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Abstract

Legionella pneumophila is an intracellular bacterium that causes an acute form of
pneumonia called Legionnaires’ disease. Segregation analyses using macrophages from
susceptible and resistant inbred mice previously indicated that a single genetic locus,
named Lgnl, could determine permissiveness to intracellular replication of L.
pneumophila. A positional cloning strategy was undertaken, which makes use of genetic
and molecular biology techniques to identify the gene responsible for a particular
phenotype, based mostly on its location within a chromosome. The work described in this
thesis covers three aspects of Lgn/: (1) Building upon the work of others, the Lgn!
genetic interval was narrowed to 0.32 ¢M within distal mouse chromosome 13. The
corresponding 140 Kb Lgn/ physical interval contains only two known transcripts: the
Neuronal Apoptosis Inhibitor Protein (Naip) genes Naip2 and Naip5. (2) The expression
profile of the Lgn! candidates was investigated both at the mRNA and protein levels.
Expression of both Naip2 and Naip5 in mouse macrophages strengthened their candidacy
for the LgnI locus. (3) Transfer of BAC clones from the critical interval into transgenic
mice was successfully used to functionally complement the Lgn! susceptibility
phenotype of A/J mice with cloned DNA from non-permissive 129X1 or C57BL/6J
origins. Two independent rescuing BAC clones were identified, with a 56-Kb overlap
where the entire Lgn/ transcript must lie. The only known full-length transcript coded in
this reduced genomic region is Naip5.

Thus, in our last publication we have proposed that Naip5 (recently named
Bircle) is the gene within the Lgn! locus responsible for differential permissiveness to

intracellular L. pneumophila replication in mice.
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Résumé

La bactérie intracellulaire Legionella pneumophila peut causer chez I’humain une
forme aigiie de pneumonie communément appelée “Maladie des légionnaires”. Des
analyses de ségrégation en utilisant des macrophages de souris innées susceptibles et
résistantes ont indiqué un facteur génétique simple, appelé Lgnl, qui peut déterminer la
permissivité a la réplication intracellulaire de L. pneumophila. Une stratégie de clonage
positionel a été entreprise ou des techniques de biologie moléculaire et de génétique ont
été utilisées pour identifier le géne responsable du phénotype en question d’aprés son
emplacement chromosomal. Le travail décrit dans cette thése couvre trois aspects de
Lgnl: (1) Donnant suite au travail entamé par d'autres, l'intervalle génétique Lgnl a été
réduit a 0.32 cM dans la partie distale du chromosome 13 chez la souris. L'intervalle
physique correspondant, de 140 Kb, contient seulement deux unités de transcription
connues: les génes Neuronal Apoptosis Inhibitor Protein (Naip2 et Naip5). (2) Le profil
d'expression des genes candidats pour Lgn! a été étudié aux niveaux de I’ARN messager
et de la protéine. L'expression de Naip2 et de Naip5 dans des macrophages de souris a
renforcé leur candidature pour Lgnl. (3) Le transfert de clones génomiques (BAC) de
l'intervalle Lgnl dans des souris transgéniques a été employé avec succes pour compléter
fonctionellement le phénotype de susceptibilité des souris A/J avec de I'ADN provenant
de souris résistantes telles 129X1 ou C57BL/6J. Deux clones genomiques indépendants
ont été identifiés, capables de renverser le phenotype de susceptibilité a Legionella, avec
un chevauchement de 56 Kb ou 1’unité de transcription Lgn! entiére devait se trouver. La
seule transcription intégrale connue codée dans cette région genomique réduite est Naip5.

Ainsi, nous avons proposé que Naip5 (également appelé Bircle) soit le géne
correspondant & Lgnl, responsable de la permissivité différentielle a la réplication

intracellulaire de L. pneumophila chez la souris.
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Objectives of the Presented Work

Just before the start of this thesis project in 1996, the genetic locus controlling
mouse macrophage permissiveness to L. pneumophila replication (Lgnl) had been
localized within distal Chromosome 13 (Beckers et al. 1995). This was followed by
extensive segregation analyses that effectively narrowed the Lgn/ genetic interval to 1.2
cM (Beckers et al. 1997). However, the 17 recombinants that segregated the Lgn! locus
from the closest distal marker (D13Mit70) indicated that the resolution power of the
1270-animal informative backcross used had not been fully exploited yet. With very little
knowledge about the gene content of the potentially large genomic region, it was still not
possible to propose candidates for the Lgnl gene.

The first objective of this thesis project was therefore to study the segregation
pattern of additional genetic markers susceptible of narrowing the existing genetic
interval (work described in Chapter 2).

After the genetic interval had been refined, it was necessary to identify and
characterize cloned genomic DNA segments covering the entire Lgn! interval (Chapter
2). These genomic clones would thereafter be used to fulfill several objectives: to
translate the genetic interval into a physical entity with a size that could be measured in
number of nucleotides, to order co-segregating genetic markers with respect to each
other, to reveal the genomic structure of the region (repeats), and eventually, to perform
functional complementation studies using discrete portions of the Lgn/ candidate region
(Chapter 4).

Independent research aimed at identifying the gene responsible for Spinal
Muscular Atrophy (SMA) in humans pointed out that the mouse Lgn/ chromosomal
region is syntenic with the human SMA candidate region that contained two known
genes. In order for these genes to be considered as candidates for the Lgn/ locus, they
should be expressed within the cells that display the L. pneumophila-permissiveness
phenotype. One important objective of my thesis work was therefore to characterize the
mRNA and protein expression of candidate genes within mouse macrophages (Chapter
3).

The overall objective of this thesis project, encompasing all of the above, has

been to identify the gene underlying the Lgn/ phenotype.
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Chapter 1

Introduction and Literature Review



Section 1.1

Legionella pneumophila bacterium

The research described throughout this thesis revolves around host resistance to a
specific bacterium: Legionella pneumophila. The aim of this first section is to paint an

overall portrait of this recently identified Prokaryote.



1.1.1 Microbiology

Legionella pneumophila is an aerobic, Gram-negative bacterium (McDade et al.
1977, Brenner et al. 1979). Structurally, Legionella cells are thin bacilli (0.3-0.9 x 2.0-
>20.0 um), they possess pili and can be motile by means of a single, polar flagellum
(Chandler et al. 1980). Long, filamentous forms develop under certain growth conditions,
such as on agar surfaces (Katz et al. 1984). Legionella cells exhibit a bluish-white
autofluorescence and can produce a diffusible brown pigment on tyrosine-containing
media (Vickers and Yu 1984). Legionella are chemoorganotrophic, using amino acids
(non-fermentatively) as carbon and energy sources; carbohydrates are generally not
metabolized (Warren and Miller 1979; George et al. 1980). Some enzymatic
characteristics of Legionella include presence of catalase activity, lack of urease activity
and inability to reduce nitrates (Singleton and Sainsbury 1987).

The pathogenic potential of Legionella species resides in their ability to replicate
within a host cell (pathogenesis will be reviewed later). But Legionella are “facultative”
intracellular pathogens since host-independent replication can be achieved when specific
nutritional requirements are met (Warren and Miller 1979). L-cysteine and ferric iron
(Fe**) are essential for Legionella growth. Other compounds can be added for optimal
growth, making Buffered Charcoal Yeast Extract (BCYE) the media of choice when
supplemented with L-cysteine and ferric iron (Feeley et al. 1979). The optimum
replication temperature is 35-37°C. The usual tissue culture media, which are adequate to
support the growth of human and animal cells, cannot support the growth of Legionella
cells (Holden et al. 1984; Yoshida and Mizuguchi 1986).

Figure 1.1 depicts Legionella pneumophila within the current taxonomic trees.
The discovery of this bacterium led to the creation, in 1979, of a new family
(Legionellaceae) and order (Legionellales) within the Gammaproteobacteria (Brenner et
al. 1979). The genus Legionella now has over 45 species, defined mainly by studies of
DNA homology. Immunologic diversity within species is reflected in the creation of
serogroups (Fig. 1.1). Legionella pneumophila holds the record, with over 16 distinct

serologic types. The lipopolysaccharide is the major serogroup-specific antigen, which



FIGURE 1.1
How is L. pneumophila related to other bacteria.

This is a current taxonomic tree constructed from data accessible at the taxonomy
browser of the National Center for Biotechnology Information (NCBI) web site
(www.ncbi.nlm.nih.gov/Taxonomy/Browser). Only the taxonomic tree branches leading
to the specific bacterium used throughout this research (L. preumophila serogroup 1)

have been expanded. The name of such branches is shown in bold fonts.
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can be analyzed using panels of monoclonal antibodies (Brenner et al. 1979; Brenner
1987). The division of the family Legionellaceae into three genera (Fluoribacter,
Legionella and Tatlockia; Fig. 1.1) has been controversial. There are indeed biochemical
and immunologic characteristics that can distinguish the genera (Vickers et al. 1981;
Lema and Brown 1983; Fox et al. 1984). But recent 16S rRNA homology studies suggest
that the segregation of the species into three genera is arbitrary and does not reflect their
evolution (Brenner 1987; Fry et al. 1991). It is now common to find literature where the
species F. bozemanii, F. dumoffii, F. gormanii or T. micdadei are identified as Legionella

(Gao et al. 1999; Gerhardt et al. 2000; Flieger et al. 2001; Ogawa et al. 2001).

1.1.2 Ecology

Legionella pneumophila is a ubiquitous bacterium in natural and man-made
aquatic environments (Tobin et al. 1980; Orrison et al. 1981; reviewed by Winn 1988). It
is within aquatic biofilms that Legionella proliferates. L. pneumophila has been shown to
replicate within protozoa from genera as evolutionarily distant as Tetrahymena ciliates (T.
pyriformis, T. thermophila) (Fields et al. 1984; Kikuhara et al. 1994), Hartmannella
amoebae (H. vermiformis) (King et al. 1991), Acanthamoeba (A. polyphaga, A.
castellanii) (Holden et al. 1984; Kilvington and Price 1990), and Dictyostelium slime
molds (D. discoideum) (Hagele et al. 2000). Except for specific laboratory media that can
support extracellular growth, Legionella needs protozoan hosts to replicate (Holden et al.
1984). Protozoa do not only provide nutrients for the intracellular legionellae, but also
represent a shelter when environmental conditions become unfavorable. Particularly
inside Acanthamoeba cysts the bacteria are able to survive high temperatures, disinfecting
procedures and drying (Kilvington and Price 1990). The highest numbers of Legionella
are usually found in water samples with temperatures of 30-40°C (Fliermans 1983).
Elevated temperature, inorganic and organic contents of the water and the presence of
host protozoa thus play important roles in Legionella growth and spread. The concerted
influence of these factors may explain why Legionella increases in density in artificial

habitats such as man-made warm water systems (Fliermans 1983). Since Legionella is



ubiquitous in aquatic habitats, it seems difficult to prevent it from entering man-made
water systems. Human infection can occur through inhalation of contaminated aerosols
which can be produced by air conditioning systems, cooling towers, whirlpools, spas,
fountains, ice machines, vegetable misters, dental devices and showerheads. In addition,
the presence of dead-end loops, stagnation in plumbing systems and periods of non-use or
construction have been shown to be technical risk factors (Ciesielski et al. 1984; Mermel
et al. 1995). The material of the piping has also been shown to influence the occurrence of
high bacterial concentrations. The use of copper as plumbing material may support lower
numbers of L. pneumophila than plastic materials (Rogers et al. 1994). As an illustration
of the everyday close contact of humans with Legionella species, we may quote an early
study that took place in our own province. This study consisted in randomly collecting
one hundred environmental water samples in the Quebec City area followed by direct
immunofluorescent staining (DFA) for the presence of Legionellaceae. Forty three of the
100 samples were positive for Legionellaceae and 27 of those contained more than one
serogroup and (or) species of Legionellaceae. Legionella pneumophila (serogroups 1 to 6)
was the most frequent species seen by DFA (Joly et al. 1984). These results as well as
those from similar studies (Ciesielski et al. 1984; Mermel et al. 1995; Patterson et al.
1997) clearly show that Legionellaceae can be frequent members of the freshwater
microbial flora of a city. Hospitals are not spared from L. pneumophila contamination and
this pathogen is widely recognized as a major etiological agent of nosocomial (hospital-
acquired) pneumonia (reviewed by Kirby et al. 1980; Tobin et al. 1980; Neill et al. 1985).
The intracellular life cycle of L. pneumophila within protozoa is very similar to
the one observed within mammalian macrophages (described in the next section).
Therefore, it has been suggested that the interaction with protozoa is the driving force in
the evolution of the pathogenicity of Legionella (Segal and Shuman 1999a; reviewed by
Cianciotto 2001). It is also for this reason that L. pneumophila is considered to be an

opportunistic human pathogen, or even an “aquatic microbe gone astray” (Steinert et al.

2002).



1.1.3 Legionnaire’s Disease

Although Legionella is ubiquitous in the environment, its discovery (and the
recognition of its importance as a human pathogen) had to wait until 1976, when a
mysterious epidemic of pneumonia struck attendees of the Pennsylvania American
Legion convention in Philadelphia. Out of 182 cases, 29 were fatal (Fraser et al. 1977).
The disease was dubbed Legionnaire's disease by the press. Within six months, thanks to
the efforts of many investigators from Pennsylvania and the Centers for Disease Control
and Prevention in Atlanta, a bacterium had been isolated and definitively established as
the agent (McDade et al. 1977). This bacterium was subsequently named Legionella
pneumophila (Brenner et al. 1979). Retrospective studies have shown Legionella antigens
in stored clinical samples from patients in previously unsolved outbreaks of respiratory
disease as far back as 1943 (reviewed by Schurmann et al. 1988; Winn 1988). A general

term for disease produced by Legionella species is legionellosis.

