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ABSTRACT
Legionella pneumophila is a Gram-negative, intracellular pathogen that targets
amoebal species in aquatic environments and alveolar macrophages during human
infections. To sustain intracellular replication L. pneumophila uses a type IV secretion
system (T4SS) that translocates bacterial proteins into the host to form the Legionella
containing vacuole (LCV), the site of bacterial replication. Most of the knowledge about
host factors that restrict L. pneumophila intracellularly has been acquired by studies of
host networks known to be involved in pathogen clearance. However, the role of host
proteins outside of these pathways remained unclear. We developed a dsRNA
interference screen strategy against more that 50% of the D. melanogaster annotated Orfs
to identify host factors that restrict L. pneumophila intracellular growth. This strategy
allowed us to identify a role for proteins involved in host cell cycle control in restricting
L. pneumophila growth. Studies to determine the cell cycle phase that facilitates L.
pneumophila intracellular replication demonstrated that the bacterium is capable of
arresting the host cell cycle at any stage and prevent cell proliferation of amoebal hosts in
a T4SS-dependent manner. Furthermore, five effector proteins that target the host protein
synthesis machinery restrict cell cycle progression through mitosis. The levels of
bacterial replication in either proliferating or arrested host cells varied depending on the
cell cycle stage the host was at the time of infection. Host cells present in G1 and G2
were exploited by the bacterium for replication. In contrast, bacterial replication was
depressed in cells present in S-phase, as the integrity of the LCV was compromised,
resulting in L. pneumophila detection from the cytosol and eventual degradation.
Together, our results are consistent with the model that L. pneumophila inhibits entry into
S-phase by causing perturbations in the host protein synthesis machinery, because this
phase in the cell cycle is detrimental for bacterial growth.
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1.1. PNEUMONIA MORBIDITY
Pneumonia is a respiratory condition that results in lung inflammation due to
exposure to chemicals, a microbial disease or following other noninfectious diseases
(ALA, 2008, Driver, 2012). The old and the very young are more at risk of developing
pneumonia (Driver, 2012), due to less robust immune systems. Over the last decade,
pneumonia has been the seventh leading cause of death in the United States and along
with influenza, it is the most prevalent cause of infectious disease-related deaths (Heron,
2013). Pneumonia cases can be categorized into two groups: a) nosocomial or b)
community acquired pneumonias (CAP), a pneumonia obtained outside of a hospital or
health care setting (Driver, 2012). The pathology of the disease occurs after a
microorganism travels to the lower respiratory tract and infects alveoli (Driver, 2012).
The most common pneumonia-causing pathogens include: Steptococcus pneumoniae,
Haemophilus influenza type b, influenza A, B and C, respiratory syncytial virus and
Cryptococcus (Driver, 2012). Pneumonias are predominantly caused by bacteria,
resulting in symptoms such as high fever, chills and cough. Within a clinical setting,
physicians classify pneumonia as typical, characterized by an acute onset of symptoms,
or atypical, characterized by organisms that are difficult to grow and often associated
with milder symptoms (Driver, 2012). Atypical pneumonia includes diseases caused by
Mycoplasma pneumoniae, Chlamydia pneumoniae and Legionella pneumophila (Marston
et al., 1997, Driver, 2012). Infections with L. pneumophila have the highest frequency of
atypical CAP in people over 50 years old, and are the most common atypical organisms
in hospital outbreaks or intensive care units (Cunha, 2010, Garau and Calbo, 2008).
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1.2.

