that does not require a chemical link-
age of the label to the antibody probe involves the use of colloidal
gold48. Gold is extremely electron-opaque and in very fine colloidal
suspension will firmly adsorb proteins onto its surface. The specific
binding sites of adsorbed antibodies remain free to interact with anti-
gen49. Another approach that does not require the direct chemical con-
jugation of label to antibody takes advantage of the ability of
staphylococcal protein A to attach firmly to the Fc portion of the
immunoglobulins of many species. After treatment of the section with
an antibody specific for the antigen sought, colloidal gold–treated pro-
tein A will develop an electron-opaque stain50.

As with labeling for light microscopy, contrasting labels may be
used for the electron microscope51. Because of their different appear-
ances in the electron microscope, ferritin, the several enzyme labels
and colloidal gold can be used together. Indeed, as the size of colloidal
gold preparations can be controlled so well, double labels may be
employed using colloidal gold of two different sizes.

Labeled immunocytes
Various cell types may be labeled intrinsically by the incorporation of
radioisotopes (usually tritium or radiocarbon) into the substance of the
cell during mitosis. Here are only two of the many applications of this
technique. In an in vivo system, labeled specific lymphocytes con-
tributed only a small proportion of the cells infiltrating the site of allo-
graft rejection or of a delayed type skin reaction52. This was one of the
first suggestions that pharmacologically active agents (later identified as
lymphokines) participate nonspecifically in the development of these
lesions by attracting ‘innocent bystander’ cells to the site. In another
direction, the in vitro mixed lymphocyte reaction tests the ability of his-
toincompatible lymphocytes to stimulate one another, as assayed by the
incorporation of tritiated thymidine into newly formed DNA53. This
technique has provided important information on the immunogenet-
ics of HLA and has been employed clinically to assess the degree of
incompatibility between transplant donors and recipients.

A new application of fluorescent antibodies was opened up with the
recognition that lymphocytes might be classified with respect to a
number of different surface markers, such as immunoglobulin, Fc
receptor, various differentiation molecules and so on. These surface
antigens could then be visualized, identified and even quantified using
appropriate specific antibodies labeled with fluorescein54. One of the
remarkable ‘byproducts’ of this approach was the realization of the
plasticity of the cell membrane; certain lymphocyte surface receptors
were found to migrate and ‘cap’ following treatment with labeled anti-
body55. Adapting the cell sorter previously used in hematology, the
Herzenbergs and their associates perfected the fluorescence-activated
cell sorter (FACS). This takes advantage of the ability to separate cells
with a given surface marker by treating them with fluorescein-labeled
antibody to receptor56.

Cambrosio and Keating point out in their ethnographic account of
the development of FACS technology57 that the technique was devel-
oped for and initially restricted to the quantitative analysis of the num-
ber of cells with a certain receptor. However, it soon became apparent
that a multitude of surface markers exists that might be used to charac-
terize functionally distinct lymphocyte subsets and their lineages, the
so-called CD (cluster of differentiation) nomenclature58. The FACS
approach was then applied as a powerful tool for the qualitative analy-
sis and isolation of lymphocyte subsets59. Cambrosio and Keating
make the point that these subsets and their distinctive sets of markers
were ‘not just out there’, waiting to be found in their pristine form;
they were discovered only because a set of techniques was joined
uniquely to a network of investigators and institutions to give them
name, form and both biological and clinical relevance.

Applications to cancer
Up to this point we have considered labeled molecules and cells pri-
marily as ‘magic markers’ used chiefly to advance the basic science of
immunology. Now we explore the application of these approaches to
more practical ends for the diagnosis of cancer and as ‘magic bullets’
for tumor therapy60. Paul Ehrlich had originally advanced the notion
of a magic bullet in the context of the chemotherapy of infectious dis-
eases. He envisioned the synthesis of a drug that would home in on
the target pathogen with the specificity of an antibody for its antigen
and with its toxicity directed only against the pathogen and not
against the host. This is precisely the ‘holy grail’ sought by the mod-
ern immuno-oncologist, by adapting monoclonal antibodies for the
carriage of a new set of toxic labels.

