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INTRODUCTION

The first recognized outbreak of pneumonia due to Legio-
nella pneumophila occurred in Philadelphia, Pa., in July of 1976
among 180 persons attending the 56th annual American Le-
gion Convention. Twenty-nine patients died, and the disease
became known as Legionnaires’ disease (23). Guinea pigs were
infected with postmortem lung tissue from the patients with
fatal Legionnaires’ disease, and embryonated yolk sacs were
inoculated with spleen homogenates from the infected guinea
pigs. In January of 1977, a gram-negative bacterium was iso-
lated and designated L. pneumophila (36). The source of the
infection during the Legionnaires’ convention was later found
to be the air-conditioning system in the hotel.

It has been documented that the hallmark of Legionnaires’
disease is the intracellular replication of L. pneumophila in
alveolar spaces. At least 39 species of legionellae have been
identified. Some of these are associated with disease, while
others are environmental isolates; whether the latter can cause
disease is not known. L. pneumophila is responsible for more
than 80% of cases of Legionnaires’ disease, and among the 13
serogroups of L. pneumophila, serogroup 1 is responsible for
more than 95% of Legionnaires’ disease cases. It is estimated
that L. pneumophila is responsible for at least 25,000 cases of
pneumonia per year in the United States, which is very prob-
ably an underestimate due to the difficulty of isolating bacteria
from clinical samples. Since L. pneumophila is the most fre-
quent cause of Legionnaires’ disease, most pathogenic and
environmental studies have focused on L. pneumophila.

In 1980, Rowbotham described the ability of L. pneumophila
to multiply intracellularly within protozoa (40). Since then, L.
pneumophila has been described to multiply in many species of
protozoa, and this host-parasite interaction is central to the
pathogenesis and ecology of L. pneumophila.

Intracellular replication of L. pneumophila within mamma-
lian and protozoan cells has been shown to occur in a ribo-
some-studded phagosome that does not fuse to lysosomes.
Fields hypothesized that the L. pneumophila phagosome fuses
to the rough endoplasmic reticulum (RER) (20). Immunocy-
tochemistry has proven this prediction by demonstrating the
presence of an RER-specific chaperon, the Bip protein, in
ribosome-studded phagosomes within macrophages (45) and
protozoa (1). Based on these characteristics, the L. pneumo-

phila phagosome may be accurately described as an endosomal
maturation-blocked (EMB) phagosome.

ECOLOGY AND EPIDEMIOLOGY OF LEGIONELLAE

After isolation of L. pneumophila from the air-conditioning
system during the first outbreak in Philadelphia, the bacteria
have been isolated from numerous sources in the environment.
Legionella species have been repeatedly shown to be ubiqui-
tous, particularly in aquatic environments (21). Bacterial trans-
mission to humans occurs through droplets generated from an
environmental source such as cooling towers, shower heads,
whirlpools, and other human-made devices that generate aero-
sols (21). Person-to-person transmission has never been doc-
umented.

In the environment, Legionella species cannot multiply ex-
tracellularly and have been shown to be parasites of protozoa.
In 1980, Rowbotham was the first to describe the ability of L.
pneumophila to multiply intracellularly within protozoa (40),
and this host-parasite interaction has been shown to be central
to the pathogenesis and ecology of L. pneumophila (21). Thir-
teen species of amoebae and two species of ciliated protozoa
that allow intracellular bacterial replication have been shown
to be potential environmental hosts for legionellae. These find-
ings are rather intriguing, since protozoa normally phagocytose
other bacteria and use them as sources of nutrition. This rather
sophisticated host-parasite interaction indicates a tremendous
adaptation of legionellae to parasitize protozoa. Although
other intracellular pathogens such as Chlamydia pneumonia
and Mycobacterium avium have been shown to exhibit slight
multiplication in amoebae, legionellae remain the only bacte-
rial species that are prolific in their intracellular replication
within amoebae. Furthermore, this host-parasite interaction is
central to the pathogenesis and ecology of these bacteria (see
below).