LEGIONELLA PNEUMOPHILA HISTORY AND

EPIDEMIOLOGY
In July 1976 during the American Legion Convention at the Bellevue-Stratford
Hotel in Philadelphia, a mysterious illness swept through the war veterans that attended
this conference. They had high fever and pneumonia symptoms, yet standard clinical
laboratory strategies could not identify the cause of the illness. The term Legionnaires’
disease was used to refer to this new mysterious illness (Altman, August 1, 2006). Within
one month, reports of deaths at this convention were in the news. Due to the magnitude of
this epidemic, two congressional investigations were set in motion to determine the
source of the outbreak (Cianciotto et al., 2013). It took investigators six months to
identify the agent responsible of this mysterious illness, but finally at the beginning of
1977 investigators at the Centers for Disease Control and Prevention (CDC) had
identified a Gram-negative bacterium as the source of the symptoms (McDade et al.,
1977). This newly discovered microorganism was named Legionella pneumophila strain
Philadelphia 1 (Brenner et al., 1979). By the end of the outbreak there was a ~15%
mortality rate among convention attendees who showed visible signs of pneumonia
(Cianciotto et al., 2013). Investigations into previous outbreaks where people presented
with similar symptoms revealed that L. pneumophila was also the agent responsible for
up to 4 outbreaks between 1957 and 1974 (Cianciotto et al., 2013, McDade et al., 1977,
Terranova et al., 1978). In addition, L. pneumophila was identified as the agent
responsible for an outbreak in 1968 that presented with high fevers, but without
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symptoms of pneumonia in Pontiac, Michigan (Cunha, 2010). Today, we refer to the
milder version of the disease caused by L. pneumophila as Pontiac fever.
The family Legionellaceae has Legionella as its sole genus, with the closest
relative being the Coxiellacea family, which includes the Q-fever causative agent
Coxiella burnetti (Cianciotto et al., 2013). Up to date at least 50 Legionella species have
been identified and about half of them have been linked to human disease (Newton et al.,
2010). The most common causative species is Legionella pneumophila, accounting for
~80-90% of the reported cases with an estimated mortality rate of up to 30% (Yu et al.,
2002, CDC, 2011). Cases tend to be seasonal, with a higher frequency during summer
and early fall (Cunha, 2010), and have an incubation period of 2-10 days (Cianciotto et
al., 2013). In the United States, during the 2000-2009 period, there was a 217% increased
in the number of Legionnaire’s cases reported that required hospitalization (CDC, 2011).
Since the Legionnaires’ Disease Surveillance System (LDSS) is a passive system, it is
possible that the number of reported cases might represent an underestimation of the
actual number, highlighting the need for better monitoring of this disease. Recently, the
LDSS was added to the Active Bacterial Core surveillance (ABCs) system of the CDC to
determine the disease trends that could account for such a dramatic increase (CDC, 2011)
and to provide better monitoring.
Contaminated water systems are the major sources of transmission of the
bacterium. It has been detected in natural freshwater habitats and estuaries, but the major
sources of L. pneumophila infection are man-made aquatic reservoirs such as cooling
towers, spas and air conditioning systems (Goutziana et al., 2008, Martinelli et al., 2001,
Cianciotto et al., 2013). It is considered that the ability of L. pneumophila to survive
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within diverse environments results from their relationship with protozoan species in
which it resides in the environment (Winiecka-Krusnell and Linder, 1999). It is thought
that L. pneumophila replicates within the amoeba species present in the reservoirs,
allowing survival in conditions that might be otherwise thought to be restrictive for
growth of the bacterium, leading to the production of contaminated droplets that can be
inhaled by humans as aerosols (Isberg et al., 2009). Indeed, L. pneumophila has been
shown to be able to replicate within a large diversity of amoebal species including
Dictyostelium discoideum (Solomon et al., 2000), Hartmannella (Cianciotto and Fields,
1992), and Acanthamoeba and Naegleria (Rowbotham, 1980), which are natural
reservoirs of the bacterium (Taylor et al., 2009). Interestingly, L. pneumophila was
reported to be present in aquatic arthropods of the Diptera order at different
developmental stages (Pastoris et al., 1989), suggesting that insects can also serve as
Legionella reservoirs in the environment. In humans, L. pneumophila replicates within
alveolar macrophages (Horwitz and Silverstein, 1980). It is believed that humans are
accidental hosts of the bacterium and that they represent a dead-end since horizontal
transmission from person to person has never been reported (Isberg et al., 2009).
Nonetheless, smokers, the elderly, immunocompromised individuals and patients on antiTNF-α therapy (such as rheumatoid arthritis patients) are at the highest risk of developing
the disease (Hilbi et al., 2010, Cianciotto et al., 2013).