1.1.3.1 Symptoms and Diagnosis

Legionnaire’s disease is the pneumonic form of legionellosis with an incubation
time of 2-10 days. Legionnaire’s pneumonia begins with a mild cough, malaise, muscle
aches, low fever and gastrointestinal symptoms. The later manifestations of disease are
high fever and a consolidating pneumonia which primarily involves the alveoli and
terminal bronchioles; an intra-alveolar exudate is characteristic of the disease.
Considerable lung damage with patchy infiltrated regions can be observed by X-ray
radiography (reviewed by Winn 1988). Mortality rates may be high, particularly in
immunocompromised individuals (Edelstein and Meyer 1984). Histological reports
describe intra- and extracellular bacteria in phagocytes, fibroblasts and epithelial cells
(reviewed by Fields 1996). Colonization and intracellular multiplication of the bacterium
within alveolar macrophages correlates with the ability to cause disease (Cianciotto et al.

1989a).



Given the large number of pathogens able to inflict disease with very similar
pneumonic symptoms, etiologic diagnosis of pneumonia on clinical grounds alone is
almost impossible (reviewed by Steinert et al. 2002). Table 1.1 lists some of the
organisms capable of causing pneumonia in man. The three organisms listed on the left
column are responsible for approximately 60% of all pneumonias and are thus listed as
“typical” agents (Singleton and Sainsbury 1987; Johnson et al. 2002). Of major concern is
the fact that often, pneumonias are prescribed therapies adapted to the typical agents and
that many of the atypical agents are not considered in initial diagnosis (Fass 1993). It is
for this reason that although there are antibiotic compounds highly effective for treating
legionellosis, the mortality rates remain high (reviewed by Sabria and Yu 2002).

Definitive diagnosis of Legionnaires’ disease can be established through culture of
the microorganism. Sputum should be examined for a predominant organism in any
patient suspected to have a bacterial pneumonia; blood and pleural fluid (if present)
should be cultured. However, Legionella does not grow in the standard bacteriological
media used in most hospitals, and specialized selective media are needed. Unfortunately,
in most hospitals, such media are not routinely used for patients with pneumonia (Fiore et
al. 1999). For optimum culture of Legionellae in respiratory tract specimens, multiple
media are required, including BCYE-alpha supplemented with antimicrobial agents (Stout
and Yu 1997; Muder et al. 2000). The addition of dyes facilitates the visualization of the
colonies, and pretreatment with acid or heat prevents overgrowth of competing bacterial
microflora. The sensitivity of culture with multiple media and pretreatment has been
calculated to be about 80% and specificity is presumed to be 100% (Ta et al. 1995; Leoni
and Legnani 2001). The isolation of Legionellae also allows microbiological
classification and subtyping by DNA studies to establish epidemiological links to water

sources.



Table 1.1 Partial list of etiological agents of pneumonia in humans.

Typical agents Atypical agents

Staphylococcus aureus Pseudomonas aeruginosa
Streptococcus pneumonia | Chlamydia pneumonia
Haemophilus influenza Mycoplasma pneumonia
Legionella pneumophila
Coxiella burnetii
Klebsiella spp.

Proteus spp.
Mycobacterium spp.
Yersinia spp.

Viruses

Fungi




Detection by urinary antigen has become the most widely used test for diagnosis
of Legionnaires’ disease (Wever et al. 2000; Formica et al. 2001). The urinary antigen
appears early in the course of the disease and usually disappears within 2 months,
although its excretion may be longer in patients receiving immunosuppressive treatment
or corticosteroids (Sopena et al. 1999). Concentration of the urine specimen increases the
sensitivity of the test (Dominguez et al. 1996). The major limitation of urinary antigen
test is that it only detects the soluble antigen of L. pneumophila serogroup 1. Although
serogroup 1 causes 92% of the cases of Legionnaires’ disease in the community (Yu et al.
2002), the incidence drops to 80% in the hospital setting. The sensitivity and specificity
of commercial kits for L. pneumophila serogroup 1 are about 70% and 99%, respectively
(Binax, Portland, USA,; Biotest AG, Dreieich, Germany; and Bartels, Washington, USA).
A rapid immunochromatographic assay (Binax Now Legionella Urinary Antigen,
Portland, USA) is now commercially available (Wever et al. 2000). The sensitivity and
specificity of this test are similar to those obtained with ELISA (Dominguez et al. 1999),
but it is more rapid than the ELISA test (15 minutes versus 2-3 hours) making it
especially useful for small laboratories. Other rapid diagnostic tests, such as fluorescent-
antibody tests have been developed for Legionella. Direct immunofluorescence (DFA)
allows visualization of the microorganism in a specimen. But large numbers of
Legionellae must be present before they can be readily visualized (Stout and Yu 1997).

Seroconversion is defined as an increase in antibody titers to Legionella of greater
than or equal to fourfold. Maximum sensitivity of both IgG and IgM antibody
seroconversion occurs at 90 days, convalescent serum samples drawn at 4-6 weeks may
therefore give insignificant titers. Serological tests are useful for epidemiological studies
but have limited utility in clinical practice (reviewed by Sabria and Yu 2002).

Molecular subtyping has proved useful in delineating the source of Legionnaires’
disease. Techniques include monoclonal antibody typing, plasmid analysis, outer-
membrane protein profiling, Sfil-macrorestriction analysis, amplified fragment length
polymorphism (AFLP), and arbitrarily primed PCR (Jonas et al. 2000). Additionally, gas
chromatographic mass spectrometry based on the unique 3-hydroxy and 2,3-dihydroxy
fatty acids of the Legionella LPS has been described for complex microbial consortia

(Walker et al. 1993). Fluorescence in situ hybridization (FISH) using probes targeting
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regions of the 16S rRNA molecule, has been reported to be a valuable diagnostic tool for
rapid and specific detection (Grimm et al. 1998; Grimm et al. 2001). This method allows
detection of the bacteria without the need of cultivation. Therefore, this timesaving
method also makes it possible to detect viable but non-culturable (VBNC) legionellae,
which represent a large portion of the total Legionella population and may constitute an
unrecognized reservoir for disease (Steinert et al. 1997). Since FISH can also be used to
detect the protozoa hosts, it is expected that this method will improve the knowledge of
the conditions that are conducive to Legionella growth (Grimm et al. 2001).

There is a benign flu-like form of legionellosis called Pontiac fever. It is a
clinically distinct, self-limited and non-pneumonic disease (Glick et al. 1978). Pontiac
fever patients seroconvert to Legionella (Kaufmann et al. 1981), however the microbe has
never been isolated. It has been speculated that Pontiac fever is caused by VBNC forms
of Legionella (Steinert et al. 1997). Other hypotheses to explain Pontiac fever include

toxic or hypersensitivity reactions (Rowbotham 1986).

1.1.3.2 Epidemiology

The investigation of a number of epidemic and sporadic cases has shown that L.
pneumophila is in fact a common cause of both community-acquired and nosocomial
(hospital-acquired) pneumonia (Broome 1983).

The worst recorded outbreak of legionellosis occurred in the city of Murcia,
Spain, in June 2001. Within a period of two weeks, 745 cases of pneumonia were
reported; of which 315 were confirmed as Legionnaires disease by the presence of
Legionella antigen in urine (Navarro et al. 2001). Fortunately, only one person died,
which is in sharp contrast with the previous worst outbreak: in February 1999, at the

Westfriese Flora Show in the Netherlands, 231 people became ill and 21 died
(Wijgergans 1999). Outbreaks of legionellosis make news headlines, but usually less than
5% of the community-acquired Legionnaires’ Disease cases are due to large outbreaks
(Marston et al. 1994). The most common form of legionellosis is sporadic Legionnaires’

Disease, which often escapes diagnosis because of the difficulty in distinguishing this
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disease from other forms of pneumonia and influenza. In the United States, it is estimated
that legionellosis affects at least 20 000 persons annually (Marston et al. 1994). These
high estimates are supported by serologic surveys, which show that many persons in an
apparently healthy population often have antibodies against Legionellae (Foy et al. 1979).
Current data, from a series of studies from North America and Western Europe, indicates
that up to 15% of all community-acquired pneumonias that require hospitalization is
associated with this pathogen (Muder et al. 1989; Marston et al. 1994).

Nosocomial legionellosis is often more severe, and its incidence more dramatic.
According to data from the passive surveillance system of the Centers for Disease Control
and prevention, 23% of the legionellosis cases reported from 1980 to 1989 may have been
nosocomial (Broome 1983).

Epidemiological studies of Legionnaires’ disease indicate that a robust immune
response is sufficient to clear L. pneumophila infections (Fraser et al. 1977; reviewed by
Stout and Yu 1997). For example, the hotel employees on duty during the 1976
Legionnaires’ convention generally were seropositive for L. pneumophila antibodies, but
asymptomatic (Fraser et al. 1977). Typically, those who become ill are of advanced age
and have sustained damage to the host defenses that normally protect lungs from infection
(Winn and Myerowitz 1981; Marston et al. 1994). Some of the most common risk factors
for legionellosis are cigarette smoking, emphysema or other chronic lung diseases, lung
and hematologic malignancies, and clinical immunosuppression or cytotoxic
chemotherapy (Marston et al. 1994). Thus, L. preumophila is a classic opportunistic
pathogen. The case-mortality rate of Legionnaires’ disease varies from 7% to 24% in the
general population (Fliermans 1996). In nosocomial cases, the consequences of
legionellosis are grave; fatality rates can approach 50% (Broome 1983). The observed
differences in host susceptibility and bacterial virulence make it difficult to clearly define
an infectious dose.

Among more than 45 species of the genus Legionella, over 90% of the isolates
associated with Legionnaires’ disease are L. pneumophila (Muder et al. 1989; Marston et
al. 1994). Consequently, laboratory studies of Legionella pathogenesis have focused
primarily on L. pneumophila. More specifically, L. pneumophila serogroup 1 was

identified in 71.5% of legionellosis cases from 1980 to 1989 (Marston et al. 1994). This
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particular serogroup is therefore very important not only historically for being the
etiologic agent of the 1976 outbreak in Philadelphia, but also epidemically. It is for these
reasons that Legionella pneumophila serogroup 1 was used throughout our own
experiments in the quest to understand host resistance to Legionella.

Person-to-person transmission has never been observed. Thus, infection of the
human lung represents a dead-end in the life cycle of L. pneumophila. Unlike many other
human respiratory pathogens, the capacity of L. pneumophila to establish infection within
the lung seems to be the consequence of selective pressure applied exclusively by its

natural host: protozoa (review by Swanson and Hammer 2000).

1.1.3.3 Treatment and Prevention

Erythromycin has been the best antibiotic available against L. pneumophila for
many years (Kirby et al. 1980; Muder et al. 1989; Johnson et al. 2002). However,
erythromycin is no longer favored given its low solubility, the relatively high incidence of
gastrointestinal side-effects as well as recorded cases of disease recurrence (Edelstein and
Edelstein 1989; Sabria and Yu 2002). Moreover, time to apyrexia (recovery from fever)
was longer and clinical complications more frequent for patients with Legionnaires’
disease treated with erythromycin than in those treated with fluoroquinolones (Fass 1993;
Edelstein 1995a). The newer macrolides (azithromycin, and particularly clarithromycin
and roxithromycin) as well as fluoroquinolones are now the antibiotics of choice
(Edelstein 1995a; Bryskier 1998; Celis et al. 2002; Johnson et al. 2002; Trubel et al.
2002).

Since person-to-person transmission has never been observed, prevention of
Legionella infections concentrates on the elimination of the pathogen from water
supplies. In high-risk areas, such as intensive care units, regular monitoring of Legionella
concentrations is mandatory (reviewed by Steinert et al. 2002). Some methods for
detecting Legionella have been described in section 3.1 of this chapter.

After detection of unacceptably high levels of Legionellae, effective
decontamination and maintenance of water are critical for prevention of outbreaks of

legionellosis. In general, actions need to be taken when the concentration of Legionella
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exceeds 1 CFU/ml. Standards that are more restrictive apply for high-risk areas, including
intensive care and transplantation units (reviewed by Steinert et al. 2002). In the recent
years a number of methods for controlling the growth of legionellae in drinking water
supply systems (heat flushing, ultraviolet light irradiation, ozonation, metal ionization,
chlorination) and cooling towers (biocides) have been described (Kirby and Harris 1987;
Patterson et al. 1997; Kool et al. 1998; Kool et al. 1999). Unfortunately, the decreased
heat transfer and biocide penetration into biofilms as well as unused pipes of the water
system often interferes with disinfection attempts (Ciesielski et al. 1984). In addition, the
interaction of legionellae with amoebae hampers the disinfection in man-made water

systems (Berk et al. 1998).

1.1.4 L. pneumophila Intracellular Life Cycle

As described in the previous sections, the natural host for Legionella pneumophila
is protozoan cells. However, the clinical importance of this bacterium arises from its
ability to infect human alveolar macrophages. Although some L. pneumophila virulence
factors are host specific, there are many similarities, at both the phenotypic and the
molecular levels, between the infection of mammalian and protozoan cells. Here is
therefore, a generalized description of the intracellular life cycle of L. preumophila within
a permissive cell.

The intracellular life cycle of this bacterium shows several distinctive features
(see Fig. 1.2) (Horwitz 1984) and can be described as a multistage process. L.
pneumophila can be ingested by phagocytic cells in a unique manner termed ‘coiling
phagocytosis’. In this process, a phagocyte pseudopod coils around the bacterium as it
internalizes. After entry, the bacterium is located in a phagosome that evades fusion with
the endosomal compartments and lysosomes but interacts sequentially with smooth
vesicles, mitochondria, and ribosomes. The bacteria multiply within an endoplasmic

reticulum-derived and ribosome-studded vacuole called the ‘replicative phagosome’.
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FIGURE 1.2

Compilation of transmission electron micrographs that illustrate distinctive steps in

the Legionella pneumophila intracellular life cycle.

A Uptake of a Philadelphia 2 strain of L. pneumophila by A. castellanii through coiling
phagocytosis at 30 min of coincubation. Bar, 0.5 um.

B H. vermiformis infected with L. pneumophila (Lpn) AA100 for 30 min.

C Thin section cut near the surface of a U937 macrophage fixed after five minutes of
infection with L. pneumophila at an MOI of 20. Within the phagosome is a L.
pneumophila bacterium. Attached to the basal surface of the phagosomal membrane (70
A thick) are a series of vesicles of the ER (60 A thick). |

D H. vermiformis infected with L. pneumophila (Lpn) for 2.5h. Arrowheads indicate
mitochondria.