At least 39 species of legionellae, many of which have been
associated with disease, have now been identified (21). In ad-
dition, 12 phylogenetic groups of bacteria belonging to five
species have been designated legionella-like amoebic patho-
gens (LLAPs) (10). The LLAPs are genetically related to le-
gionellae, and many of them have been associated with Le-
gionnaires’ disease. In contrast to Legionella species, the
LLAPs cannot be cultured in vitro on artificial media. The
LLAPs are isolated by coculture with protozoa (21). LLAPs
have been isolated from sputum samples derived from patients
with Legionnaires’ disease because of the ability of these bac-
teria to multiply in protozoa, since they cannot be grown on
artificial media (10). In consideration of the fact that approx-
imately 50% of the 0.5 million annual cases of pneumonia in

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, University of Kentucky Chandler Medical
Center, Lexington, KY 40536-0084. Phone: (606) 323-3873. Fax: (606)
257-8994. E-mail: yabukw@pop.uky.edu.

3127

 on M
arch 17, 2020 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


the United States are of unknown etiology, the LLAPs may be
responsible for at least some of these cases. The recent devel-
opments in using PCR to identify bacteria in environmental
samples will facilitate better identification of Legionella species
and LLAPs.

CAN LEGIONELLAE BE ERADICATED FROM THE
ENVIRONMENT?

Many strategies have been used to eradicate legionellae
from the sources of infections in the water and plumbing sys-
tems that have been associated with disease outbreaks. These
strategies include chemical biocides such as chlorine, overheat-
ing of the water, and UV irradiation. These strategies have
been successful for short periods, after which the bacteria have
again been found in these sources. Thus, eradication of L.
pneumophila from environmental sources of infection may re-
quire continuous treatment of the water with the effective
agent used to eradicate the bacteria. It is clear that the sophis-
ticated association of legionellae with protozoa is a major
factor in the continuous presence of the bacteria in the envi-
ronment. Compared to in vitro-grown L. pneumophila, amoe-
ba-grown bacteria have been shown to be highly resistant to
chemical disinfectants and to treatment with biocides (11).
Amoeba-grown L. pneumophila has been shown to manifest a
dramatic increase in its resistance to harsh environmental con-
ditions such as fluctuation in temperature, osmolarity, pH, and
exposure to oxidizing agents (6). Protozoa have been shown to
release vesicles containing L. pneumophila organisms that are
highly resistant to biocides (14). The ability of L. pneumophila
to survive within an ameobic cyst, which is a highly resistant
developmental stage of amoebae, further contributes to the
resistance of L. pneumophila to physical and biochemical
agents used in bacterial eradication. It is very possible that
eradication of the bacteria from the environment should start
by preventing the protozoan infection, which seems to be the
integral part of the infectious cycle of L. pneumophila. Recent
identification of the lectin protozoan receptor involved in at-
tachment and invasion by L. pneumophila (47) (see below) and
further characterization of the mechanisms of bacterial inva-
sion into protozoa may allow the design of strategies to block
the protozoan receptor from attaching to legionellae and thus
prevent bacterial entry. Extracellular L. pneumophila is more
susceptible to environmental conditions and is not protected
from biocides and disinfectants. Furthermore, blockage of bac-
terial entry into amoebae would render the bacteria less infec-
tive and virulent to mammalian cells. Alternatively, treatment
of water sources contaminated with L. pneumophila with safe
agents that block certain essential bacterial metabolic path-
ways, such as peptidoglycan biosynthesis pathways, may prove
to be useful (27).

INITIAL INTERACTIONS BETWEEN L. PNEUMOPHILA
AND ITS PRIMITIVE PROTOZOAN HOSTS

In general, initial interactions between intracellular patho-
gens and host cells are mediated through attachment of a
bacterial ligand, such as a pilus, to a receptor on the surface of
a host cell. Genetic evidence for the expression of at least two
distinct pili on the surface of L. pneumophila has recently been
provided (44). One of these pili is a type IV pilus, designated
CAP (competence- and adherence-associated pili) (44). Mu-
tants of L. pneumophila defective in expression of the CAP
manifest reduced attachment to protozoan cells but are not
affected in their intracellular replication (44). Thus, the CAP
of L. pneumophila is involved in adherence to protozoan cells.

The CAP may provide L. pneumophila with a selective advan-
tage in adhering to surfaces and biofilms in the environment.
The host cell receptor to which the CAP binds is not known,
but it is possible that the newly described lectin receptor on
Hartmannella vermiformis (described below), to which L. pneu-
mophila adheres, is the receptor for the CAP.