Even though L. pneumophila can replicate in diverse hosts such as amoeba and
macrophages, the mechanisms of growth within each follow similar dynamics. These
observations suggest that these hosts provide evolutionarily conserved pathways for
intracellular growth and that L. pneumophila was selected for using the tools necessary
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for intracellular survival in one set of organism, allowing growth within diverse species.
Indeed, many of the genes required for growth within amoeba are also important for
replication within macrophages (Segal and Shuman, 1999, Cianciotto and Fields, 1992).

1.3. LEGIONELLA PNEUMOPHILA PATHOGENESIS
Modulation of host cell processes is essential for intracellular pathogens to be able
to survive and replicate. In order to succeed in this goal, bacteria have developed diverse
strategies that allow them to alter and hijack host processes. One such strategy is the
formation of secretion systems that allow the passage of bacterial proteins into the target
host cells, such as Type IV Secretion Systems (T4SS). T4SS are specialized structures
capable of transporting DNA and proteins from the inside of the bacteria cytosol into the
host cytosol (Wallden et al., 2010).
In order to sustain intracellular replication L. pneumophila uses a Type 4
Secretion System (T4SS) encoded by the dot/icm (defect in organelle
trafficking/intracellular multiplication) genes (Marra et al., 1992, Berger and Isberg,
1993). The T4SS delivers bacterial proteins, referred to as effector proteins, across the
vacuole membrane into the host cytosol. The L. pneumophila T4SS is fully functional for
the transport of DNA across the system into both L. pneumophila and E.coli (Vogel et al.,
1998) and is essential for infection. Deletion of dot/icm genes, such as dotA, results in a
defective intracellular growth, with loss of the ability to evade the endocytic pathway
(Berger and Isberg, 1993). Analyzing the differences in vacuole trafficking between WT
L. pneumophila and strains lacking the Dot/Icm system has been the most important
strategy for understanding how the T4SS contributes to intracellular growth.
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1.3.1. Legionella pneumophila evades the endocytic route after
internalization into host cells
Phagosome acidification and targeting of this compartment into the lysosomal
network is a strategy used by host cells to get rid of intruders such as bacteria, yeast and
viruses (Kinchen and Ravichandran, 2008). However, many pathogens have evolved
ways to counteract this host clearance pathway. Bypass of trafficking through the
endocytic pathway is a strategy used by Legionella pneumophila, Salmonella enterica
serovar Typhimurium and Chlamydia trachomatis. On the other hand, pathogens such as
Brucella abortus and Coxiella burnetii embrace the maturation and acidification of the
vacuole by the host (Asrat et al., unpublished-a).
L. pneumophila forms a specialized membrane-bound compartment within
macrophages that avoids trafficking through the lysosomal pathway (Figure 1.1), as
demonstrated by the absence of endocytic markers in the vacuole (Horwitz, 1983b), with
the result that this niche is less acidic than compartments that non-pathogenic bacterium
occupy (Horwitz, 1983b, Horwitz, 1984). Inhibition of traffic through the endocytic
pathway by WT L. pneumophila occurs at the earliest stages of the uptake process and
before fusion of early endosomes with late endosomes, since most of the vacuoles have
no detectable levels of the early endocytic marker Rab5 or the late endocytic marker
Rab7. In contrast, challenge of macrophages with dotA mutants results in most of the
vacuoles staining positively for Rab5, Rab7 and LAMP-1 (Roy et al., 1998, Clemens et
al., 2000). Inhibition of trafficking through the canonical endocytic pathway represents
the first strategy that L. pneumophila uses in order to establish a replicative niche.