E Transverse section through a L. preumophila bacterium enclosed in a vacuole. The
U937 cells were exposed to L. pneumophila for 30 minutes then washed free of
unattached bacteria and incubated for an additional 5.5 hours before fixation. The surface
of the phagosome has reduced numbers of attached ER vesicles by this time. In their
place are ribosomes that are directly attached to the phagosome.

F H. vermiformis infected with L. pneumophila (Lpn) for 5 h. Arrows indicate the
ribosome-studded multilayer phagosomal membrane.

G A. castellanii infected with a virulent Phil 2 strain of L. pneumophila for 12 h. Arrow
indicates L. pneumophila located within a ribosome-studded phagosome. Bar, 0.25 pm.
H H. vermiformis infected with L. pneumophila (Lpn) for 8 h. Arrows indicate the
ribosome-studded multilayer phagosomal membrane.

1 H. vermiformis infected with L. ppeumophila AA100 for 20 h.

Panels A and G are reproduced, with permission from the publisher, from (Bozue and
Johnson 1996), © American Society for Microbiology, 1996.

Panels B, D, F, H and I are reproduced, with permission from the publisher, from (Abu
Kwaik 1996), © American Society for Microbiology, 1996.

Panels C and E are reproduced, with permission from the publisher, from (Tilney et al.

2001), © The Company of Biologists Ltd., 2001.
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Following bacterial replication, the monocyte is actively lysed, releasing the
progeny bacteria for a new round of infection. Strains of L. preumophila unable to evade
fusion with lysosomes or to associate with host endoplasmic reticulum are avirulent

(Horwitz 1987; Berger and Isberg 1993).

1.1.4.1 Attachment to host and entry.

Opsonization of L. pneumophila with specific antibody and complement enhances
by threefold its attachment to human monocytes, compared to adherence in the presence
of complement alone (Horwitz and Silverstein 1981). However, the mechanism of binding
does not appear to influence significantly the intracellular fate of L. pneumophila. Indeed,
bacteria that are phagocytosed in the presence of specific antibody and complement, or in
the presence of complement alone, replicate as efficiently as untreated bacteria (Horwitz
and Silverstein 1981).

When monocytes are incubated with L. preumophila in the presence of serum,
phagocytosis occurs via CR1 and CR3, complement receptors that are present on the
surface of macrophages and several other mammalian cell lines (Payne and Horwitz
1987). Virulent L. pneumophila strains are resistant to complement-mediated lysis.
Complement component C3 present in immune and nonimmune sera fixes primarily to
the major outer membrane protein (MOMP), encoded by ompS (Hoffman et al. 1992), on
the L. pneumophila surface (Bellinger-Kawahara and Horwitz 1990). In fact, C3
opsonization of purified MOMP reconstituted in liposomes induces phagocytosis by
monocytes, suggesting thata MOMP-C3 complex ligand is sufficient to mediate uptake of
L. pneumophila via the macrophage CR1 and CR3 receptors. MOMP may also have a
complement-independent function: this abundant outer membrane protein also enhances
bacterial binding to U937 cells in the absence of serum, and it increased the virulence of
L. pneumophila in chick embryo assays (Krinos et al. 1999). Ultimately, the construction
of a L. pneumophila ompS mutant and assessment of its virulence phenotype in phagocyte
and animal models of infection will provide a more detailed understanding of the role of

this dominant surface protein in L. pneumophila pathogenesis.
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Because complement levels in the human lung are normally low, it is likely that, at
least early in infection, L. pneumophila attach to phagocytes by another mechanism
(Reynolds and Newball 1974). In fact, in the absence of antibody or complement, this
pathogen still binds phorbol ester-treated U937 cells, monocytic cells that express Fc,
CR1, and CR3 receptors (Rodgers and Gibson 1993). Also, preincubation of these
phagocytes with monoclonal antibodies (mAbs) directed against CR1 and CR3 does not
inhibit binding of L. pneumophila. Furthermore, L. pneumophila need not enter
macrophages by a complement-mediated route to establish an intracellular replication
niche: bacterial growth after complement-independent attachment has been observed in
guinea pig alveolar macrophages, phorbol ester-treated U937 cells, and MRCS cells
(Rodgers and Gibson 1993; Gibson et al. 1994). Complement binding was also excluded
in our own infection experiments with elicited mouse peritoneal macrophages ex-vivo by
using heat-inactivated serum. A bacterial protein associated with lipids or carbohydrates
may mediate binding to carbohydrates on the host plasma membrane. This hypothesis
arises because bacterial attachment to U937 cells is inhibited after treatment of L.
pneumophila with several proteolytic enzymes and after both the bacterial and host cells
are treated with lipase and a carbohydrate-oxidizing agent (Gibson et al. 1994).

Complement-independent mechanisms must also promote phagocytosis of L.
preumophila by aquatic amoebae. It is within these model host systems that the most data
to describe complement-independent attachment has been gathered. The opsonin-
independent entry process of L. pneumophila is much less well characterized for
mammalian host systems (Stone and Abu Kwaik 1998; reviewed by Steinert et al. 2002).
L. pneumophila attachment to and invasion of the protozoan Hartmannella vermiformis is
mediated by a protozoan 170-kDa lectin that is inhibited by galactose/N-
acetylgalactosamine (Petri et al. 1987; Venkataraman et al. 1997; Abu Kwaik et al.
1998b; Harb et al. 1998). It is interesting that Entamoeba histolytica also encode a 170-

kDa lectin that mediates its attachment to mammalian epithelial cells. Inhibition studies
demonstrated the functional similarity of these lectins: L. pneumophila attachment to and
invasion of H. vermiformis was decreased in a dose-dependent manner by two mAbs
specific to the 170-kDa protein of E. histolytica (Ravdin et al. 1986). The bacterial

ligand(s) responsible for lectin binding have yet to be identified. Invasion of H.
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vermiformis by L. pneumophila requires host protein synthesis, as eukaryotic protein
synthesis inhibitors (cycloheximide and emetine) block the entry process (abu Kwaik et
al. 1994). Furthermore, specific H. vermiformis proteins are induced by wild-type L.
prneumophila but not by an attenuated mutant strain of this bacterium (abu Kwaik et al.
1994). Once L. pneumophila engages the receptor, a rapid and dramatic
dephosphorylation of several prominent tyrosine-phosphorylated proteins of H.
vermiformis occurs. The dephosphorylated proteins include the 170 kDa receptor
(Venkataraman et al. 1997; Abu Kwaik et al. 1998b) and the cytoskeletal-associated
proteins, paxillin, pp125 FAK and vinculin (Venkataraman et al. 1998). Entry of L.
pneumophila into H. vermiformis is not inhibited by microfilament inhibitors such as
cytochalasin D and colchicine (King et al. 1991; Harb et al. 1998). Instead, entry is
prevented by methylamine, an inhibitor of receptor-mediated phagocytosis (King et al.
1991). However, Legionellae have evolved heterogeneous mechanisms of attachment and
entry into their protozoan host cells. Infection of Acanthamoeba by L. pneumophila
occurs through an apparently different mechanism. L. pneumophila invasion of 4.
polyphaga is not inhibited by galactose or N-acetylgalactosamine (Harb et al. 1998). In
addition, the 170 kDa galactose/N-acetylgalactosamine-inhibitable lectin is only mildly
dephosphorylated in 4. polyphaga upon attachment of L. pneumophila (Harb et al. 1998).
Furthermore, host protein synthesis by 4. polyphaga is not required for invasion by L.
pneumophila (Harb et al. 1998). Interestingly, the uptake process of L. pneumophila by A.
polyphaga is not inhibited by cytoskeleton-disrupting agents (Harb et al. 1998). Thus, L.
pneumophila has evolved diverse mechanisms to invade different protozoa and may
possess different ligands for attachment to different host cells. The L. pneumophila
ligand(s) involved in the invasion process has(ve) not been identified, although several
candidates exist. Mutants of L. pneumophila that fail to express type IV pili are partially
defective in attachment to A. polyphaga, indicating that these pili may be involved in the
attachment process (Stone and Abu Kwaik 1998). Other potential ligands may include the
heat shock protein (Hsp60) and the major outer membrane protein (MOMP) of L.
prneumophila, which play a role in the attachment to mammalian cells (Bellinger-
Kawahara and Horwitz 1990; Garduno et al. 1998c; Krinos et al. 1999). Mutants of L.

prneumophila that are defective in attachment to protozoa should be useful for the
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identification of bacterial factors involved in the invasion process (Gao et al. 1997; Harb
et al. 1998; Venkataraman et al. 1998).

Ultrastructural studies have described two modes of entry for L. pneumophila until
recently: “coiling” and “conventional phagocytosis”. Coiling phagocytosis, in which a
long pseudopod literally coils around the bacterium, appears to be an occasional finding
with both macrophages and amoebae (Horwitz 1984; Bozue and Johnson 1996;
Venkataraman et al. 1998). However, this unusual mode of entry does not appear to be
necessary or sufficient for intracellular survival of L. pneumophila in professional
phagocytes. Heat-killed, fixed, and some avirulent L. pneumophila are also ingested
within coiled phagosomes, but these particles are delivered to the endosomal compartment
(Horwitz 1983b; Horwitz 1984; Horwitz 1987; Bozue and Johnson 1996). Conversely, L.
pneumophila that have been opsonized with specific antibody form conventional
phagosomes, but evade lysosomes (Horwitz 1984). Coiling phagocytosis also was not
observed for the virulent Knoxville 1 strain of L. pneumophila nor for L. micdadei
(Rechnitzer and Blom 1989). Coiling phagocytosis has been observed for a number of
other microbes, including Leishmania donovani, Borrelia burgdorferi, various
spirochetes, trypanosomatids, and yeasts (Chang 1979; Rittig et al. 1998a; Rittig et al.
1998b). Based on their detailed ultrastructural studies of coiled and conventional
phagosomes, Rittig and colleagues (Rittig et al. 1998a) have proposed that coiling
phagosomes are a direct consequence of a perturbation to conventional circumferential
phagocytosis. According to this model, when the membranes of pseudopods that surround
a particle fail to fuse, whorls of closely apposed plasma membrane form. Since both heat-
killed and formalin-fixed L. preumophila form coiled phagosomes, it is presumably due to
a passive inhibitory factor on the bacterial surface (Amer and Swanson 2002). Within
minutes of formation, the coiling phagosome resolvesto a vacuole with a single
membrane (Horwitz 1983a).

It has been noted that the composition of newly formed L. pneumophila
phagosomes differs markedly from plasma membrane. Although these phagosomes
contain the plasma membrane protein 5'-nucleotidase (Clemens and Horwitz 1992), they
lack other protein residents of the plasma membrane, including MHC class I and class II

molecules and alkaline phosphatase (Clemens and Horwitz 1992; Clemens and Horwitz
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1995). Accordingly, Clemens & Horwitz (Clemens and Horwitz 1995) postulated that
during phagocytosis of L. pneumophila, membrane proteins are sorted rapidly in such a
manner that the membranes that surround the bacterium are markedly different from the
plasma membrane. There is evidence that L. pneumophila might enter the host cell
associated with lipid rafts (Watarai et al. 2001). Lipid rafts are discrete patches on the
plasma membrane with characteristic protein and lipid content: they are rich in
cholesterol, glycosphingolipids and glycosylphosphatidylinositol (GPI)-anchored
proteins, and physically exclude a number of common plasma membrane
molecules/receptors (early reviews: Fielding and Fielding 1997; Harder and Simons
1997). Association with such lipid domains could thus enable the pathogen to effectively
evade recognition by the host phagocyte. A strikingly similar strategy has been proposed
for the intracellular bacterium Brucella abortus (Kim et al. 2002; Watarai et al. 2002), as
well as an increasing number of unrelated pathogens (Scheiffele et al. 1997; Samuel et al.
2001; Duncan et al. 2002; Nguyen and Taub 2002). Interestingly, association of L.
pneumophila with lipid rafts was described as being followed by a macropinocytic uptake
of the bacterium by permissive mouse macrophages (Watarai et al. 2001).
Macropinosomes can occur spontaneously in cells and originate as ruffles at the cell
margins that fold back on themselves, internalizing extracellular medium and solutes
(Swanson 1989). Watari and colleagues described the formation of large, fluid-filled,
spacious phagosomes around the L. pneumophila bacterium. These vacuoles were
morphologically similar to macropinosomes and their formation appeared to occur
during, rather than after, the closure of the plasma membrane about the bacterium, since a
fluid-phase marker preloaded into the macrophage endocytic path failed to label the
bacterium-laden macropinosome (Watarai et al. 2001). Importantly, macropinosome
formation was correlated with intracellular survival and replication of L. pneumophila
(Watarai et al. 2001). This subject is further discussed in chapter 5 of this thesis as it begs

for further research that is directly related to the cloning of Lgni.
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1.1.4.2 Modulation of the phagosome maturation process.