Bacterial attachment to H. vermiformis is mediated by ad-
herence to a protozoan receptor that has been described to be
a galactose/N-acetylgalactosamine (Gal/GalNAc) lectin with
similarity to the b2 integrin-like Gal/GalNAc lectin of the
pathogenic protozoan Entamoeba histolytica (9, 28, 35, 47).
Integrins are heterodimeric protein tyrosine kinase receptors
that undergo tyrosine phosphorylation upon ligand binding,
which subsequently results in recruitment and rearrangements
of the cytoskeleton. Interestingly, attachment of L. pneumo-
phila to the Gal/GalNAc of H. vermiformis triggers signal trans-
duction events in H. vermiformis that are manifested in dra-
matic tyrosine dephosphorylation of the lectin receptor and
other proteins (47). Similar observations have been made upon
infection of H. vermiformis by another species of legionella,
Legionella micdadei (8). Among the L. pneumophila-induced
tyrosine-dephosphorylated proteins in H. vermiformis are the
cytoskeletal proteins paxillin, vinculin, and focal adhesion ki-
nase (46). Tyrosine phosphatases have been shown to disrupt
the cytoskeleton in a mammalian cell. Thus, the induced ty-
rosine phosphatase activity in H. vermiformis is probably man-
ifested during disruption of the protozoan cytoskeleton to fa-
cilitate entry through cytoskeleton-independent receptor-
mediated endocytosis (Fig. 1) (33). Interestingly, in addition to
these manipulations of the signal transduction of H. vermifor-
mis by L. pneumophila, bacterial invasion is also associated

FIG. 1. Model illustrating the signal transduction mechanisms used by L.
pneumophila during invasion of its protozoan host H. vermiformis. The 170-kDa
Gal/GalNAc lectin is basally tyrosine phosphorylated (YP) and is associated with
several phosphorylated proteins. Several cytoskeletal proteins such as paxillin,
vinculin, and focal adhesion kinase (FAK) are also tyrosine phosphorylated in
resting H. vermiformis and can potentially interact with the Gal/GalNAc lectin.
Attachment to and invasion of the host by L. pneumophila is mediated by
noncoated-receptor-mediated endocytosis and involves an increase in bacterium-
induced tyrosine phosphatase activity in H. vermiformis. This results in tyrosine
dephosphorylation of several host cell proteins, including the 170-kDa Gal/
GalNAc lectin and cytoskeletal proteins such as paxillin, vinculin, and focal
adhesion kinase. This process is associated with disruption of the interaction
between the Gal/GalNAc lectin and its associated proteins. Less than 10% of
bacterial uptake is mediated by coiling phagocytosis, and we think it is unlikely
that the lectin is involved in this process, since it also occurs in mammalian
monocytes. The exact signaling mechanisms involved in uptake of L. pneumo-
phila by coiling phagocytosis are not known. Bacterial entry is associated with
induction of host cell gene expression, which is necessary for the invasion of H.
vermiformis by L. pneumophila.
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with specific induction of gene expression in protozoa and
inhibition of this gene expression blocks entry of the bacteria
(5). Following this initial host-parasite interaction, uptake of L.
pneumophila by protozoan cells occurs by conventional and
coiling phagocytosis (in which the bacterium is surrounded by
a multilayer coil-like structure) (1, 15). A proposed model for
initial bacterial attachment and uptake by H. vermiformis is
depicted in Fig. 1.

Uptake of L. pneumophila by another protozoan host, Acan-
thamoeba polyphaga, is not completely blocked by Gal or Gal-
NAc and is associated with partial tyrosine dephosphorylation
of a 170-kDa protein, which may be related to the Gal/GalNAc
lectin of H. vermiformis (28). Thus, entry of the bacteria into A.
polyphaga is partially mediated by the Gal/GalNAc lectin and
additional receptors may be involved in bacterial attachment
and entry. The heterogeneity in the uptake mechanisms of L.
pneumophila into H. vermiformis and A. polyphaga has been
confirmed with invasion-defective mutants of L. pneumophila.
Several mutants that were severely defective in attachment to
A. polyphaga exhibited minor reductions in attachment to H.
vermiformis (28). These data indicate a remarkable adaptation

of L. pneumophila to attachment to and invasion of different
protozoan hosts.