Successful vacuole formation requires the T4SS, indicating that translocated
effectors play significant roles in this process. Hence, an intense search for effector
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Figure 1.1 Legionella pneumophila intracellular life cycle
Inside the host cell, L. pneumophila controls host factors (black/white) through the action
of type IV-secretion system translocated effectors (red) to subvert the function of
multiple networks in order to replicate. 1) L. pneumophila prevents trafficking through
the endocytic pathway by the phospholipase VipD, which binds Rab5 and inhibits
localization of endocytic trafficking components, by AnkX phosphocholination of Rab35
and by inhibiting retrograde trafficking to the Golgi by RidL. 2) Formation of the
Legionella containing vacuole requires hijacking of members of the secretory pathway to
fuse ER-derived vesicles to the LCV. Examples of bacterial proteins that could promote
ER interactions are the T4SS effectors SidC and SidM/DrrA. SidM/DrrA activates Rab1
and catalyzes the pairing of the SNARES Stx3 and Sec22. Rab1 activity on the vacuole is
controlled by the effector proteins: LidA, AnkX, SidD, Lem3 and LepB. 3) L.
pneumophila induces the expression of the transcription factor NF-κB and its
translocation to the nucleus to activate genes involved in pro-survival strategies. Effector
proteins involved in this process include LnaB and LegK3. In addition, the effector
RomA travels to the nucleus where it methylates histones and activates expression of prosurvival genes 4) A few hours after uptake, L. pneumophila inhibits host protein synthesis
by the action of the effector proteins Lgt1, Lgt2, Lgt3, SidI and SidL/Ceg14.
Abbreviations: EE, early endosome; LE, late endosome; LY, lysosome, ER, endoplasmic
reticulum; PC, phosphocholination
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proteins and their roles during infection has taken place over the last decade. Up to date,
~ 300 effectors have been identified (Hubber and Roy, 2010, Heidtman et al., 2009, de
Felipe et al., 2005, Huang et al., 2010, Zhu et al., 2011). However, the contributions of
these bacterial proteins during infection remain to be fully examined. Although the
biochemical activities of a number of these proteins have been identified, the role of most
of these proteins during the replication process is largely unknown.
Our understanding of the role of T4SS translocated substrates in the avoidance of
lysosomal degradation is still in its early stages. L. pneumophila effectors implicated in
this process include VipD and SidK. VipD is a phospholipase that localizes to early
endosomes where it binds Rab5b and depletes PI3P from the membrane preventing its
interaction with downstream effectors of the endocytic pathway (Figure 1.1) (Gaspar and
Machner, 2014, Shohdy et al., 2005, Ku et al., 2012). SidK on the other hand binds VatA
(a v-ATPase subunit) and prevents v-ATPase proton translocation and phagosome
maturation (Xu et al., 2010). Overexpression of VipD or injection of SidK into cells
prevents phagosomal acidification and E. coli degradation (Ku et al., 2012, Xu et al.,
2010). However, the fact that these effectors are not essential during infection indicates
that L. pneumophila uses various strategies to prevent traffic through the canonical
endocytic pathway.

1.3.2. Manipulation of host membrane dynamics by the intracellular
vacuolar pathogens enterica serovar Typhimurium and Coxiella burnetii
In contrast to L. pneumophila, Salmonella enterica serovar Typhimurium follows a
trafficking pathway in host cells that appears to allow considerable maturation through
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the endocytic pathway. After Salmonella internalization, the pathogenicity island-1 (SPI1) translocated effector, SopB is necessary for the recruitment of Rab5 and its effector
PI3-kinase, hVPS34, to the Salmonella containing vacuole (SCV) (Bakowski et al.,
2010). PI3P accumulation reduces the negative charge of the membrane, preventing
localization of Rab35, a GTPase involved in endocytic recycling (Hernandez et al., 2004,
Bakowski et al., 2010, Heo et al., 2006). By modulating the membrane charge, SopB
promotes the formation, closure and proper maturation of the SCV, resulting in a
protective niche that facilitates intracellular replication (Hernandez et al., 2004,
Terebiznik et al., 2002, Bakowski et al., 2010).