As seen in the previous section, it is right from the time of entry that L. preumophila
reprograms the maturation pathway of the phagosome. L. pneumophila-containing
vacuoles aged 5-60 min do not interact with the early endosomal compartment, asjudged
by the absence of transferrin receptors (Clemens and Horwitz 1995; Swanson and
Hammer 2000) and their failure to accumulate the endocytic tracers Texas Red-
ovalbumin, the lipid dye CM-Dil, or Alexa Fluor-streptavidin, markers that were readily
detected in phagosomes containing polystyrene beads (Swanson and Isberg 1996a;
Swanson and Isberg 1996b; Sturgill-Koszycki and Swanson 2000; Swanson and Hammer
2000). More evidence that young vacuoles containing virulent L. pneumophila are
completely isolated from the endosomal compartment: the majority of phagosomes aged
5-90 min lack LAMP-1 (lysosome-associated membrane protein) and Rab7, a monomeric
GTP-binding protein that acts as a positive regulator of fusion between the early and late
endosomal compartments (Feng et al. 1995; Soldati et al. 1995; Swanson and Isberg
1996b; Roy et al. 1998). Therefore, to survive in macrophages, L. pneumophila appears to
employ a strategy reminiscent of that of Toxoplasma gondii, which triggers formation of a
vacuole that is completely separate from the endocytic network (Mordue and Sibley
1997). As they age, L. pneumophila phagosomes lose some host proteins. The majority of
the L. pneumophila phagosomes lack 5'-nucleotidase activity 1 h after formation and have
reduced levels of CR3 (Clemens and Horwitz 1992). The vacuoles that harbor L.
preumophila differ from conventional phagosomes in two other important respects: they
do not acidify or fuse with lysosomes (Horwitz 1983b; Horwitz and Maxfield 1984).
Since the early studies of Horwitz, several laboratories, using a variety of methods, have
established clearly that L. pneumophila phagosomes aged 5 min to 8 h do not acquire
lysosomal markers. Electron microscopic studies indicated that lysosomes labeled by acid
phosphatase cytochemistry or electron-dense colloids do not fuse with L. preumophila
phagosomes (Horwitz 1983b; Berger and Isberg 1993; Clemens and Horwitz 1995).
Cryosection immunogold localization of CD63, LAMP-1, LAMP-2, and cathepsin D
demonstrated that bacterial phagosomes do not acquire these late endosomal and

lysosomal proteins (Clemens and Horwitz 1995). Finally, fluorescence microscopic

21



assays confirmed that L. pneumophila phagosomes do not contain LAMP-1 and
demonstrated further that they do not acquire Texas Red-ovalbumin preloaded into
lysosomes by pinocytosis (Swanson and Isberg 1996b). Similarly, after ingestion by 4.
castellanii, virulent L. pneumophila reside in vacuoles that do not acquire lysosomal
characteristics, including host acid phosphatase and ferritin that had been delivered by
endocytosis to the lysosomal compartment (Bozue and Johnson 1996).

Virulent L. pneumophila blocks maturation of its own phagosome with no apparent
effect on phagolysosome formation elsewhere within the phagocyte. Vacuoles harboring
L. pneumophila remain at a neutral pH, whereas neighboring erythrocyte-containing
phagosomes acidify below pH 5 (Horwitz and Maxfield 1984). In addition, after infection
with L. pneumophila, macrophages continue to deliver Saccharomyces cerevisiae to
phagolysosomes (Coers et al. 1999). Therefore, the L. pneumophila virulence factors that
prevent its delivery to lysosomes must act locally, most likely by altering the phagosomal
membrane. ‘

The following are important ultrastructural features of the modified phagosome
maturation process. After entry into protozoan cells and macrophages (15-60 min after
phagocytosis), L. pneumophila is localized within a membrane-bound vacuole that
interacts with mitochondria and smooth vesicles (Horwitz 1983a; Holden et al. 1984;
Newsome et al. 1985; Fields et al. 1986; Abu Kwaik 1996; Bozue and Johnson 1996; Gao
et al. 1997). 4 h after entry, the L. pneumophila phagosome is surrounded by a ribosome-
studded multilayered membrane that seems derived from the rough endoplasmic
reticulum (tER) (Horwitz 1983a; Fields et al. 1986; Swanson and Isberg 1995; Abu
Kwaik 1996; Gao et al. 1997). Discovery of the ‘replicative phagosome’ being associated
with membranes derived from the host endoplasmic reticulum has led some researchers to
suggest that L. pneumophila exploits the autophagy machinery of macrophages to
establish a replication niche (Swanson and Isberg 1995). Autophagy is a process for the
degradation of unwanted organelles and cellular components. It can also be viewed as a
critical mechanism for cellular homeostasis. When stressed, such as by nutrient
deprivation or elevated temperature, cells increase their rate of autophagy. Portions of the
cytoplasm, including organelles, are sequestered within vacuoles derived from the ER,

called autophagosomes. Next, these vacuoles merge with the lysosomal compartment,
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wherein the contents are degraded (Dorn et al. 2002). By this process, an eukaryotic cell
presumably reduces its metabolic load and liberates molecules needed for vital cellular
activities. Although autophagosomes do resemble L. pneumophila replicative phagosomes
structurally, there are notable differences between the two. For example, autophagosomes
fuse quickly (within 1 h) with the lysosomal compartment and do not recruit
mitochondria or ribosomes (Dorn et al. 2002). More convincingly, new knowledge on the
L. pneumophila replicative phagosome biogenesis points to a mechanism different from
autophagy. Under the electron microscope, ER membrane cross-sections can be
distinguished from other membranes including the plasma membrane. Due to their
characteristic lipid composition (lack of cholesterol, sphingolipids and glycolipids), ER
and mitochondrial membranes are 60+2 A thick versus the usual 7242 A for other
membranes (Tilney et al. 2001). It was observed that the host vesicles that attach to
nascent phagosomes within 5 min after entry are thin-walled and therefore derived from
the ER. These vesicles flatten along the surface of the phagosome within 15 min and tiny
“hairs” connect the two. The thickness of the phagosomal membrane becomes similar to

~ ER within an additional 15 min (Tilney et al. 2001). It is still not clear whether it is fusion
with the vesicles (Roy and Tilney 2002) or an exchange of lipid bilayer (Tilney et al.
2001) that occurs. Very recent studies have shed light on the precise nature of the vesicles
that attach to the L. pneumophila phagosome (Kagan and Roy 2002). First, it was
observed that the maturation of Legionella-containing phagosomes (LCPs) into ER-
derived organelles was biphasic, as the acquisition of two different resident ER proteins
did not happen simultaneously. Indeed, a hybrid marker protein with a yellow fluorescent
protein (YFP) domain attached to a KDEL motif for ER localization was enriched on
LCPs within 30 minutes of uptake of the bacterium (Kagan and Roy 2002). From earlier
studies, the YFP-KDEL protein is known to be present in the ER lumen and also cycles
between the ER and Golgi within early secretory vesicles (Pelham 1996; Roderick et al.
1997). In contrast, calnexin, a resident integral membrane protein in the rough ER, was
not detected in substantial quantities within LCPs until 10 hours after uptake of the
bacterium (Kagan and Roy 2002). The different kinetics of acquisition of calnexin and
YFP-KDEL could be explained if LCPs interacted with early secretory vesicles before
being transported to the ER (Kagan and Roy 2002). The normal process of forming early
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secretory vesicles at exit sites within transitional ER (tER) is dependent on the sequential
action of two proteins Sarl and ARF1, which are small GTPases that regulate the
formation of COPII- and COPI-coated vesicles respectively (Aridor et al. 1995).
Dominant interfering variants of Sarl and ARF1 blocked early secretory vesicle
formation as well as enrichment of LCPs for YFP-KDEL and replicative organelle
formation by L. pneumophila (Kagan and Roy 2002). Blocking ARF-dependent vesicular
traffic from the ER with brefeldin A (BFA) (Donaldson et al. 1992) gave similar results
(Kagan and Roy 2002). Evidence was also given that the intercepted early secretory
vesicles never reach the Golgi apparatus before being shunt back to the ER. Interestingly,
although ARF1 was shown to be recruited to LCPs about 30 min after uptake of the
bacterium in a Dot- and Ralf-dependent manner (see virulence factor section that
follows), this recruitment did not seem to play a critical role in replicative organelle
formation. ARF1 function was therefore only seen to be critical for early secretory vesicle
formation just before the infection with L. pneumophila (Kagan and Roy 2002). One
more important finding was that LCP resistance to fusion with the late endosomal
compartment right from the time of phagocytosis is dependent on the L. preumophila Dot
machinery but independent of host ARF1 function. Still, the interception of ARF1-
dependent early secretory vesicles was shown to be necessary to keep LCPs separate from
late endosome compartments beyond a 30-min timepoint in the infection (Kagan and Roy
2002). The overall conclusion of the study described here was that the L. preumophila
phagosome intercepts early secretory vesicles exiting from the transitional endoplasmic
reticulum (tER) (Kagan and Roy 2002); however, the underlying mechanism remains to

be elucidated.

1.1.4.3 Replication within an ER-derived vacuole.

Following the initial 4 h after entry, L. pneumophila begins to replicate within its
ribosome-studded phagosome (Abu Kwaik 1996). Theoretically, pathogens could exploit
one or more of the activities of the ER to obtain nutrients. In addition to its protein and

phospholipid biosynthetic enzymes, protein-conducting channels, and peptide pores, the
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ER participates in autophagy, which can result in an increased local supply of nutrients
(Dorn et al. 2002). Genetic and kinetic studies of L. pneumophila infections have
correlated ER association and intracellular replication (Horwitz 1983a; Swanson and
Isberg 1995; Swanson and Isberg 1996b). In none of these cases has a directrole for ER
in pathogen survival or growth been demonstrated (nor for the earlier-associating
mitochondria). Mitochondria also associate with vacuoles containing 7. gondii, and both
T. gondii and B. abortus replicate in vacuoles decorated with rough ER (Anderson and
Cheville 1986; Detilleux et al. 1990).

Interestingly, the phagosome harboring L. micdadei is morphologically distinct
from the L. pneumophila phagosome. The L. micdadei phagosome is not surrounded by
the tER (Weinbaum et al. 1984; Abu Kwaik et al. 1998b; Gao et al. 1999). This suggests
that L. pneumophila and L. micdadei have evolved different strategies for intracellular
survival. Knowing this, perhaps is it not surprising that L. micdadei intracellular
replication is not controlled by the host Lgnl gene as will be discussed in later sections
(Miyamoto et al. 1996). Additionally, as L. pneumophila is more pathogenic to humans
than L. micdadei, it may be inferred that L. pneumophila has evolved better mechanisms
of intracellular survival. This is supported by the recent findings that L. micdadei does not
replicate significantly within A. polyphaga, is avirulent in the A/J mouse model and does
not possess a pore-forming toxin activity (Gao et al. 1999). Furthermore, a comparative
study of L. preumophila and L. micdadei has indicated that the two bacteria do not share
common virulence mechanisms (Joshi and Swanson 1999). It should be noted however
that despite all those differences L. micdadei remains the second most common
Legionella species that causes Legionnaires’ disease in humans (Gao et al. 1999).

Cellular markers such as CD63, LAMP-1, LAMP-2, lysosomal cathepsin D,
transferrin receptors and Rab7 are still excluded from the phagosome during the early
course of intravacuolar growth of Legionella (Clemens and Horwitz 1995). Replication in
the ribosome-studded vacuole goes on for a total of about 20 h. At mid-log phasc,
Legionella replicates, by binary fission, with a doubling time of approximately 2 h
(reviewed by Swanson and Hammer 2000).

Importantly, L. pneumophila undergoes a dramatic phenotypic modulation upon

replication within protozoan (Cirillo et al. 1994) and mammalian cells (Abu Kwaik and
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Engleberg 1994; Abu Kwaik and Pederson 1996; Fernandez et al. 1996; Abu Kwaik et al.
1997; Harb and Abu Kwaik 1999; Kwaik and Harb 1999). Conditions within the
phagocyte vacuole as well as growth phase clearly influence the L. pneumophila
phenotype. “Replicative” L. pneumophila lose a number of traits (such as osmotic
resistance and flagella) known to promote survival in the environment and transmission to
a new host (Barker et al. 1992; Abu Kwaik et al. 1993; Barker et al. 1995). Interestingly,
during the late replicative phase at 16 to 20 h after uptake of the bacterium, the Legionella
phagosome merges with lysosomes without detrimental consequences for the enclosed
bacteria (reviewed by Swanson and Hammer 2000). Presumably, this class of vacuolar
pathogens exploits the period when delivery to lysosomes is blocked to convert to a
replicative form which not only tolerates, but thrives within the acidic and hydrolytic
lysosomal compartment (Sturgill-Koszycki and Swanson 2000).

Indeed, during the time when the yield of L. pneumophila colony forming units
typically increases 10-fold, a significant proportion of the bacterial vacuoles acquires
lysosomal characteristics (Sturgill-Koszycki and Swanson 2000). In particular, by 18 h
post-infection, 70% of the vacuoles contain LAMP-1, a late endosomal and lysosomal
membrane glycoprotein, and 50% contain the lysosomal enzyme cathepsin D, as judged
by fluorescence microscopic assays. Additionally, 50% of the replication vacuoles
accumulate the fluorescent endocytic probes Texas Red-ovalbumin and fluorescein-
dextran. Finally, whereas nascent L. pneumophila phagosomes remain a neutral pH, by 16
to 20 h after infection, replication vacuoles are acidic, averaging pH 5.5 (Sturgill-
Koszycki and Swanson 2000). Thus, as they mature, L. pneumophila replication vacuoles
appear to merge with the lysosomal compartment. Although some macrophage pathogens,
such as Mycobacterium (Crowle et al. 1991), Toxoplasma (Jones and Hirsch 1972), and
Chlamydia (Friis 1972) species, replicate within compartments which remain separate
from the lysosomes, Leishmania does not (reviewed by Swanson and Hammer 2000).
Similar to L. pneumophila, the growth phase of Leishmania determines its competence to
inhibit phagosome-lysosome fusion (Turco and Descoteaux 1992; Desjardins and

Descoteaux 1997).
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1.1.4.4 Killing of host and exit.