INTRACELLULAR REPLICATION WITHIN PROTOZOA

After bacterial entry into protozoa, the bacterium is en-
closed in a phagosome surrounded by mitochondria and host
cell vesicles during the first 60 min (1). The bacterial phago-
some is blocked from fusing to the lysosomes (15). In addition,
by 4 h postinfection, the phagosome is surrounded by a mul-
tilayer membrane derived from the RER (Fig. 2) (1). Based on
these characteristics, the L. pneumophila phagosome may be
designated an EMB phagosome. Following formation of the
EMB phagosome, bacterial replication is initiated (Fig. 2). The
4-h period prior to initiation of intracellular replication may be
the time required to recruit the host cell organelles that may be
required for replication. Alternatively, the 4-h period may be a
lag phase of metabolic and environmental adjustment of the
bacteria to a new niche. Interestingly, infection of protozoa by
another species of legionella, L. micdadei, results in the for-
mation of an RER-free replicative phagosome (8).

FIG. 2. Transmission electron micrographs of H. vermiformis (A and B) and WI-26 type I human alveolar epithelial cells (C and D) infected with L. pneumophila
AA100 at 4 h (A and C) and 12 h (B and D) postinfection. The open arrows in panels A and C indicate RER-surrounded phagosomes, while the b’s indicate bacteria.
Note that the whole cell (B and D) becomes heavily infected with numerous bacteria (a few hundred to a thousand) by 18 h postinfection. Magnifications, 320,400
(A), 33,400 (B), 327,200 (C), 31,700 (D).
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ROLE OF PROTOZOA IN LEGIONNAIRES’ DISEASE

It has been proposed that the infectious particle for Legion-
naires’ disease is an amoeba infected with the bacteria (40).
Although this has not yet been proven, there are many lines of
evidence to suggest that protozoa play major roles in transmis-
sion of L. pneumophila. First, many protozoan hosts that allow
intracellular bacterial replication, the only means of bacterial
amplification in the environment, have been identified (21).
Second, in outbreaks of Legionnaires’ disease, amoebae and
bacteria have been isolated from the same source of infection
and the isolated amoebae support intracellular replication of
the bacteria (22). Third, following intracellular replication
within protozoa, L. pneumophila organisms exhibit a dramatic
increase in resistance to harsh conditions, including high tem-
perature, acidity, and high osmolarity, which may facilitate
bacterial survival in the environment (6). Fourth, intracellular
L. pneumophila bacteria within protozoa are more resistant to
chemical disinfection and biocides than in vitro-grown bacteria
(11–13). Fifth, protozoa have been shown to release vesicles of
respirable size that contain numerous L. pneumophila organ-
isms, the vesicles are resistant to freeze-thawing and sonica-
tion, and the bacteria within the vesicles are highly resistant to
biocides (14). Sixth, following their release from the protozoan
host, the bacteria exhibit a dramatically enhanced ability to
infect mammalian cells in vitro (19). In addition, it has been
demonstrated with mice that intracellular bacteria within H.
vermiformis are dramatically more infectious and are highly
lethal (16). Seventh, the number of bacteria isolated from the
source of infection of Legionnaires’ disease is usually very low
or undetectable and thus enhanced infectivity of intracellular
bacteria within protozoa may compensate for the low infec-
tious dose (38). Eighth, viable but nonculturable L. pneumo-
phila can be resuscitated by coculture with protozoa (42). This
observation may suggest that failure to isolate the bacteria
from environmental sources of infection may be due to this
dormant phase of the bacteria, which makes them unrecover-
able on artificial media. Ninth, there has been no documented
case of bacterial transmission between individuals. The only
known source of transmission is environmental droplets gen-
erated from many human-made devices such as shower heads,
water fountains, whirlpools, and cooling towers of air-condi-
tioning systems (21).

MOLECULAR BASES OF INVASION OF PROTOZOA

Similar to what occurs in protozoan infection, following en-
try of the bacteria into macrophages, monocytes, and alveolar
epithelial cells, L. pneumophila EMB phagosomes are sur-
rounded by host cell organelles such as mitochondria, vesicles,
and RERs (Fig. 2) (30, 45). As with the trafficking of L. pneu-
mophila within protozoa, the EMB phagosome within mam-
malian macrophages does not fuse to lysosomes (21). The role
of the RER in intracellular infection is not known, but the
RER is not required as a source of proteins for the bacteria
(2). Whether other Legionella species replicate within RER-
free phagosomes is still to be determined.