SCV formation is a result of sequential interactions with the endocytic pathway
(Figure 1.2). Shortly after internalization, proteins associated with the early (EEA1,
Rab5) and late endocytic pathway (Rab7, Lamp-1/2) localize to the SCV (Hashim et al.,
2000, Méresse et al., 1999, Garcia-del Portillo et al., 1993). Salmonella interaction with
lysosomes has been a topic of debate for many years, because lysosomal markers such as
Mannose 6-Phospate Receptor (MPR) are absent from the vacuole, but exchange of
material between the SCV and lysosomes can still be detected (Garcia-del Portillo and
Finlay, 1995, Méresse et al., 1999, Drecktrah et al., 2007).
Vesicle trafficking during Salmonella infection is bi-directional. Tubular
structures can be seen emanating from the SCV in epithelial cells, although the role that
these play in vivo is not well understood. These structures are not observed in
macrophages, where much of the replication of the organism may take place during
disease. Stimulation of retromer cargo protein activity allows movement of the vacuole
by recruitment of sorting-nexin protein-1 (SNX1) and formation of spacious vacuole-
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Figure 1.2 Manipulation of host endocytic and secretory trafficking by Salmonella
enterica serovar Typhimurium and Coxiella burnetii.
Once internalized, intracellular vacuolar pathogens manipulate components of both the
endocytic and secretory pathway in order to establish a replication niche. Markers of the
endocytic pathway: Rab5, Rab7 and LAMP-1 decorate the vacuoles of S. enterica and C.
burnetii during infection. After passage through the endocytic pathway, the Coxiella
containing vacuole acquires characteristics of a phagolysosome compartment and it starts
to enlarge, occupying most of the host cytosol. On the other hand, early during infection
S. enterica forms SNX1 tubules (SVATs) that aid in retromer movement of the SCV,
followed by SNX3 tubules involved in the formation of a mature compartment. Once in
a peri-Golgi area, Salmonella starts to replicate and the formation of SIFs is observed, a
process that requires the SPI2 effector SifA and the host protein SKIP. Abbreviations:
EE, early endosome; LE, late endosome; LY, lysosome, ER, endoplasmic reticulum
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SNX1

associated tubules (SVAT) (Bujny et al., 2008). In addition, SNX3 recruitment leads to
tubules that aid in formation of a mature compartment and Rab7 recruitment (Braun et
al., 2010).
Association with the Golgi is important for SCV maturation and bacterial
replication. Active Rab7 is transiently present at the SCV (within 40 minutes of infection)
leading to the recruitment of RILP and retrograde trafficking of the SCV into a position
proximal to the microtubule-organizing center (MTOC) (Guignot et al., 2004, Harrison et
al., 2004). Positioning of the SCV requires recruitment of active dynein, most likely by
the SPI2 effectors SseF and SseG (Salcedo and Holden, 2003, Abrahams et al., 2006).
Salmonella replication coincides with the formation of Salmonella Induced Filaments
(SIFs) that emanate from the vacuole (Figure 1.2) (Schroeder et al., 2011). In contrast to
SNX1 and SNX3 tubules, SIFs contain LAMP-1 and LAMP-2 (Garcia-del Portillo et al.,
1993) and are dependent on the Salmonella pathogenicity island-2 (SPI2) type 3
translocation system (Schroeder et al., 2011, Brumell et al., 2002). During infections, the
Salmonella effector PipB2 recruits kinesin-1 to the SCV (Henry et al., 2006), most likely
in an inactive form, since formation of SIFs requires SifA-SKIP (SifA Kinesin-1
Interacting Protein) mediated activation of kinesin-1 (Boucrot et al., 2005, Dumont et al.,
2010). For a detailed view of tubule formation refer to (Schroeder et al., 2011).