The growth phase has therefore a dramatic effect on the phenotype of L.
pneumophila cultured in phagocytes and in broth. By microscopic observation of infected
amoebae, Rowbotham (Rowbotham 1986) first noted that the intracellular life cycle of L.
pneumophila consists of two distinguishable phases. After a period of replication, L.
pneumophila enter an "active infective phase", marked by their synchronous conversion to
highly motile short and thick rods that were observed to escape lysed host cells and
disperse in culture. This paradigm has later been supported by phenotypic and molecular
studies of L. pneumophila cultured in broth and in macrophages (Byrne and Swanson
1998; Hammer and Swanson 1999). Unlike replicating cells, bacteria obtained from post-
exponential phase cultures of L. preumophila express a number of traits that have been
correlated with virulence, including sodium-sensitivity, cytotoxicity, osmotic resistance,
motility, and the capacity to evade phagosome-lysosome fusion. Post-exponential L.
prneumophila are also characterized by a smooth, thick cell wall, a higher 8-
hydroxybutyrate content, different staining properties, and expression of a different array
of proteins and genes (Rowbotham 1986; Abu Kwaik et al. 1993; Cirillo et al. 1994; Abu
Kwaik and Pederson 1996; Edelstein et al. 1999). In addition, compared to replicative
bacteria, 4. polyphaga-grown cells have a different composition of membrane fatty acids,
profile of lipopolysaccharide and outer membrane proteins, and susceptibility to
proteinase K (Barker et al. 1993). Post-exponential L. pneumophila have also been shown
to be more resistant to biocides and antibiotics (Barker et al. 1992; Barker et al. 1995),
more invasive for mammalian cells, and more virulent in mouse models of infection
(Cirillo et al. 1994; Brieland et al. 1997; Cirillo et al. 1999). Finally, after replicating for
10-12 hours within monocytic U937 cells, L. preumophila begin to express stress proteins
(Abu Kwaik et al. 1993). It is likely that multiple environmental signals determine the .
phenotype of intracellular L. pneumophila. Amino acid limitation appears to be a major
inducer of the virulent phenotype, because exponential phase cells convert to the virulent
phenotype when incubated in post-exponential phase culture supernatant. Phenotype
conversion does not take place when the supernatant is supplemented with amino acids

(Byrne and Swanson 1998). Accordingly, it has been postulated that when nutrient levels
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and other conditions are favorable, L. pneumophila replicates within its specialized
vacuole. When amino acids become scarce, intracellular bacteria coordinately express
several traits that facilitate escape from the depleted cell and transmission to a new host
(Byrne and Swanson 1998; Hammer and Swanson 1999).

A fundamental step in the life cycle of an intracellular pathogen is its ability to
exit the host cell after termination of intracellular replication in order to infect a suitable
new host. There is a rapid induction of necrosis by L. pneumophila upon entry into the
post-exponential phase of growth (Byrne and Swanson 1998). Necrotic killing by L.
pneumophila has been shown to be essential for subsequent release of the intracellular
bacteria from 4. polyphaga (Gao and Kwaik 2000). This growth phase-dependent
cytotoxicity of L. pneumophila is mediated by temporal expression of a pore-forming
activity (Byrne and Swanson 1998; Kirby et al. 1998; Alli et al. 2000; Gao and Kwaik
2000). Wild-type intracellular L. pneumophila causes necrosis-mediated éytolysis of 4.
polyphaga within 48 h after infection, and the intracellular bacteria are released into the
tissue culture medium. In contrast, mutant strains of L. pneumophila defective in the pore-
forming activity replicate as well as the parental strain in 4. polyphaga, but are severely
defective in killing and lysis of 4. polyphaga and remain “trapped' within the amoebae
(Gao and Kwaik 2000). A similar mechanism is also used to egress mammalian cells
(Gao et al. 1999; Molmeret et al. 2002a; Molmeret et al. 2002b).

Interestingly, L. pneumophila has been shown to induce apoptosis (programmed
cell death) in human host cells that included HL-60 (Muller et al. 1996) and U937 (Gao
and Abu Kwaik 1999b) cell lines differentiated into macrophage-like cells, peripheral
blood monocytes (Hagele et al. 1998) and the WI-26 alveolar epithelial cell line (Gao and
Abu Kwaik 1999b). This programmed cell death was initially characterized by
condensation of chromatin at the nuclear boundary and interchromosomal DNA cleavage
(Muller et al. 1996; Gao and Abu Kwaik 1999a; Gao and Abu Kwaik 1999b). DNA
fragmentation was typically detected by agarose gel clectrophoresis and terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL). Also, flow
cytometry was successfully used to detect annexin V binding to surface-exposed
phosphatidylserine on monocytes undergoing L. pneumophila-induced apoptosis (Hagele

et al. 1998). Apoptosis was invariably detected during the early stages of infection: within
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3 h of initiation of the infection and prior to intracellular replication (Gao and Abu Kwaik
1999b). Induction of apoptosis was found to be independent of the bacterial growth phase
at the time of uptake by the host (Gao and Abu Kwaik 1999a), but it was dependent on
the multiplicity of infection (Hagele et al. 1998). Evidence was provided showing that L.
preumophila-induced apoptosis in human host cells did not require intracellular bacterial
replication and that extracellular L. pneumophila were capable of inducing apoptosis (Gao
and Abu Kwaik 1999b). It was demonstrated that the induction of apoptosis by L.
prneumophila in human macrophages is mediated through the activation of caspase 3 (Gao
and Abu Kwaik 1999a). The enzymatic activity of caspase 3 to cleave a specific synthetic
substrate in vitro was detected in L. pneumophila-infected macrophages at 2 h after
infection and was maximal at 3 h, with over 900% increase in activity. The activity of
caspase 3 to cleave the specific substrate poly(ADP-ribose) polymerase, or PARP, in vivo
was also detected at 2 h and was maximal at 3 h postinfection. The activity of caspase 3
to cleave the synthetic substrate in vitro and PARP in vivo was blocked by a specific
inhibitor of caspase 3. It was noted that the kinetics of caspase 3 activation correlated
with that of L. pneumophila-induced nuclear apoptosis, and that inhibition of caspase 3
activity blocked L. preumophila-induced nuclear apoptosis and cytopathogenicity during
early stages of the infection (Gao and Abu Kwaik 1999a).

It is not clear what role the induction of apoptosis plays in the infection of human
cells by L. pneumophila. A correlation has been pointed out between the ability of
Legionella strains to induce apoptosis and their cytopathogenicity to host cells (Gao and
Abu Kwaik 1999b). It should be noted, however, that the same group later determined
that it is the pore-forming ability of the bacterium that enables it to kill the host cell (Alli
et al. 2000).

Contrary to human host cells, it was proposed early on that L. pneumophila does
not induce apoptosis in its protozoan host (Hagele et al. 1998). More recently, it has been
shown that A. polyphaga is capable of undergoing apoptosis upon stimulation by
actinomycin D, as evidenced by classic internucleosomal DNA fragmentation. However,
no such induction of DNA cleavage was observed during L. pneumophila infection (Gao

and Kwaik 2000). Induction of apoptosis by L. pneumophila has not been observed in
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mouse macrophages either (Diez et al. 2003; Wright et al. 2003); the importance of which

will become apparent on subsequent sections of this thesis.

Taken together, current knowledge of L. pneumophila virulence regulation and
replication vacuole biogenesis support the following multistage model for the L.
pneumophila life cycle. When ingested by amoebae or macrophages, L. pneumophila
modify the nascent phagosome and separate it completely from the endosomal pathway.
Next, endoplasmic reticulum engulfs the isolated phagosome, forming a “replicative
vacuole”. Within this protected niche, L. preumophila converts to a replicative form that
is acid tolerant and does not express several virulence traits, including those factors which
block fusion with the lysosomal compartment. Consequently, the pathogen is delivered to
the lysosomal compartment, a harsh but nutrient-rich environment where the bacteria are
now able to survive. Once the bacterial progeny have depleted the local amino acid
supply, expression of traits important for transmission of L. pneumophila to a new
phagocyte is triggered. In particular, a cytotoxin promotes escape from the spent host,
osmotic resistance increases survival in the extracellular environment, motility facilitates
dispersal and contact with a new host cell, and the capacity to evade phagosome-lysosome

fusion promotes survival within the next phagocyte, where the cycle repeats.

1.1.5 L. pneumophila Virulence Factors

Over the past 15 years, several genetic loci of L. pneumophila that are required for
its intracellular survival and replication have been identified. Legionella strains bearing a
mutation within these virulence genes are invaluable tools for dissecting the interaction of

this pathogen with its host.
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1.1.5.1 Type IV pili

Type IV pili, which mediate host cell attachment by pathogenic Neisseria species
(Meyer et al. 1984), Pseudomonas aeruginosa (Johnson et al. 1986), and other bacterial
species (Strom and Lory 1993), may also function as L. pnreumophila adhesins. An
insertional mutation in the putative L. pneumophila pilin structural gene, pilE;, reduced
the bacterial adherence to 4. polyphaga and the mammalian monocytic U937 and
epithelial HeLa cell lines by about 50% (Stone and Abu Kwaik 1998). Interestingly,
intracellular replication was not affected in any of the hosts studied (Stone and Abu
Kwaik 1998). Because adherence of the pilE; mutant was attenuated in both mammalian
cells and amoebae, L. preumophila pili may contribute to the observed complement-
independent binding (Stone and Abu Kwaik 1998). Future research will no doubt focus
on finding the host receptor responsible for binding to type IV pili. A strong candidate in
protozoa is the Gal/GalNAc lectin of H. vermiformis (Venkataraman et al. 1997).

1.1.5.2 Type II secretion

The pilBCD genes of L. pneumophila are homologous to the well-studied PilBCD
system of P. aeruginosa and are involved in type II secretion (Liles et al. 1998). Type II
secretion systems enable animal pathogens, such as Vibrio cholerae and P. aeruginosa, to
secrete toxins and proteases, and plant pathogens, like Erwinia chrysanthemi and
Xanthomonas campestris, to secrete cellulases and pectinases (reviewed by Russel 1998).
In order for proteins to enter the type Il secretion pathway, they have to first translocate
across the cytoplasmic membrane. For that, those proteins contain an amino terminal
signal sequence that directs their delivery into the periplasm by the Sec secretion
machinery. The proteins then fold into a translocation competent conformation and
subsequent transport through the outer membrane is then achieved by the type II secretion

machinery, a complex of at least 14 proteins (Russel 1998).
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L. pneumophila is the first intracellular pathogen found to carry a
chromosomal locus encoding a type II secretion system (Liles et al. 1998; Liles et al.
1999). Expression of the pilBCD genes is not required for growth of L. preumophila in
culture medium (Liles et al. 1998). A role for type II secretion in L. pneumophila
pathogenesis was demonstrated by analysis of a nonpolar pilD:kanR insertion mutant
strain. The pilD locus encodes a prepillin peptidase that processes proteins destined for
secretion by the type II system. Interestingly, pilD mutants of L. preumophila are
defective in intracellular replication within both macrophages and H. vermiformis (Liles
et al. 1998; Liles et al. 1999). In addition, this mutant is also defective in the secretion of
a Zn21-metalloprotease, also known as the major secreted protein (MSP) and type IV pili
biogenesis (Stone and Abu Kwaik 1998; Liles et al. 1999). Further, mutants in other
components of the type II secretion apparatus of L. pneumophila, the Isp (Legionella
secretion pathway) FGHIJK locus, are defective in infection of 4. polyphaga and
secretion of the MSP protease (Hales and Shuman 1999a; Aragon et al. 2000). However,
type IV pili and the MSP protease are not required for intracellular replication of L.
pneumophila within mammalian and protozoan cells (Szeto and Shuman 1990; Moffat et
al. 1994; Stone and Abu Kwaik 1998; Hales and Shuman 1999a). Thus, it is likely that
the type II secretion apparatus may be involved in the secretion of other proteins involved
in the virulence of L. pneumophila to both mammalian and protozoan cells.

Other proteins transported through the type II secretion system of L. pneumophila
include two phosphatases, an RNAse, mono-, di- and triacylglycerol lipases,
phospholipase A, a lysophospholipase A and a p-nitrophenyl phosphorylcholine
hydrolase (Hales and Shuman 1999a; Aragon et al. 2000; Aragon et al. 2001; Flieger et
al. 2001). The relative contribution of each of these substrates to the overall ability of L.

preumophila to survive and replicate within host cells remains to be elucidated.
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1.1.5.3 Hsp60

Besides type IV pili, further attachment factors include the 60-kDa heat shock
protein Hsp60 (Hoffman et al. 1990). Although bacterial heat shock proteins typically
serve as cytoplasmic chaperones (Ellis 1987), L. pneumophila Hsp60 belongs to a large
family of immunodominant protein antigens, termed "common antigens", many of which
share cross-reactive epitopes and appear to be extracellular (Thole et al. 1988). Hsp60 was
first shown to be implicated in attachment and entry of L. preumophila to HeLa epithelial
cells (Hoffman et al. 1989; Hoffman et al. 1990; Garduno et al. 1998b). Several other
pathogens, including Haemophilus ducreyi (Frisk et al. 1998), Helicobacter pylori (Dunn
et al. 1997), Mycobacterium avium (Rao et al. 1994) and S. typhimurium (Ensgraber and
Loos 1992), appear to release proteins homologous to Hsp60 that have been implicated in
virulence. It remains to be determined whether the extracellular localization of Hsp60
proteins is a consequence of its release from cells in certain growth conditions, bona fide
secretion, or, as hypothesized for the Hsp60 homolog in H. pylori, bacterial cell lysis
(Phadnis et al. 1996). L. pneumophila Hsp60, encoded by htpB, is induced during growth
in macrophages and in vitro in response to H,O», heat, and osmotic shock (Hoffman et al.
1989; Hoffman et al. 1990; Abu Kwaik et al. 1993; Garduno et al. 1998b). In L.
prneumophila cultured in broth, immunogold labeling of Hsp60 indicated both cytoplasmic
and surface locations; heat-shock increased the amount of surface-exposed Hsp60
epitopes modestly (Garduno et al. 1998a). In infected HeLa cells, extracellular Hsp60
protein can be detected lying free within replication vacuoles (Garduno et al. 1998b).
Hsp60-specific antibody inhibits invasion by wild-type L. pneumophila and purified
Hsp60 protein stimulates uptake of latex beads by HeLa cells (Garduno et al. 1998b). The
closely related human HSP60 and Chlamydial Hsp60 proteins have been shown to elicit a
strong proinflammatory response in cells of the innate immune system with Toll-like
receptor (TLR) 2, and TLR4 as mediators of signaling (Vabulas et al. 2001; Bulut ct al.
2002; Habich et al. 2002; Zanin-Zhorov et al. 2003). Although it is tempting to speculate
that the same signalling pathway might be at work for Legionella, specific host receptors

for the Legionella Hsp60 protein have not been formally identified yet.
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1.1.5.4 Mip

The mip (macrophage infectivity potentiator) gene was the first cloned gene from
L. pneumophila that exhibited a role in virulence (Cianciotto et al. 1989b). Immunogold
techniques have shown that the Mip protein is exposed on the cell surface of extracellular
grown L. pneumophila. In Acanthamoeba infected with Legionella the Mip protein was
also detected on host membranes which exhibited a multilamellar structure (Helbig et al.
2001). The 24-kDa Mip is constitutively expressed and the 2.4-A crystal structure has been
described. Each monomer of the homodimeric protein consists of an N-terminal
dimerization module, a long 65-A connecting o-helix and a C-terminal peptidyl-prolyl
cis/trans isomerase (PPlase) domain (Riboldi-Tunnicliffe et al. 2001).