The remarkable similarities in the models of intracellular
infection of the two evolutionarily distant host cells (macro-
phages and protozoa) (Fig. 2) suggest that L. pneumophila may
utilize similar molecular mechanisms to manipulate host cell
processes of macrophages and protozoa (25). It has been hy-
pothesized that L. pneumophila has evolved as a parasite of
protozoa in the environment and that its adaptation to this
primitive phagocytic unicellular host was sufficient to allow the
bacteria to survive and replicate within the biologically similar

phagocytic cells of the more evolved mammalian host (1, 18).
In order to test this hypothesis, a collection of 5,200
miniTn10::kan insertion mutants of L. pneumophila have been
isolated and examined for their replication within macro-
phages and protozoa (24–26). It was reasoned that if the mo-
lecular bases of the intracellular infection of macrophages and
protozoa are similar, defective mutants should exhibit similar
phenotypes within both evolutionarily distant host cells.
Among 121 distinct insertion mutants with various degrees of
defects in survival and replication within macrophages, 89 ex-
hibit very similar phenotypic defects within both macrophages
and H. vermiformis. The loci have been designated pmi (for
protozoan and macrophage infectivity) (25). These observa-
tions showed that many of the molecular aspects of the intra-
cellular infection of macrophages and protozoa are similar.
However, 32 mutants with various degrees of defects within
macrophages exhibit wild-type phenotypes within protozoa,
and the defective loci have been designated mil (for macro-
phage-specific infectivity loci) (26). Importantly, many of the
mil mutants have been tested in peripheral blood monocytes,
A/J mouse-derived macrophages, and other protozoa (26). The
macrophage-defective and protozoan-wild-type phenotypes of
the mil mutants are consistent. Thus, the mil loci are species
specific. These data showed that L. pneumophila possesses
genetic loci that are not required for infection of protozoa.
Therefore, we hypothesize that L. pneumophila evolved in the
environment as a protozoan parasite but that it acquired the
mil loci that have allowed the bacteria to adapt to the intra-
cellular environment of macrophages (26). It is also possible
that ecological coevolution with protozoa has allowed L. pneu-
mophila to develop multiple redundant mechanisms to para-
sitize protozoa and that some of these mechanisms are essen-
tial for survival within macrophages. These speculations may
suggest a pathogenic evolution in L. pneumophila through ac-
quisition of the mil loci during its adaptation within protozoa
(26). The recent discoveries that L. pneumophila is naturally
competent for DNA transformation, which is associated with
expression of the type IV CAP (43), and that it is able to
conjugate DNA (32, 48) support these speculations. Further
characterization of the mil loci may yield interesting informa-
tion that may help to elucidate these hypotheses.

Many loci of L. pneumophila designated dot (defect in or-
ganelle trafficking) and icm (intracellular multiplication) have
also been shown to be required for intracellular replication,
but it is not known whether they are required for infection of
protozoa (32, 48).

One of the first-characterized genes that is partially required
for intracellular infection is the mip gene (17, 18, 49). Strains
with mutations in the mip gene are partially defective in early
survival in macrophages, epithelial cells, and protozoa. Such
mutants are also partially attenuated in guinea pigs. The Mip
protein is similar to members of a class of proteins designated
peptidyl-prolyl cis-trans isomerase (PPIase) and has been
shown to possess this enzymatic activity (49). The conserved
amino acids in the catalytic domain of PPIase have recently
been shown to be conserved among 35 Legionella species. PPI-
ases have been found in other intracellular pathogenic bacteria
as well as nonpathogenic bacteria. With site-directed point
mutations to alter the PPIase catalytic and conserved domains,
it has been demonstrated that the PPIase activity of Mip is not
involved in Mip’s function in intracellular infection (49).