Various observations suggest that SifA temporally controls dynein and kinesin-1
dynamics for proper movement of the SCV. Early in infection, the Rab7 binding protein
RILP is associated with the SCV, but is not seen later on SIFs (Harrison et al., 2004). It
has been shown that SifA can bind Rab7 (Harrison et al., 2004), so it is possible that by
binding to Rab7, SifA prevents Rab7-RILP interaction and vacuolar retrograde
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trafficking. Subsequently, SifA binds to SKIP, activating kinesin-1, which results in the
anterograde transport of vesicles from the SCV, leading to SIF formation (Boucrot et al.,
2005, Dumont et al., 2010). Control of opposing motor forces is necessary to preserve the
integrity of the SCV and survival within the host. Thus, concerted actions of Salmonella
effectors and host proteins are important for SIF formation. Indeed, deletion of the
Salmonella SPI2 effector SifA or depletion of the host protein SKIP inhibits SIF
formation (Stein et al., 1996, Boucrot et al., 2005). SifA can also bind inactive RhoA
(Ohlson et al., 2008), while SseJ, another SPI2 translocated protein, can esterify
cholesterol in eukaryotic membranes after activation of its glycerophospholipidcholesterol acyltransferase activity by GTP-bound RhoA (Christen et al., 2009). Excess
SseJ inhibits SIF formation, while its absence in a sifA- background, prevents loss of
vacuole integrity (Beuzón et al., 2000). These results suggest that in a coordinated
fashion, SseJ and SifA collaborate to control SCV membrane dynamics.
In addition, SifA may play a role in coordinating SCV dynamics by controlling
Rab-regulated membrane trafficking, although there is some disagreement on mechanistic
details. It had been demonstrated that SifA acts to interfere with Rab9, a late endosomal
GTPase, which was hypothesized to control the distribution of LAMP1-containing
compartments and SCV positioning (Jackson et al., 2008). However, recent work
indicates that dual control of Rab9 and SKIP by SifA allows Salmonella to manipulate
MPR trafficking dynamics, resulting in dispersed MPR and lower lysosomal degradation
efficiency (McGourty et al., 2012, Jackson et al., 2008). In either model, it is clear that
the inability of sifA mutants to control Rab9 function results in disrupted trafficking of
the SCV.
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Coxiella burnetii
The Gram-negative intracellular pathogen Coxiella burnetii is the agent
responsible for Q-fever, causing disease in a wide array of animals including humans.
Establishment of the Coxiella containing vacuole (CCV) within host cells involves
trafficking through the endocytic route (Figure 1.2). Rab5 and Rab7 accumulate on the
CCV in a sequential manner (Romano et al., 2007). In the initial stages, the infectious
metabolically inactive forms of the bacterium are present in a tight vacuole (Howe et al.,
2003). However, after progressing through the endocytic pathway, the CCV starts to
enlarge due to fusion of multiple CCVs and endocytic vacuoles (Coleman et al., 2004,
Howe et al., 2003). This process coincides with the formation of Coxiella large cell
variants (Coleman et al., 2004, Howe et al., 2003), the metabolically active and
replication-competent form of the bacterium (van Schaik et al., 2013). Over time, the
CCV expands to the point where it occupies most of the host cytoplasm (Coleman et al.,
2004). In addition, the Coxiella vacuole has characteristics of phagolysosomal
compartments that are marked by the presence of Cathepsin D (Romano et al., 2007).
The mechanisms underlying the formation of the CCV are still unknown.
However, recent evidence suggests that CCV enlargement requires the presence of host
v-SNAREs of the endocytic pathway (VAMPs) and an active type 4-secretion system
(T4SS). Inhibition of VAMP7 and VAMP3 results in small Coxiella vacuoles (Campoy
et al., 2013). Similarly, deletion of cvpA, which encodes a T4SS translocated effector that
is recognized by the sorting machinery through its interaction with the clathrin complex
adaptor protein AP2, leads to decreased vacuole size and Coxiella growth (Larson et al.,
2013). CCV formation also requires an intact retromer complex for maturation of the

16

vacuole, active T4SS translocation and further vacuole enlargement (McDonough et al.,
2013).

1.3.3. Legionella pneumophila type 4 secretion system effector translocation
dynamics
T4SS can be classified as type IV-A or type IV-B. Type IVA Secretion Systems
(T4ASS) share structural homology to the Agrobacterium tumefaciens VirB/VirD
complex and they can be found in Brucella, Rickettsia and Anaplasma species (Voth et
al., 2012). Type IVB Secretion Systems (T4BSS) are characterized by their resemblance
to the conjugative transfer system of the IncI plasmid and are present in Legionella and
Coxiella species (Voth et al., 2012, Peter and Joseph, 2000, Beare et al., 2011).