During the initial infection period, 10-fold fewer viable mip-mutant cells associate
with human monocytic U937 cells and alveolar macrophages compared with wild-type
bacteria (Cianciotto et al. 1989b). More dramatically, after infection of 4. castellani, the
yield of mip mutants is 50- to 100-fold lower than that of the wild type (Wintermeyer et al.
1995). In a guinea pig model of infection, mip null mutants are also less virulent than wild
type, as determined by lower morbidity and mortality (Cianciotto et al. 1990). Thus,
judging by a variety of criteria, Mip contributes to L. pneumophila virulence. However, the
intracellular growth rate of the mip mutants of L. pneumophila that do enter the host cell
has been shown to be comparable with that of the wild-type strain (Cianciotto et al. 1989b;
Cianciotto and Fields 1992; Cianciotto et al. 1995). Thus, Mip appears to promote efficient
establishment of infection rather than intracellular replication per se.

The Mip protein exhibits peptidyl-prolyl-cis/trans isomerase (PPlase) activity, as
measured by cleavage of synthetic substrates and this activity is inhibited by the
immunosuppressant macrolide FK506 (Fischer et al. 1992). Because peptidyl prolyl
isomerases are characteristic of eukaryotes, Mip may target a host protein substrate, as
documented for the Yersinia YopH virulence protein (Guan and Dixon 1990). Yet, no
bacterial or host substrate for Mip has been identified. Curiously, truncated Mip proteins
defective for enzymatic activity abrogated virulence in a guinea pig model of infection but
not within 4. castellanii (Kohler et al. 2003). Thus, the mode of action of this virulence

factor in the early stages of infection by L. pneumophila remains to be determined.
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1.1.5.5 Dot/Icm Type IV Secretion System

The dot (defect in organelle trafficking, Berger and Isberg 1993; Andrews et al.
1998; Vogel et al. 1998) and icm (intracellular multiplication, Brand et al. 1994; Segal
and Shuman 1997; Purcell and Shuman 1998; Segal et al. 1998) loci refer to the same 24
genes of L. pneumophila and were identified independently by two different laboratories.
All of the dot/icm genes are located within either of two L. pneumophila chromosomal
locations. Membership of the dot/icm genes in the family of type IV transport systems
was defined originally by their collective ability to transfer DNA to a recipient cell.
Unlike type III secretion systems which have co-opted the flagellar assembly pathway
(Nguyen et al. 2000), and type II secretion systems which double as pilin extrusion
machinery (Sandkvist 2001), type IV systems are encoded by chromosomal loci
homologous to operons dedicated to conjugal transfer of plasmid DNA (Cao and Saier
2001). Analysis of the predicted amino acid sequences of the dot/icm genes has revealed
several characteristics that indicate a role in conjugation. Indeed, fourteen of the dot/icm
genes share detectable homology to the tra/trb genes of col1b-P9 plasmid, a member of
the IncI class of conjugal plasmids (Segal and Shuman 1997; Vogel et al. 1998; Segal and
Shuman 1999b). The ability of the dot/icm genes to mediate conjugal transfer of DNA has
been confirmed (Segal et al. 1998; Vogel et al. 1998). For example, the plant pathogen A.
tumefaciens transfers RSF1010 plasmids by a process that requires a functional type IV
secretion apparatus (Stahl et al. 1998). In a similar manner, L. preumophila transfer of the
same RSF1010 plasmids to bacterial recipients depends on a functional set of dot/icm
genes (Segal and Shuman 1997; Vogel et al. 1998).

The majority of the dot/icm genes are predicted to encode membrane-associated
proteins. DotA stands out as an integral cytoplasmic membrane protein with eight
membrane-spanning domains (Roy and Isberg 1997), and lcmW is a small, soluble
protein that resides in the cytoplasm (Zuckman et al. 1999). An increasing number of
studies strengthen the view that establishment of the intracellular niche of L. pneumophila
requires the type IV conjugational transfer system (Segal and Shuman 1998b; Segal et al.
1999). How the L. pneumophila type IV secretion system contributes to bacterial
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pathogenesis and the identity of its substrates is the focus of a great deal of research.
Mutants defective in this secretion apparatus are defective in early events required for
proper maturation of the L. pneumophila phagosome in mammalian cells, inhibition of
phagosome-lysosome fusion, induction of apoptosis and pore formation-mediated
cytotoxicity (Kirby et al. 1998; Segal and Shuman 1998a; Vogel et al. 1998; Gao and Abu
Kwaik 1999a). Also, the Dot/Icm secretion system is required for intracellular replication
within protozoa (Gao et al. 1997; Segal and Shuman 1999a). The Dot/Icm type IV
secretion system appears to act during phagocytosis to establish the L. preumophila
replication vacuole. Every mutant of the dot/icm family that has been examined is
defective for evasion of the endocytic pathway (Horwitz 1987; Marra et al. 1992; Berger
et al. 1994; Swanson and Isberg 1996b; Segal and Shuman 1997; Andrews et al. 1998;
Roy et al. 1998; Vogel et al. 1998; Wiater et al. 1998; Zuckman et al. 1999). Each of
these mutants is mistargeted to the endosomal pathway within the earliest period
examined, in some cases 5-30 min after infection (Roy et al. 1998; Wiater et al. 1998).
For example, phagosomes containing dot4 mutants acquire the late endosomal and
lysosomal marker LAMP-1 within 5 min of uptake (Roy et al. 1998). Thus, to evade
delivery to the lysosomes, L. pneumophila must alter its phagosome immediately, and the
Dot/Icm type IV secretion system must be transporting effector macromolecules that can
act almost instantly within the host cell.

L. pneumophila is one of a growing list of extracellular and intracellular bacterial
pathogens that exploit a type IV secretion system for virulence. The phytopathogen
Agrobacterium tumefaciens (Christie 1997) and the animal pathogens Brucella suis
(O'Callaghan et al. 1999), H. pylori(Censini et al. 1996), and B. pertussis (Weiss et al.
1993) all encode type IV secretion loci. Although related to conjugal DNA transfer
complexes, type IV secretion systems also export proteins that are effectors of virulence
(Winans et al. 1996). For example, 4. tumefaciens VirE2 protein accompanies T-DNA
(tumor DNA) during transfer (Winans et al. 1996), and pertussis toxinis a protein
substrate of the B. pertussis secretion system (Weiss et al. 1993). As described above, the
Dot/Icm complex must act during phagocytosis to divert phagosome maturation.

Therefore, the putative effector molecule is not likely to be DNA. By analogy to other
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type IV systems, the L. preumophila Dot/Icm conjugation complex is postulated to deliver
virulence proteins to phagocytes, to establish a protective replication vacuole.

The Dot/Icm complex is required by L. preumophila to insert pores into the host
plasma membrane (Kirby et al. 1998). Besides residing in vacuoles that acquire endocytic
markers, dot and icm mutants are noncytotoxic, and several mutants have been shown
specifically to lack pore-forming activity. Accordingly, one model postulates that delivery
of a small number of pores is sufficient to retard phagosome maturation (Kirby and Isberg
1998). In addition, at a high level of infection, insertion of alarge number of pores into
the host plasma membrane causes rapid lysis of the phagocyte (Kirby and Isberg 1998). A
related model postulates that the Dot/Icm-dependent pore serves as the conduit for the
effector molecules that modify the nascent phagosomal membrane to alter its course
(Zuckman et al. 1999). Accordingly, mutants lacking such effectors are predicted to retain
cytotoxicity but fail to evade the endosomal compartment. By these criteria, lcmW was an
attractive candidate effector. However, cellular fractionation experiments indicate that this
small, soluble protein resides in the bacterial cytoplasm. Therefore, instead of acting as a
substrate for type IV secretion, IlemW may regulate Dot/Icm activity, directly or indirectly
(Zuckman et al. 1999). It is important to note however, that the icm# mutant phenotype
indicates that although pore-formation may be required by L. pneumophila to establish an
isolated phagosome, it is not sufficient.

RalF is the first L. pneumophila protein shown to be exported through the type IV
secretion apparatus (Nagai et al. 2002). The protein ADP ribosylation factor-1 (ARF1), a
highly conserved small GTP-binding protein, acts as an important regulator of vesicle
traffic from ER to Golgi. ARF1 is found on about 30% of the phagosomes that contain
wild-type L. pneumophila but not dot/icm mutants (Nagai et al. 2002). These data suggest
that a protein injected through the type [V secretion system may be required for ARF1
recruitment. Nagai and colleagues searched the L. pneumophila genome for proteins that
have homology to ARF-specific guanine nucleotide exchange factors (GEFs). A protein
was identified that has a sec7-homology domain, known to be sufficient to stimulate the
exchange of GDP for GTP (Nagai et al. 2002). The protein was named RalF (recruitment
of ARF to the Legionella phagosome). Indeed, RalF has been shown to be injected

through the phagosomal membrane by a process that requires the Dot/lcm system (Nagai

37



et al. 2002). Phagosomes containing ra/F mutants do not recruit ARF1. However, these
mutants are still able to evade fusion to lysosomes and the bacteria replicate
intracellularly within macrophages and amoebae (Nagai et al. 2002). Thus, RalF is not
essential for transport of L. pneumophila to the ER, replicative organelle biogenesis or
intracellular replication (Kagan and Roy 2002; Nagai et al. 2002). So why would
Legionella inject an exchange factor for ARF into eukaryotic hosts during infection? An
interesting theory was put forward in a recent review (Roy and Tilney 2002). It is likely
that the function of RalF is to stimulate normal host processes that Legionella subvert
during biogenesis of an ER vacuole. Accordingly, RalF may play a role in the creation or
transport of ER vesicles that associate with Legionella phagosomes shortly after uptake.
The reason RalF function is not required by Legionella during infection of host cells
cultured in the laboratory may be that ER vesicles that transport cargo to the Golgi are
created constitutively in healthy cells growing in nutritionally rich medium. However, in
nature Legionella is likely to encounter protozoan hosts that are conserving energy and
are less active metabolically. Under these conditions, host ARF—GEFs are likely down-
regulated, reducing vesicular transport between the ER and Golgi. By injecting their own
ARF exchange factor during infection, Legionella may be able to stimulate the creation of
the ER—Golgi transport vesicles these bacteria require to remodel their phagosomes (Roy
and Tilney 2002). Anyhow, in addition to RalF, Legionella must be injecting additional
proteins into macrophages that bind ER vesicles and promote phagosome remodeling.

A second protein that is secreted through the Dot/Icm machinery has recently been
discovered. A group of researchers hypothesized that some translocated proteins also
function to maintain the integrity of the bacterial membrane (Conover et al. 2003).
Mutations that destroy this function are predicted to result in a Dot/Icm complex that
poisons the bacterium, resulting in reduced viability. To identify such mutants, strains
were isolated that showed reduced viability on bacteriological medium in the presence of
an intact Dot/Icm apparatus, but which had high viability in the absence of the
translocator. Several such mutants were analyzed in detail to identify candidate strains
that may have lost the ability to synthesize a translocated substrate of Dot/Icm. Two such
strains had mutations in the /id4 (lowered viability in the presence of dof) gene. The LidA

protein is indeed a translocated substrate of Dot/Icm and it can associate with the
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cytoplasmic face of the phagosome (Conover et al. 2003). Lid4 mutants retain wild-type
pore-mediated cytotoxicity as measured by ethidium bromide permeability of the infected
macrophages (Conover et al. 2003). About 30% of the /id4 mutants survive intracellularly
and present no defects in replicative vacuole formation and overall intracellular growth
(Conover et al. 2003). Further research will be necessary to enlighten how the LidA
protein performs its duty as a gatekeeper and protects L. pneumophila from degradation
by its own secretion apparatus.

Once the vacuole provides conditions for the bacteria to grow, genes of the
dot/icm family become dispensable (Coers et al. 1999). For example, by using an
inducible promoter to control dotA transcription, Roy and coworkers (Roy et al. 1998)
found that L. pneumophila which express DotA before contact with macrophages but not
after still replicate during the primary infection cycle. The hypothesis that Dot/Icm
function is dispensable during the replication period is consistent with the observation that
virulence traits are not expressed by both in vitro- and in vivo-grown L. pneumophila
during the exponential phase of growth (Byrne and Swanson 1998; Hammer and Swanson
1999). It is worth noting that when a dot4 mutant resides within the same phagosome as a
wild-type bacterium, it can replicate (Coers et al. 1999). Furthermore, those studies have
indicated that the effector molecules involved in intracellular trafficking of L.
prneumophila and subversion of phagolysosomal fusion within mammalian cells are
limited to the phagosome harboring the bacterium, where they exert a cis-acting effect
that does not alter the biology of the rest of the cell (Coers et al. 1999).

Recently, Segal and colleagues (Segal et al. 1999) identified a second L.
pneumophila secretion apparatus related to type IV systems that is distinct from the
Dot/Icm complex. Designated Lvk (for Legionella vir homologues), this locus is
dispensable for intracellular growth but can cooperate with the Dot/Icm complex to
transfer RSF1010 plasmids by conjugation (Segal et al. 1998; Segal et al. 1999).
Disruption of several of the dot/icm genes completely abolishes conjugation, indicating
that the /vh locus itself cannot confer conjugation. However, components of the vk
system may be able to replace some Dot/Icm factors for conjugation, as judged by
comparing the phenotype of particular single and double mutant strains. Deletion of the

Ivh locus in the wild-type JR32 strain modestly reduces conjugation efficiency, 10-fold. In
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a similar manner, dotB and icmE mutants donate plasmid at a somewhat reduced
efficiency. On the other hand, double mutants carrying a /vh deletion and a dotB or an
icmE mutation are completely defective for conjugation. Thus, components of the lvh
system may substitute for dotB and icmE functions that are important for conjugation, but

not virulence (Segal et al. 1999).