The story of the evolution of these more practical applications of
labeled antibodies, however, differs markedly from those described
above. In earlier applications, one could almost never predict the
direction that the next development would take; there was no linear
progression toward a single end. Instead, technical modifications and
their applications might go in any direction, from immunochemistry
to immunohistology to immunopathology, and no serious technical
problems were common to all approaches. But in the magic bullet
approach to tumor therapy the ‘end product’ was always understood:
a safe and effective treatment. Thus, the more than one-quarter cen-
tury history of these studies mainly involves the attempts to overcome
one or another of the problems common to all these approaches: the
specificity of the immunotherapeutic agent, its immunogenicity, its
ability to penetrate the tumor and its toxic side effects.

For a time, the ideal of a highly specific magic bullet seemed readily
attainable in oncology; tumors appeared to be so different from nor-
mal tissues that unique tumor-specific antigens were assumed to
exist. Indeed, as early as 1895, several investigators sought to repeat
von Behring and Kitasato’s serum treatment of diphtheria and tetanus
by treating cancers with ‘anti-tumor’ antisera, but without success61.

However, most tumors do not produce qualitatively different
‘neoantigens’; approaches to immunodiagnosis and immunother-
apy most frequently depend on quantitative (or timing) differences
in the formation of otherwise normal cell products. These take the
form of either differentiation markers or more-or-less organ-spe-
cific proteins exported by the cell62. Included among the former are
the CD markers and other receptor molecules for the many sub-
stances that mediate a cell’s specialized functions. The exportable
proteins of interest to the oncologist include ‘oncofetal’ antigens
such as alpha-fetoprotein and carcinoembryonic antigen, prostate-
specific antigen and prostatic acid phosphatase for prostate tumors,
lactic dehydrogenase for liver tumors, and beta–human
gonadotropin for testicular tumors. Some true ‘tumor-specific’

NATURE IMMUNOLOGY VOLUME 5 NUMBER 12 DECEMBER 2004 1213

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
ei

m
m

un
ol

og
y



H I S T O R I C A L  P E R S P E C T I V E

antigens can also form. These include idiotypes on non-Hodgkin
lymphomas and myelomas, products that appear to be altered self
peptides, viral antigens in tumors incited by these agents, and the
putative products of oncogenes.

Cancer diagnosis
The application of immunoconjugates to the diagnosis of cancer
requires a label that can be detected after localization by noninvasive
methods. This might involve the use of radio-opaque substances, or
metals whose paramagnetic properties can be detected by nuclear
magnetic resonance analysis. But by far the most useful group of
labels are those that employ radionuclides in one form or another and
that depend upon the detection of their radioactive emissions63.

It was David Pressman who first suggested in the 1940s that radio-
labeled antibodies might be employed to determine the location of
tumors and their metastases64, an approach that initially met with
little success. This was because the antisera prepared to various
tumors (and even to individual organs) proved to be relatively non-
specific, with high levels of background labeling present on most
surrounding normal tissues65. It was only with the introduction by
Köhler and Milstein of techniques for the production of monoclonal
antibodies66, for which they received the Nobel Prize in physiology
or medicine in 1984, that the full utility of labeled antibody
approaches could be realized.

The requirements for diagnosis using radioactive labels are quite
different from those demanded by therapy. In diagnosis, one wants
small quantities of an emission (generally a gamma ray) energetic
enough to escape the body and be registered, but without causing
excessive damage to normal tissues on the way. For therapy, large
quantities of a less-penetrating emission are desired (such as strong
alpha- or moderately strong beta-emitters), to irradiate the immedi-
ate target and surround, without reaching, normal tissues. There are
many radioactive candidates for diagnostic imaging, including
indium-111, technicium-99, gallium-67, rhenium-186, and iodine-
132 and iodine-135. There are also many methods for attaching the
radiolabels to the antibody67, including direct attachment (as in the
iodination of the tyrosine residues of the antibody), attachment to
one or another protein that is then coupled to the antibody, and
attachment via heavy metal chelating agents68. Once the radioactive
antibody has been localized, it can be detected by computerized
whole-body scanning to detect the radioactive emissions. This
approach is especially useful in detecting tumor metastases in ectopic
sites where the target antigen is unlikely to be produced by normal tis-
sues. The preponderance of clinical applications of this diagnostic
method employ iodine radioisotopes because of their ease of use, the
energy of their emissions and their short half-life.