ROLE OF IRON IN INTRACELLULAR INFECTION

Iron is an essential nutrient for all living organisms. L. pneu-
mophila requires relatively high concentrations of iron for
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growth in vitro. How L. pneumophila obtains iron during in-
tracellular growth in the EMB phagosome is not known. Fur is
a conserved protein that functions as a repressor of factors
involved in iron uptake in several bacteria. A fur gene and
Fur-regulated genes have been described for L. pneumophila
(29). One of these genes is a homolog of the aerobactin syn-
thetase, raising the possibility that L. pneumophila utilizes sid-
erophores to acquire iron (29). Importantly, a mutant defective
in expression of the aerobactin synthetase is defective in intra-
cellular replication within macrophages but it is not known
whether this mutant is defective in protozoa. In addition, mu-
tants defective in iron acquisition and assimilation have been
isolated through transposon mutagenesis. Many of the mutants
are defective in intracellular replication within macrophages
and protozoa, but the functions of the defective genes in the
mutants are not yet known (39). Further characterization of
the iron uptake and assimilation systems in L. pneumophila will
yield important information about how these systems are uti-
lized within the phagosome.

PHENOTYPIC MODULATIONS BY INTRACELLULAR
BACTERIA WITHIN MAMMALIAN AND PROTOZOAN

CELLS

Pathogenic bacteria such as L. pneumophila respond and
adapt to the various local environmental conditions they en-
counter by coordinate regulation of gene expression (2, 3).
These phenotypic modulations allow intracellular bacteria to
survive and adapt to environmental conditions that may be
encountered within a cell.

Intracellular L. pneumophila undergoes a dramatic pheno-
typic modulation in gene expression in response to the intra-
cellular environment within the EMB phagosomes of macro-
phages (2, 3). These alterations are manifested through the
induction or repression of expression of many genes. Many of
the macrophage-induced (MI) genes are also induced in re-
sponse to one or more in vitro stress stimuli, which indicates
that intracellular L. pneumophila is exposed to stress stimuli in
vivo (3). In order to examine the molecular aspects of the MI
genes, many strategies have been utilized to clone the MI
genes, including reverse genetics (2, 4) and, most recently,
differential display PCR (7). A recent strategy of selective
radiolabeling of proteins of intracellular bacteria has been
developed for Salmonella typhimurium. This strategy is based
on the use of radioactive diaminopimelic acid (DAP), which is
a major component of peptidoglycan and is also a precursor for
lysine. Bacterial auxotrophs for DAP are used to infect the
host cell in the presence of radioactive DAP. DAP is decar-
boxylated into lysine by the bacteria, which subsequently ra-
diolabels the bacterial proteins selectively, since DAP cannot
be utilized by mammalian cells. In contrast to the successful
use of DAP auxotrophs to selectively radiolabel proteins of
intracellular S. typhimurium, DAP does not accumulate in the
L. pneumophila EMB phagosome in concentrations sufficient
to sustain growth of the L. pneumophila DAP auxotroph (27).
These observations may indicate differences in the levels of
permeability of the EMB phagosome occupied by L. pneumo-
phila and of the phagosome occupied by S. typhimurium, al-
though several other possibilities exist (27).

One of the MI genes that has been cloned by reverse genet-
ics is the global stress gene (gspA) of L. pneumophila, which is
induced in response to in vitro stress stimuli and is also induced
throughout the intracellular infection period (4, 6). Transcrip-
tion of gspA is regulated by two promoters, one of which is a
s32-regulated promoter. L. pneumophila exhibits differential
levels of expression of gspA by the s32-regulated promoter

throughout intracellular infection, which indicates continuous
exposure of the bacterium to stress stimuli throughout intra-
cellular infection (6). Mutation in gspA has no effect on the
survival of L. pneumophila within mammalian macrophages
and protozoan cells (6). However, the mutant exhibits a dra-
matic increase in susceptibility to stress stimuli in vitro. Inter-
estingly, an intracellular wild-type strain derived from macro-
phages or from H. vermiformis exhibits a dramatic increase in
its resistance to in vitro stress stimuli (6). The intracellular
gspA mutant is similar to the wild-type strain in being equally
resistant to in vitro stress stimuli (6). These observations sug-
gest that expression of other stress-induced genes during the
intracellular infection may compensate for the loss of gspA.
The inorganic pyrophosphatase gene of L. pneumophila has
also been shown to be induced within macrophages (2). This
enzyme is required for macromolecular biosynthesis, and thus
its induction within a host cell is consistent with faster repli-
cation in vivo than that in rich medium in vitro (2). In addition
to stress and metabolic genes, some of the virulence genes of L.
pneumophila may be specifically expressed or their expression
may be induced within the EMB phagosome. An example of
these genes is the early MI locus (eml), the function of which
is not known (7).