1.1.5.6 Pmi and mil loci

Gao and colleagues (1997) identified 89 mutants of L. pneumophila that are not
cytotoxic to and fail to grow within both U937 macrophage-like cells and Acanthamoeba
polyphaga. As all of these mutants exhibit similar defects in both host cells, the disrupted
loci were designated as protozoan and macrophage infectivity (pmi) loci (Gao et al.
1997). Interestingly, 12 of the pmi mutants contain insertions in the dot/icm genes (Gao et
al. 1997). Thus, the type IV (Dot/Icm) secretion system of L. pneumophila is required for
infection of both mammalian and protozoan cells. These observations were later
substantiated by the finding that nine icm genes are required for intracellular growth
within human macrophages and 4. castellanii (Segal and Shuman 1999a).

The similarity in the defects of the pmi mutants as well as other identified
virulence loci in macrophages and 4. polyphaga revealed that L. pneumophila uses many
of the same genes to invade and survive within its evolutionarily distant hosts (Gao et al.
1997; Abu Kwaik et al. 1998a). It is believed that legionellac may have been primed
within protozoa for the infection of mammalian cells.

However, several loci, such as the macrophage infectivity loci (mil) of L.
pneumophila, seem to be only required for the infection of mammalian cells (Gao et al.
1998a; Gao et al. 1998b). Gao and colleagues screened a bank of transposon insertion
mutants of L. pneumophila for potential mutants that exhibited defective phenotypes of
cytopathogenicity and intracellular replication within macrophage-like U937 cells but not
within 4. polyphaga (Gao et al. 1998a). Twenty-six mutants were identified, with various
degrees of defects in cytopathogenicity, intracellular survival, and replication within

human macrophages, but wild-type phenotypes within protozoa (Gao et al. 1998a). The
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growth kinetics of many mutants was also examined, and these were shown to have a
similar defective phenotype in peripheral blood monocytes and a wild-type phenotype
within another protozoan host, Hartmannella vermiformis. Transmission electron
microscopy of 4. polyphaga infected by the mil mutants showed that they were similar to
the parental strain in their capacity to recruit the rough endoplasmic reticulum (RER)
around the phagosome. In contrast, infection of macrophages showed that the mutants
failed to recruit the RER around the phagosome during early stages of the infection (Gao
et al. 1998a).

One of the mil loci studied further has been identified as a HtrA stress-induced
protease/chaperone homologue (Pedersen et al. 2001). Amino acid substitutions of two
conserved residues in the trypsin-like protease catalytic domain and in-frame deletions of
either or both of the two conserved PDZ domains of HtrA were shown to abolish its
function (Pedersen et al. 2001). A promoterless lacZ fusion to the htr4 promoter was used
to probe the phagosomal microenvironment harboring L. preumophila within
macrophages and within A. polyphaga for the exposure to stress stimuli. Expression
through the htrA promoter is induced by 12 000- to 20 000-fold throughout the
intracellular infection of macrophages but its induction is 120- to 500-fold within
protozoa compared to in vitro expression (Pedersen et al. 2001). Data derived from
confocal laser scanning microscopy revealed that in contrast to the parental strain,
phagosomes harboring the Atr4 mutant within U937 macrophages colocalize with the late
endosomal-lysosomal marker LAMP-2, similar to killed L. preumophila (Pedersen et al.
2001). Coinfection experiments showed that in communal phagosomes harboring both the
parental strain and the htr4 mutant, replication of the mutant is not rescued. In contrast,
replication of a dot4 mutant control, which is normally trafficked into a phagolysosome,
is rescued by the parental strain (Pedersen et al. 2001). The L. pneumophila stress
response that is mediated by HtrA is therefore indispensable for intracellular replication
within mammalian but not the protozoan cells studied (Pedersen et al. 2001).

The presence of mil loci raises the possibility that L. pneumophila has evolved
mechanisms to invade mammalian cells that are independent of invasion of protozoa (Gao
et al. 1998a). It should be noted, however, that L. pneumophila is able to invade more

than 15 very divergent species of protozoa (Fields 1996; Abu Kwaik et al. 1998a; Abu
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Kwaik et al. 1998b). Therefore, a likely hypothesis is that virulence mechanisms may be
differentially required for invasion of different protozoa, some of which are also required
for the invasion of mammalian cells (Gao et al. 1998a).

The identity of several of the pmi and mil loci is still under investigation
(reviewed by Harb et al. 2000).

1.1.5.7 Iron Acquisition

Once established in the replication vacuole, iron acquisition and assimilation
appears to be critical for intracellular growth of L. preumophila. Interfering with the
supply of intracellular iron, either by addition of chelators or by y-interferon activation of
macrophages, inhibits intracellular bacterial replication (Byrd and Horwitz 1989; Pope et
al. 1996). The growth of L. preumophila within human monocytes has been documented
to be iron dependent as well. In the case of an aberrantly low expression of transferrin
receptor in human monocytes, no infection by Legionella occurs (Byrd and Horwitz
2000).

However, Legionella does not use transferrin or lactoferrin directly (Johnson et al.
1991; Goldoni et al. 2000). Instead, the pathogen utilizes secreted and cell-associated
factors as well as heme-containing compounds of the host as iron sources (O'Connell et
al. 1996). The iron acquisition genes are regulated by the transcriptional regulator Fur
(Hickey and Cianciotto 1997). Fur (ferric uptake regulation) is known to repress
expression of iron acquisition genes (among others) when ferrous iron is present (Bagg
and Neilands 1987; Hickey and Cianciotto 1994). Therefore, this intracellular pathogen
likely responds to iron limitation in part by altering its pattern of gene expression. The L.
pneumophila-specific Fur-regulated frg4 gene encodes a protein that has homology with
the aerobactin synthetases IucA and IucC (iron uptake chelate) of E. coli. A frg4 mutant
exhibited an 80-fold reduced intracellular growth in U937 cells (Hickey and Cianciotto
1997).
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The non-classical siderophore legiobactin as well as a methyltransferase (ira4), a
putative iron peptide transporter (iraB), the inner-membrane cytochrome ¢ biogenesis
system (cemC), periplasmic and cytoplasmic Fe** reductases are known to contribute to
iron assimilation (Poch and Johnson 1993; Pope et al. 1996; Liles et al. 2000;
Viswanathan et al. 2000). For example, an L. pneumophila iraAB mutant, identified
originally in a screen for strains defective for intracellular iron acquisition and
assimilation, replicates poorly in U937 cells following a prolonged lag phase (Pope et al.
1996). An iraAB mutant is also defective for replication in a guinea pig model of lung

infection (Viswanathan et al. 2000).

1.1.5.8 Growth phase and the Stringent-response

Amino acid depletion leads to the transition of L. pneumophila from a replicative
to an infectious phase (Hammer and Swanson 1999). The conversion involves a stringent
response-like mechanism, a developmental pathway thoroughly studied in Escherichia
coli that promotes long-term survival in adverse conditions (reviewed by Swanson and
Hammer 2000). Uncharged tRNAs activate RelA, a guanosine 3',5'-bispyrophosphate
synthetase (Hammer and Swanson 1999). The following accumulation of ppGpp then
induces the stationary-phase regulon and coordinates the entry of bacteria into a stationary
and infectious phase characterized by a rapid arrest of growth and of protein and stable
RNA molecule synthesis. By this mechanism, bacteria alter their physiology to tolerate a
nutrient-poor environment. By analogy to E. coli (Gentry et al. 1993), it has also been
speculated that the accumulation of ppGpp increases the amount of alternative sigma
factor RpoS in Legionella. In support of this hypothesis, it has been observed that
expression of RpoS increases during the stationary phase of Legionella and apparently
coordinates the expression of virulence traits (Hales and Shuman 1999b). RpoS is
required for maximal virulence of several pathogens, including Salmonella (Fang et al.
1992), Shigella flexneri (Waterman and Small 1996), toxigenic E. coli (Small et al. 1994),
and phytopathogenic Erwinia carotovora (Mukherjee et al. 1998). An rpoS transposon

insertion mutant strain of L. pneumophila replicated as well as wild-type L. pneumophila
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within monocytic HL60 and THP-1 cells, but it was attenuated for virulence in 4.
castellanii cultures (Hales and Shuman 1999b). According to the stringent-response
paradigm, RpoS functions primarily to coordinate entry into stationary phase.
Consequently, in L. pneumophila, RpoS may be dispensable for replication but important
for efficient transmission to a new phagocyte or for survival in fresh water, traits that may
be critical for efficient infection in amoebae experimental models (Hales and Shuman
1999b). Therefore, it is of interest to determine whether rpoS null mutants express
postexponential phase activities implicated in L. preumophila transmission, including
cytotoxicity, osmotic resistance, motility, and evasion of phagosome-lysosome fusion
(reviewed by Swanson and Hammer 2000).

The stringent-response mechanism has been adopted by a large variety of
organisms to respond to a changing environment according to their particular lifestyles.
For Myxococcus xanthus, ppGpp accumulation initiates the formation of a multicellular
fruiting body that subsequently differentiates into hardy myxospores (Harris et al. 1998).
Bacillus subtilis that is starved for amino acids accumulates ppGpp, which induces
expression of stress response proteins that may promote sporulation (Harris et al. 1998).
In Streptomyces coelicolor, ppGpp accumulation plays a role in antibiotic production and
the pigmentation characteristic of mature spores (Chakraburtty and Bibb 1997). For L.
pneumophila, when nutrients are limited within its host cell, transmission to a new

phagocyte is paramount.
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Section 1.2

Host Resistance to L. pneumophila

This introductory chapter has thusfar reviewed some facfors that affect the
virulence of the pathogen Legionella pneumophila. The following section describes the
interaction between L. pneumophila and its host from a different perspective; it provides
an overview of the mechanisms by which potential hosts can resist infection. A particular
emphasis is given to the host resistance factors that are under genetic control, as it is the

search for one of these resistance loci that has driven the research described within the

next chapters of this thesis.
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1.2.1 Host Resistance to bacterial infections

A fundamental goal of host resistance research is to define the elements of a host-
parasite interaction that a specific pathogen subverts to its own advantage. The normal
course of events in a host-parasite interaction should therefore be known. This subsection
is a rough summary of defense mechanisms that have become “common knowledge” in
the immunology field, with a particular emphasis on intracellular bacteria among all
possible pathogens. The facts stated can be found in most current
biology/physiology/immunology textbooks. Except for very specific and new data that
will be referenced in-text, here is an acknowledgement of the textbook that helped
structure this section (Sleigh and Timbury 1998) and two textbooks with which the

information was complemented (Vander et al. 1994; Baron 1996).

1.2.1.1 Defense mechanisms of the host

The potential host has a number of defense mechanisms with which to counteract
bacterial aggression. There are two categories of defense mechanisms: nonspecific, which
are not directed at a particular organism and are non-immunological, and specific
mechanisms.

Among the nonspecific defenses, we may point out the skin, the normal bacterial
flora of the host, lysozymes, flushing actions as well as low pH. The skin represents one
of the most important barriers of the body to the microbial world. When this barrier is
breached, infection is frequent. In addition to the skin, other portals through which
bacteria can gain access to the body include the mucous membranes of the respiratory,
gastrointestinal, and urogenital systems. Like the squamous epithelial cells of the skin, the
mucosal epithelial cells divide rapidly. In the intestine for example, as the cells mature,
they are pushed laterally toward the intestinal lumen and shed. The entire process is
reported to require only 36-48 hours for complete replacement of the epithelium, which
diminishes the number of bacteria associated with it. Also, the pores and crevices of the
body are colonized by the "normal bacterial flora", which by competition can make it

difficult for exogenous pathogens to establish themselves. Normal flora also produce
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substances with antibacterial activity, such as fatty acids produced by skin flora from
glycerides in sebum and by intestinal anaerobes from the contents of the colon. Other
hostile substances to microbial colonization, which either kill bacteria or restrict their
growth, include protective levels of lactoferrin, lactoperoxidase, and lysozyme, an
enzyme found in tears and other body fluids that lyses the mucopeptide of the cell wall of
bacteria. Tears contain lysozyme, but their flushing action is also important to keep the
surface of the eye sterile. The respiratory tract mucus traps bacteria and constantly moves
them upwards, away from the lungs, propelled by cilia on the cells of the epithelium.
Urine also helps to flush out bacteria that have gained entry to the bladder. Low pH
environments, such as found in the stomach, significantly help to destroy ingested
bacteria. Vaginal secretions also have acid pH due to lactobacilli, which metabolize
glycogen present in the epithelium because of circulating oestrogens. The lactic acid
produced prevents access of harmful bacteria. Another mechanism of restricting growth
of bacteria that penetrate the skin and mucous membranes is competition for iron.
Typically, the amount of free iron in tissues and blood available to bacteria is very low,
since plasma transferrin binds virtually all iron in the blood. Similarly, hemoglobin in the
erythrocytes binds iron. Without free iron, bacterial growth is restricted unless the
bacteria synthesize siderophores or receptors for iron-containing molecules that compete
for transferrin-bound iron.

A higher level of complexity is involved in the non-specific defense provided by
phagocytic cells and complement molecules. Phagocytosis is a powerful defense
mechanism, mediated by scavenger cells that ingest invading organisms and destroy them
intracellularly by enzyme action. Phagocytic function can be divided into four stages. The
first step is chemotaxis, or the attraction of phagocytes to the site of infection. The second
step is attachment of the bacterium to the membrane of the phagocyte. The third stage is
the ingestion of the microbe, in which the phagocytic cell extends pseudopods to envelop
the bacterium. The pseudopods then fuse to form a pouch or phagosome. Fourth and last
stage is the intracellular killing of the ingested bacterium. Lysosomes containing
hydrolytic enzymes and other bactericidal substances migrate towards the phagosome,

and fuse with its membrane to form a phagolysosome. Most bacteria are killed within a
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few minutes of phagocytosis, although the degradation of the bacterial cell may take
several hours.