Another approach for the detection of tumors employs certain
paramagnetic compounds that, after localization by virtue of their
attachment to monoclonal antibodies, may be detected by magnetic
resonance imaging. The most commonly employed substance is tri-
valent gadolinium, which is attached to the antibody after it is
bound by a chelating agent69. Iron oxide nanoparticles conjugated
to antibody have also been used for the same purpose70.

Cancer immunotherapy
As pointed out above, the earliest attempts to apply the new
immunology to the serotherapeutic cure of cancer showed little
promise. Indeed, the annual report of the prestigious Imperial
Cancer Research Fund for 1908 concluded that “As regards the hope
of a practical outcome, we consider that it is not at present to be
sought in the direction of a curative serum....”71. Even 45 years later,

in a major review of the immunology of cancer, T.S. Hauschka could
offer little more hope72. Then, with the advent of monoclonal anti-
bodies as therapeutic carriers, more-specific targeting became pos-
sible and the realization of Ehrlich’s concept of a ‘magic bullet’
seemed to be close at hand. Thanks to the development of new
chemical techniques for the coupling of a variety of different sub-
stances to antibodies, four general approaches were developed,
depending upon the nature of the material with which the antibody
is labeled. These are radioimmunoconjugates, immunotoxins,
immunodrugs and enzyme immunoconjugates able to convert a
prodrug into its active form73.

The same David Pressman who had introduced the use of radiola-
beled antibodies for diagnosis would later suggest that “...it is not
impossible that if antibodies can be found which go specifically to a
certain tissue, they can be made to carry physiologically active
amounts of radioactivity to the tissue.”74 Indeed, it was the demon-
stration of the validity of this statement that in the late 1960s stimu-
lated the imaginative ‘suicide’ experiment simultaneously in the
laboratories of Gordon Ada and John Humphrey75. By this time it was
known that the B cell has immunoglobulin receptors on its surface
specific for the antigens for which it is genetically programmed, as
Paul Ehrlich had predicted in 1897. Thus, injection into an animal of
a highly radioactive antigen might be expected to lethally irradiate
only those clonal precursors to which it is specifically bound. This in
fact occurred, and animals so treated were rendered incapable of
responding thereafter against the antigens involved. Here was a true
clonal deletion, in the sense that Macfarlane Burnet had originally
hypothesized to explain immunological tolerance76. Specific deletion
of anti-hapten B cells would later be similarly achieved using ricin-
labeled antigen77. Thenceforth, monoclonals labeled with a variety of
radioisotopes would be used for the treatment of any tumor that
might be associated with a ‘tumor-specific’ antigen78.

It is also possible to irradiate a tumor by indirect means, employing
nonradioactive elements that can be activated by exposure to neu-
trons79. It was Bale as long ago as 1952 who first proposed the use of
boron in the radiotherapy of cancer80, and this element seems to be
the most commonly employed. Thus boron-10 undergoes fission
when exposed to thermal neutrons with the release of alpha particles
and gamma rays, and neutron-activated gadolinium-157 releases beta
and gamma rays, resulting in the destruction of cells in the immediate
surround. The tumors found most amenable to this approach have
been brain tumors and malignant melanomas.

In contrast to radiolabeled antibody therapy, in which the radioac-
tivity need only be brought near the tumor target, the use of toxin-
labeled antibodies imposes a more stringent requirement: the toxin
not only must attach to the target cell, but also must penetrate it to
exert its toxic action. Thus all toxins have some subunits devoted to
binding and/or translocation across the cell membrane with other
subunits acting within the cell to interfere with protein synthesis81.
These different domains may be separated or genetically manipulated
to delete those that may be unwanted.

The first immunotoxin studied was diphtheria toxin conjugated to
polyclonal antibodies in 1970 (ref. 82). Since then, many different
bacterial, fungal and plant toxins have been tried, including ricin,
abrin, pseudomonas exotoxin, single-chain ribosome-inactivating
proteins, pokeweed antiviral protein, saporin-S6 and momordin83.
Most applications of immunotoxins have been for the treatment of
various cancers, but immunotoxins have also been used to inhibit the
rejection of transplanted organs84 and to suppress graft-versus-host
reactions in bone marrow transplant recipients by ex vivo destruction
of active lymphocytes in the donor marrow85.