It has been demonstrated that L. pneumophila within acan-
thamoebae undergoes phenotypic changes. Amoeba-grown L.
pneumophila is more resistant to antimicrobial agents and pos-
sesses altered fatty acid profiles and surface proteins (11–13).
Multiplication of L. pneumophila within acanthamoebae en-
hances infectivity and invasiveness to mammalian cells in vitro
(19). How this intra-amoebic growth of L. pneumophila en-
hances its ability to infect mammalian cells is not known. Dur-
ing intracellular growth within acanthamoebae, L. pneumo-
phila has been shown to express at least five proteins that are
not expressed by in vitro-grown bacteria (19). It is possible that
prior adaptation of L. pneumophila to the intracellular envi-
ronment of protozoa, which involves phenotypic modulation by
the bacteria in response to the intracellular niche, allows the
bacteria to exhibit better adaptation to the intracellular niche
within mammalian cells. However, although at the ultrastruc-
tural level phagosomes seem to be similar in both mammalian
and protozoan cells, whether the biochemical natures of the
microenvironments in phagosomes are similar in mammalian
and protozoan cells remains to be determined.

KILLING OF THE HOST CELL

The mechanisms by which L. pneumophila kills the proto-
zoan host are not known. In contrast, the mechanisms by which
the bacterium kills the mammalian host cell are just starting to
emerge. Muller et al. (37) have shown that within 24 to 48 h
postinfection of HL-60 macrophage-like cells by L. pneumo-
phila at a multiplicity of infection (MOI) of 10 to 100, the
infected cells undergo apoptosis, or programmed cell death.
Apoptosis is a strictly regulated suicide program within the
dying cell and involves the activation of a family of cysteine
proteases (caspases) that subsequently lead to DNA fragmen-
tation of the host cell (41). Whether L. pneumophila induces
apoptosis earlier than 24 h in HL-60 macrophages is not
known.

It is well documented that intracellular replication of L.
pneumophila within macrophages is associated with cytopatho-
genicity or loss of viability of the cells, as measured with dyes
that detect the metabolic activities of the cells. In addition, at
high MOIs, the bacteria are cytotoxic to mammalian cells (31).
The bacterial factors responsible for this effect on the host cells
are not known. Kirby et al. have recently shown that L. pneu-
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mophila induces the formation of a pore in bone marrow-
derived macrophages from A/J mice when the cells are in-
fected at an MOI of 500, which also results in necrosis of the
cells within 20 to 60 min (34). Based on the observations made
by Muller et al. (37) and Kirby et al. (34), it was proposed that
a biphasic mode of killing of the host cell is mediated by L.
pneumophila (34). Those investigators proposed a rapid ne-
crotic cell death during early stages of high MOIs and a later
second phase of apoptotic cell death (34). This is a highly
unlikely reflection of natural infection, in which the infectious
dose has been repeatedly shown to be very low (38); the high
MOI is most likely to be attained later in the infection, after
the release of intracellular bacteria. Thus, the role of apoptosis
in the intracellular infection is still to be determined. The
mechanisms of killing of the protozoan host are still to be
determined, but it is unlikely that apoptosis plays a role in
protozoa, since they are unicellular organisms. Apoptosis is
thought to be required by multicellular organisms to eliminate
unwanted cells to avoid injury to the rest of the organism.
Therefore, protozoan apoptosis, if it occurs, is a host suicide.

CONCLUSIONS

The ability of L. pneumophila to survive and replicate within
the EMB phagosome in two evolutionarily distant hosts (mam-
mals and protozoa) is quite intriguing. It will be interesting to
characterize the mil loci and their potential genetic transfer
into L. pneumophila as a mode of pathogenic evolution of a
protozoan parasite that may not have become a human patho-
gen simply due to the generation of aerosols. Further charac-
terization of the functions of the pmi, mil, dot, and icm loci in
intracellular infection and of their roles in alteration of endo-
cytic trafficking of the bacteria will help microbiologists to
understand the manipulations of host cell processes by a pro-
ficient intracellular pathogen. Understanding the functions of
these loci and their roles in blocking maturation of the L.
pneumophila EMB phagosome through the endosomal-lysoso-
mal degradation pathway will allow both microbiologists and
cell biologists to exploit them as tools to study endocytic traf-
ficking and vesicular fusion.
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