There are two types of phagocytes. Neutrophil polymorphonuclear leukocytes
(polymorphs), also known as microphages, are produced in the bone marrow and, when
mature, circulate in the bloodstream for 6 to 7 hours. These short-lived cells arrive rapidly
at the scene of infection, attracted by chemotactic substances elaborated during the
inflammatory process. Polymorphs, which are part of the early defense against infection,
are the “pus cells” seen in the exudate from acute infections. The second type of
phagocytes is macrophages of the mononuclear phagocyte system. Also produced in the
bone marrow, they travel as monocytes in the bloodstream to become distributed as free
macrophages in lung alveoli, peritoneum and inflammatory granulomas, or fixed
macrophages, integrated into the tissues, like in lymph nodes, spleen, liver (Kupffer
cells), CNS (microglia) and connective tissue (histiocytes). Phagocytosis by these long-
lived cells can be either nonspecific or promoted by antibody and complement.

Complement molecules can act as opsonins: substances that bind to bacteria and
increase their susceptibility to phagocytosis. Complement refers to a family of proteins
present in serum. These proteins interact sequentially in a proteolytic cascade, following
activation of the first stage with a bacterial or other antigen. The sequential reaction
liberates fragments that attract phagocytic cells by chemotaxis, and promote subsequent
phagocytosis (opsonization).

It is important to point out that phagocytes and complement also have important
roles in the specific immune responses described in the next paragraphs. During the
interaction of bacterial cells with macrophages, T cells, and B cells, specific immunity
develops to protect against reinfection. There are two main mechanisms by which the host
mounts a specific immune response against bacterial infection: the humoral (antibody)
response and the cell-mediated response.

Antibodies are proteins in the bloodstream produced in response to infection by
microorganisms. They are specifically directed against the antigens of the microorganism
or its component parts, which are usually proteins or carbohydrates. When an antigen, e.g.
on a bacterium, encounters B- (bone marrow derived) lymphocytes in the secondary

lymphoid organs (spleen, lymph nodes), the lymphocytes are activated and transformed
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into antibody-secreting plasma cells. The antigen is presented by macrophages and the
involvement of T-lymphocytes, especially T-helper cells, is required to initiate the
immune response to some antigens. Antibodies are protein molecules of high molecular
weight also known as immunoglobulins (Ig). Their structure is Y-shaped and consists of
an Fc fragment (the stem of the Y) and two Fab fragments (the arms of the Y). The Fab
fragments contain the combining sites for specific antigens and, in antibodies to different
antigens, show highly variable amino acid sequences. The Fc fragment of different
antibodies, on the other hand, has a relatively constant amino acid composition and is the
site for the attachment of complement. In addition, the Fc fragment is recognized by
specific receptors in the membrane of phagocytic cells during opsonophagocytosis.
Although there are five types of immunoglobulins, only three are critical in the response
to bacterial infections. IgM, a pentamer of IgG, is the first antibody produced. It appears
approximately one week after infection and persists only for about two weeks. IgG, a
monomer, is the main antibody produced. It appears about two weeks after infection, and
persists for longer periods of time, about six weeks. IgA, is a monomer in blood, but
present as a dimer in body secretions like saliva, respiratory and alimentary mucus, tears
and colostrum. IgA in extracellular fluids (secretory IgA) is coupled to a protein secretory
piece, which is not found on serum IgA. Antibodies are a powerful defense mechanism
against viruses, because they neutralize viral infectivity. They are much less effective on
their own (i.e. without complement) against bacteria, but are nevertheless important in
combating bacterial infection by the following mechanisms: neutralization of toxins,
promotion of phagocytosis (antibody-coated bacteria are more readily phagocytosed than
those coated with complement alone), and bacterial lysis (certain Gram-negative bacilli,
such as strains of Escherichia coli, are lysed in the presence of antibody and
complement).

The second mechanism for mounting a specific immune response is a cell-
mediated response. Delayed hypersensitivity, or cell-mediated immunity, was first
described for tuberculosis in the late 19th century. Delayed hypersensitivity develops
slowly over 24-48 h, and is especially important in infections due to organisms which
persist or multiply intracellularly, such as the bacteria which cause tuberculosis, leprosy

and brucellosis, and viruses. Many of the functions described are initiated and regulated
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by a variety of chemical mediators (e.g. interleukins, tumor necrosis factor) collectively
known as cytokines. T-lymphocytes are a population of leucocytes that have undergone
maturation in the thymus. Responsible for cell-mediated immunity, they comprise the
majority of the circulating lymphocytes in humans, the rest being bone marrow derived
B-lymphocytes described previously for their role in humoral immunity. Macrophages are
among a group of cells that can process bacterial antigens and present them to
lymphocytes to stimulate a specific immune response. When sensitized, or primed, T-
lymphocytes become activated and release a variety of cytokines (lymphokines), which in
turn recruit other inflammatory cells to mount the cell-mediated immune reaction. The
activities of these lymphokines include chemotactic attraction of lymphocytes,
macrophages and polymorphonuclear leukocytes to the site of infection, increased
capillary permeability and mitogenic activity (stimulation of lymphocytes to divide and
differentiate). In delayed hypersensitivity, the inflammatory lesion is heavily infiltrated
with sensitized T-lymphocytes and macrophages. Other T-lymphocytes, called helper and
suppressor cells, regulate the immune response. The overall effect of delayed
hypersensitivity is to limit the size of the lesion and to localize the organism within it:
although initially protective, there is some risk of unwanted tissue damage. In general,
bacteria that can enter and survive within eukaryotic cells are shielded from humoral
antibodies and can be eliminated only by a cellular immune response. Certainly, the
capacity of bacteria to survive and multiply within host cells has great impact on the
pathogenesis of the respective infections. Fortunately, most bacteria in the environment
are relatively benign to individuals with normal immune systems. However, in patients
who are immunosuppressed, such as individuals receiving cancer chemotherapy or who

have AIDS, opportunistic microbial pathogens can establish life-threatening infections.

1.2.1.2 Defense mechanisms critical for Legionella

Risk factors for Legionnaire's disease include conditions that compromise both the
specific and non-specific defenses. The fact that smokers as well as patients with chronic

lung disease are at increased risk of developing serious Legionella pneumonia (Pedro-
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Botet et al. 1995; Tkatch et al. 1998) suggests that the integrity of physical clearance
mechanisms, such as the mucociliary escalator of the tracheobronchial tree, is an
important element of the defenses. Nonimmunologic antibacterial factors normally found
in respiratory secretions, such as lactoferrin or lysozyme, may also play a role
(Hambleton et al. 1982; Bortner et al. 1986).

Inflammatory cell defenses play both positive and negative roles. The human
alveolar macrophage and its relative, the recruited blood monocyte, fail in their normal
roles as primary antibacterial defenses in Legionella infections: instead of destroying the

_invading bacteria, they serve as a replication niche (reviewed by Cianciotto 2001).
Polymorphonuclear leukocytes, on the other hand, do not support bacterial growth in vitro
(Davis et al. 1983). Neutropenia (diminished number of circulating neutrophils) is
therefore a potential risk factor for legionellosis (Hollander et al. 1991).

The most impressive risk factors for human disease are various types of
immunosuppression. In a small outbreak of disease caused by contaminated nebulizers,
pneumonia developed most often in patients being treated with corticosteroids
(Schlossberg and Bonoan 1998). This points out that since human phagocytes do not clear
Legionella from the alveoli, we rely mainly on the secondary, specific immune responses
to put a check on the pathogen’s progress.

Attention has focused on cell-mediated immunity because Legionella is a
facultative intracellular pathogen. In contrast to naive alveolar macrophages, which are
permissive for intracellular bacterial growth, activated alveolar macrophages or peripheral
blood monocytes have been shown to restrict Legionella multiplication in vitro (Nash et
al. 1984). The macrophages can be activated by treatment with lymphokines produced by
specifically stimulated lymphocytes. Indeed, lymphocytes appear in the air spaces of
experimentally infected animals about 5 days after an acute infection (Susa et al. 1998).
Therefore, infected patients undergo a cell-mediated immune response that can be
detected by measuring lymphocyte blastogenesis (Plouffe and Baird 1982). Gamma
interferon, which can substitute for the lymphokines, is an important mediator (reviewed
by Friedman et al. 1998). Depletion of gamma interferon makes experimental animals
vulnerable to infection (Heath et al. 1996; Shinozawa et al. 2002). Restricting the

availability of iron (an important growth factor for Legionella) in the Legionella
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phagosome has also been shown to be an important factor to inhibit intracellular growth
(Byrd and Horwitz 1989; Marra et al. 1990; Byrd and Horwitz 1991; Gebran et al. 1994;
Gebran et al. 1995; Byrd and Horwitz 2000).

The role of humoral immunity is less clear. Antibodies in all immunoglobulin
classes are made after human or experimental infection with Legionella (reviewed by
Ehret 1992; Yoon et al. 2002). This antibody serves an opsonizing function in vitro,
facilitating the phagocytosis of bacteria by polymorphonuclear leukocytes, macrophages,
and monocytes (Horwitz and Silverstein 1981). Antibody does not kill most strains of
Legionella however, so that the outcome of the interaction depends on the capabilities of
the phagocytic cell (Horwitz and Silverstein 1981). The classic pathway of the
complement system is activated by L. pneumophila, enhancing phagocytosis still further
(Verbrugh et al. 1985; Mintz et al. 1992). Legionella micdadei activates the alternative
complement pathway as well, so that opsonization of this species can occur even before
an immunologically specific antibody response is mounted (Steffensen et al. 1985). One
can construct scenarios from in vitro data in which antibody is deleterious as well as
helpful. Experimental studies with animals support a protective role for antibody
(Breiman and Horwitz 1987; Blander and Horwitz 1989; Spitsyn et al. 1990; Weeratna et
al. 1994).

Our primary defense mechanisms being defective, a large pressure is exerted on
our secondary immune response. The lag of time required for a specific response to enter
in effect is enough that we do not have one Legionella cell to combat, but thousands of
freshly replicated daughter cells. For healthy humans, the condition is not necessarily life
threatening, but it is for the growing percentage of the population that because of old age
and/or parallel disease, fail to mount an effective immune response. Should phagocytes
succeed in killing Legionella cells from the first encounter, this pathogen would not be as
big a threat for humans. A striking proof of this is the resistance of mice to experimental
Legionella pneumonia, attributed to the fact that their alveolar macrophages do not
support intracellular bacterial growth (Yoshida and Mizuguchi 1986). This has been a
major driving force in our own investigation of macrophage resistance to Legionella

replication, as will be seen in detail throughout the rest of this thesis.
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1.2.2 Experimental models of legionellosis.

In order to dissect and analyze the host-parasite interactions involved in
legionellosis, model systems of the disease can be very helpful. Indeed, the study of cases
of legionellosis in humans can reach a high level of complexity due to a multitude of
factors. Some of these variability factors are environmental, such as infection dosage and
infection route; other factors include the possible genetic heterogeneity of both the host
and the pathogen. Most of these variables can be easily controlled in an experimental
setting. Model systems for the study of Legionella-host interactions include in vivo
infection of animals, ex vivo infection of cells explanted from humans and a variety of
animals, in vitro experimentation with cell lines, and infection of natural protozoan hosts

grown in the laboratory.

1.2.2.1 In vivo infection of animals.

Legionella can infect several laboratory animals, including rats (Davis et al. 1982;
Yoshida and Mizuguchi 1986) and hamsters (Katz and Poropatich 1986; Yoshida and
Mizuguchi 1986), but the guinea pig remains the most susceptible animal known. Guinea
pigs exposed to aerosols of Legionella pneumophila develop pyrexia and pneumonia,
with high mortality within three days after eprsure (Baskerville et al. 1981).
Accompanied by weight loss and fever, histopathological changes indicative of an acute
fibrinopurulent pneumonia can be observed, with widespread fibrin exudation and
accumulation of neutrophils and macrophages in alveolar lesions (Baskerville et al.
1981). Overall, infected guinea pigs exhibit symptoms which closely resemble Legionella
pneumonia in man (Baskerville et al. 1981; Davis et al. 1982) and have become, by far,
the most widely used animal model in the study of legionellosis. A closer look at the
infected animals yielded important knowledge about the interaction between Legionella
and host cells (Katz and Hashemi 1982). Within neutrophils, Legionella pneumophila

typically displayed degenerating forms, suggesting that this intracellular environment is
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somewhat hostile to the bacterium. By contrast, macrophages tended to contain intact
forms, located within organelles morphologically identical with rough endoplasmic
reticulum. Some bacteria were replicating at this site. These findings suggested for the
first time that Legionella pneumophila is an intracellular parasite of macrophages (Katz
and Hashemi 1982). Subsequent experimentation with lower infection doses enabled to
study the resolution of the disease in this very susceptible host (Davis et al. 1983).
Legionella pneumophila still produces pneumonia at low doses of intranasal infection.
Bronchoalveolar lavage was used to sample airspace cells, secretions, and bacteria during
developing infection. An influx of polymorphonuclear neutrophils followed exponential
bacterial growth during the initial three days of infection and coincided with limitation of
the increase in bacteria recovered. Again, most viable L. pneumophila organisms were
associated with alveolar macrophages, whereas most of the bacteria associated with
polymorphonuclear neutrophils were nonviable. A macrophage influx occurred around
day five. Bacteria were eliminated from the lung by 11 days after exposure. Thus, it
became clear that recruited, and possibly immune, defenses are required for successful
resolution of Legionella pneumonia (Davis et al. 1983). This was later confirmed
(Breiman and Horwitz 1987). Guinea pigs sublethally infected with L. pneumophila by
the aerosol route develop strong humoral and cell-mediated immune responses to this
pathogen, are able to clear the bacteria from their lungs, and are protected against
subsequent lethal aerosol challenge (Breiman and Horwitz 1987). Experimentally induced
Legionella pneumonia in guinea pigs has been crucial to the study of antibacterial agents
efficient against Legionella in vivo (Kohno et al. 1988; Edelstein 1995b). Also, several
studies used this in vivo model to identify Legionella strains (Fitzgeorge