During the L. pneumophila T4bSS translocation process, IcmS and IcmW,
cytoplasmic proteins of the Dot/Icm system, serve as chaperones to deliver effectors to
the secretion apparatus in order to export them into the host cytosol (Cambronne and Roy,
2007). Although the mechanism by which these proteins recognize the translocated
effectors remains to be elucidated, there are a few features of translocated effectors that
have been described as being important for their translocation. In particular, the C-termini
are enriched in short polar amino acids and include a glutamate rich region, suggesting a
potential translocation signal (Cianciotto et al., 2013, Huang et al., 2011, Nagai and
Kubori, 2011). In fact a functional synthetic signal has been constructed that includes
such a Glu-rich region, consistent with its recognition by the Dot/Icm translocation
apparatus (Lifshitz et al., 2013).
Evidence has been provided that in order to be able to pass through the secretion
apparatus, L. pneumophila translocated substrates must be in an unfolded conformation
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(Amyot et al., 2013). It was shown that fusion of translocated effectors with folded
moieties prevents effector translocation, obstructing the apparatus and rendering L.
pneumophila incapable of replicating intracellularly (Amyot et al., 2013). Variants of
such interfering moieties that show poor folding properties do not interfere with
translocation, indicating that the mere addition of foreign residues is insufficient to block
translocation.

1.3.4. Formation of the Legionella containing vacuole
Rapidly after uptake, L. pneumophila forms a specialized compartment known as the
Legionella containing vacuole (LCV). The LCV is adorned with mitochondria and
proteins derived from the endoplasmic reticulum (ER) (Horwitz, 1983a, Swanson and
Isberg, 1995a). As the infection progresses, the vesicles that surround the LCV start to
fuse and ribosomes start to attach creating a rough endoplasmic reticulum-like
compartment where the bacteria will grow intracellularly until it lyse out the cells and
start new rounds of replication (Figure 1.1)(Isberg et al., 2009, Tilney et al., 2001).
Early during intracellular growth, L. pneumophila interacts with the secretory
pathway and these interactions are dependent on the T4SS (Isberg et al., 2009). The L.
pneumophila translocated protein SidM (also known as DrrA) recruits Rab1, a GTPase
involved in vesicle trafficking between the ER and Golgi, to the LCV (Sherwood and
Roy, 2013), while RalF recruits and activates Arf1, a GTPases involved in the formation
of coated vesicles that exit the ER (Nagai et al., 2002). The v-SNARE sec22b, usually
found in ER-derived vesicles, is also recruited to the LCV within minutes of infection
(Kagan et al., 2004).

18

Once inside the host, a subset of L. pneumophila translocated effectors are anchored
to the LCV by their interactions with PI3P or PI4P (Haneburger and Hilbi, 2013).
SidM/DrrA, anchors to the LCV by interacting with PI4P and activates Rab1 via two
strategies. First, it acts as a guanidine exchange factor (GEF) for Rab1, efficiently
displacing the protein from its host guanine nucleotide dissociation inhibitor (GDI)
partner (Haneburger and Hilbi, 2013, Machner and Isberg, 2007). Secondly, it acts as an
adenylase for Rab1, modifying Rab1 with AMP and locking the protein in the active
form (Müller et al., 2010). Besides its ability to activate Rab1, SidM/DrrA also binds to
the plasma membrane t-SNAREs Stx3 and Stx4 in vitro, both of which are present on the
LCV upon phagocytosis (Arasaki and Roy, 2010, Arasaki et al., 2012). Activation of
Rab1 by SidM/DrrA promotes the formation of the Stx3 and Sec22b complex, driving
membrane fusion between the LCV and ER-derived vesicles, a process that requires
active Sar1 and Arf1 (Kagan et al., 2004, Arasaki et al., 2012). These membrane fusion
events result in a LCV surrounded by ER (Figure 1.1) (Swanson and Isberg, 1995b).