1214 VOLUME 5 NUMBER 12 DECEMBER 2004  NATURE IMMUNOLOGY

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
ei

m
m

un
ol

og
y



H I S T O R I C A L  P E R S P E C T I V E

Just as toxins may be coupled to antibodies to act against tumor cells,
so also may conventional cytotoxic drugs be employed similarly. The
first such immunodrug experiment was attempted as far back as 1958,
when Mathé and coworkers attached amethopterin to hamster anti-
L1210 cells in an attempt to treat murine leukemia86. Since then, many
different substances have been used, attached to various monoclon-
als87. Similar approaches have taken advantage of the activity of such
stimulatory agents as lymphokines and growth factors88. One com-
pound, calicheamycin coupled to a monoclonal antibody to CD33, has
been approved for the treatment of acute myeloid leukemia89.

One of the more imaginative variations on the immunodrug theme
involves the attachment to the monoclonal antibody of a specialized
enzyme capable of converting an inactive ‘prodrug’ into its active
form (called ADEPT, for ‘antibody-directed prodrug therapy’). After
the enzyme-coupled antibody affixes to its tumor-associated antigen,
the prodrug is introduced systemically, to be converted into an active
cytotoxic form only at the targeted tumor site90.

Another indirect approach, photoimmunotherapy, involves the
attachment of an inert photosensitizer to the antibody; activation by
light leads to cytotoxic damage. The first such effort in the early 1980s
employed hematoporphyrin attached to a monoclonal antibody to
myosarcoma91. This approach using antibody-directed photolysis has
found its principal application in the treatment of epithelial tumors,
for which exposure to light is more readily accomplished92.

Having demonstrated the efficacy of the antibody-mediated delivery
of small amounts of cytotoxic agents, a more wholesale approach was
sought, and liposomes were adapted for this purpose. Liposomes are
vesicles formed of phospholipid membranes, within which may be
placed aqueous solutions of drugs, toxins, vaccines or other active mate-
rials. They are endowed with specificity by the attachment of as many 
as 50–1,000 molecules of a specific monoclonal antibody to a 200-
nanometer liposome. These tumor-directed antibodies may be coupled
to the liposome by such heterobifunctional reagents as N-hydroxylsuc-
cinimidyl 3-(2-pyridyldithio) propionate. The liposome can thus carry
large, concentrated therapeutic doses directly to the tumor target93.

Problems
We have already referred to the problem of target specificity, wherein
most ‘tumor’ antigens are shared by normal tissues, so that toxicity
may not be limited to the cancerous tissue. Related to this is the
absence of a lethal bystander effect associated with either immuno-
toxin or immunodrug therapies; these immunotoxins act only on the
targeted cell. But because uniformity of antigen expression is rare
among tumor cells, the use of a ‘cocktail’ of labeled monoclonals
directed against more than one surface antigen should improve ther-
apeutic efficiency94.

One of the major problems encountered in immunotoxin ther-
apy is the associated damage to normal vascular endothelium, lead-
ing to a vascular leak syndrome. Attempts are being made to
genetically engineer the toxins to delete the offending moieties95.
Yet another problem involves the difficulty that immunotoxins
have in penetrating into large solid tumors; they are much more
efficient in treating leukemias and lymphomas than bulky carcino-
mas96. In the latter case, they will most likely find their greatest
application in the final ‘mopping up’ of residual disease after other
therapeutic modalities are emlpoyed.

Another problem encountered in the use of monoclonals for ther-
apeutic purposes involves their immunogenicity in the patient. The
antibodies initially used in humans were xenogeneic, mostly mouse.
Their repeated use led to decreasing efficacy due to the formation in
the patient of antibodies that neutralized mouse antibodies. Many

solutions to this problem have been proposed, most involving
genetic engineering to ‘humanize’ the monoclonal. Initially, the
mouse Fc portion was replaced by its human counterpart to reduce
immunogenicity. Then increasingly larger mouse segments were
replaced, until finally only the mouse complementarity-determining
regions remained on the otherwise humanized immunoglobulin97.
Another approach has been to attach the mouse antibody combining
sites directly to the toxin98.

Each of these approaches ameliorated but did not completely solve
the problem of the immunogenicity of the immunotoxin. Only a fully
human monoclonal might take care of this aspect of the problem, and
this was quick to come (although an anti-idiotype response might
still occur). Mice may be induced to form human antibodies by
‘knockout’ of the genes for endogenous heavy and light chains and
their replacement with human heavy- and light-chain genes99. An
even more efficient approach takes advantage of the ability to produce
a recombinant library of immunoglobulin chain segments displayed
on bacterial, yeast or even mammalian cells. Variable-region frag-
ments (Fvs), single-chain Fvs (in which VH and VL domains are
linked in a single polypeptide chain) and even divalent single-chain
Fvs can thus be produced100. The practical consequences of putting
109 single-chain Fvs on yeast cells allows a combinatorial expression
of the entire repertoire of specificities, the desired one being selectable
with fluorescent antigen and flow cytometry101. (Equally interesting
are the theoretical consequences: these antibody and T cell receptor
products can be affinity matured102 in vitro to affinity constants far
exceeding the in vivo ‘affinity ceiling’ thus far observed103.)

Comment
The study of the history of technologies shows how difficult it is to pre-
dict at the outset how important any one of them will be to the field
and how the modifications of a technique may extend its applications
far beyond its original use. Thus, for example, the first chemical treat-
ment of an antigen was a simple exercise to see how its antigenicity
would be affected. But Karl Landsteiner would show that such treat-
ment might be adapted to the study of immunological specificity. This
approach eventually led to an understanding of the heterogeneity of
the response and the size of the antibody-combining site, its valence
and the thermodynamics of its interactions. Then such labels were
adapted to serve as ‘tracers’ for both the light and electron micro-
scopes, leading to new concepts about the structure and function of
the immune system. The shift from dye and radioactive to fluorescent
tracers and from the labeling of antigens to that of antibodies not only
increased the many applications of the technique but also led to the
development of fluorescence-activated cell sorting. Without this tech-
nical advance, our knowledge of lymphoid cell lineages and of the
markers that define functional subsets not only would have been
incomplete but also would probably have taken a very different and
unpredictable form. Again, few technical innovations would produce
more significant (though unintended) consequences than did the
hybridoma and its monoclonal antibody product104.

We may also note how a concept and the terminology with
which it is expressed may change as techniques are adapted to the
changing nature of the research program. A ‘label’ in immunology
originally meant a small molecule dye or hapten, or even a
radioactive atom attached to a larger carrier molecule. Then it
became possible to ‘label’ one protein with another, one peptide
chain with another, and even a peptide chain with multiple small
portions of another chain, as the methods of molecular biology
were increasingly applied. The result was that it is sometimes diffi-
cult to decide which is the label and which the carrier.
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At each step in the increasingly complex technical development, we
see an expansion of the applications to answer new questions. A pro-
ductive cycle emerges; data, techniques and questions feed on one
another and the science advances. This is no less true of the practical
consequences of a technological approach than of its theoretical
implications. Indeed, the technical method may even assume a life of
its own, resulting in what Rheinberger has termed an “autonomously
driven research trajectory.”105 In this capacity, the technique becomes
a sort of experimental system with its own intrinsic and expanding
heuristic value, where the investigator is prompted to ask new ques-
tions and to develop new theories unimaginable in the absence of
these technological advances.

A technique may not only extend its hegemony far beyond the
purpose for which it was originally developed, it may even serve as
the basis for a new discipline. Thus, there came a time during the
expansion of fluorescent antibody studies when some individuals
began to study and perfect the method itself (as happened with elec-
tron microscopy), rather than continuing to use it as a tool to
explore some other question30. The ultimate transition could be
seen after the development in 1906 of the Wassermann comple-
ment-fixation test for syphilis. Originating in the basic immunology
laboratory, this serological test was then applied so broadly that
soon not only did ‘serologists’ appear, but indeed serology became a
discipline in its own right. In the present context, we may note that
the field of oncology already includes ‘cancer immunotherapists’. 

It may not be unreasonable to say about immunology what Lord
Adrian said about electrophysiology: that its history has been
decided by the history of its technologies106.
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