Interestingly, while Rab1b was also shown to be important for Coxiella growth (Campoy
et al., 2011), its role during infection remains unknown.
Rab1 activation represents an important step in the formation of the LCV by
stimulating vesicle trafficking to the vacuole and further membrane fusion. Consistent
with its importance, L. pneumophila engages in several strategies to regulate Rab1
activity via the action of translocated effectors (Figure 1.1). First, Rab1 activation is
modulated by the activity of SidM/DrrA. The SidM/DrrA can be divided in three main
functional domains: 1) a C-terminal domain that contains the PI4P binding domain that
anchors the protein to the replication vacuole membrane, 2) a central GEF/GDF domain
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that activates Rab1; and 3) an N-terminal domain with AMPylation activity towards Rab1
(Brombacher et al., 2009, Schoebel et al., 2011, Machner and Isberg, 2007, Müller et al.,
2010). SidM/DrrA AMPylation activity adds a AMP molecule at Tyr77 on Rab1,
preventing the binding of LepB, a L. pneumophila translocated GTPase activating protein
(GAP), locking Rab1 in an active conformation (Müller et al., 2010). The L. pneumophila
negative regulator of Rab1 activity, LepB was initially identified as important for
bacterial release into the extracellular milieu after intracellular replication within
Acanthamoeba cells (Chen et al., 2004b). However, it was later shown to bind
constitutively active Rab1, indicating that it might play a role in Rab1 activation
dynamics. LepB stimulates GTP hydrolysis of active Rab1, and as LepB concentration
increase around the LCV, there is a corresponding decrease in Rab1 localization about
the LCV (Ingmundson et al., 2007, Mihai Gazdag et al., 2013).
The second mechanism to negatively control Rab1 activity is the selective deAMPylation of Rab1 by SidD (Neunuebel et al., 2011, Tan and Luo, 2011). The
discovery of Rab1 AMPylation presented the dilemma of how LepB could access Rab1 if
the presence of AMP prevented LepB binding and GTP-hydrolysis of active Rab1. The
answer to this question came after the groups of Machner and Luo independently
identified SidD as a L. pneumophila translocated protein with de-AMPylation activity.
The activity of SidD is sufficient to convert Rab1-AMP to Rab1, while liberating a free
AMP in vitro, allowing for LepB hydrolysis of active Rab1 (Neunuebel et al., 2011, Tan
and Luo, 2011). Similar to LepB dynamics, the SidD protein starts accumulating 4 hours
post infection, as Rab1 and SidM concentrations decrease (Neunuebel et al., 2011).
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A third mechanism of control of Rab1 function is by phosphocholination (PC) and
de-phosphocholination (de-PC) of Rab1 at Ser79, two residues downstream from the
AMPylation site (Mukherjee et al., 2011, Tan et al., 2011). PC is driven by the T4SS
effector AnkX and its phosphocholine transferase activity (Mukherjee et al., 2011).
Similar to AMPylation, PC inhibits LepB GAP activity towards Rab1 (Mukherjee et al.,
2011). Rab1-PC can be de-phosphocholinated by Lem3, a T4SS translocated effector
(Mukherjee et al., 2011, Tan et al., 2011). However, contrary to AMPylation that renders
Rab1 active, PC seems to negative regulate Rab1 activity (Tan et al., 2011). Besides
Rab1, AnkX has activity towards Rab35, a GTPase involved in membrane cargo sorting
from the early endosomes. By adding a phosphocholine moiety to Rab35, AnkX prevents
activation of Rab35 by its cognate GEF, known as connecdenn (Mukherjee et al., 2011,
Pan et al., 2008). As Rab35 is involved in promoting exit of cargo from the early
endosome, this modification may be another strategy used by L. pneumophila to prevent
traffic of potentially antimicrobial endocytic components into the replication vacuole.
Lastly, LidA is another L. pneumophila translocated effector that modulates Rab1
activity. LidA binds to GDP- or GTP-bound Rab1 with similar affinities and to Rab1AMP or Rab1-PC preventing downstream GTP hydrolysis, de-AMPylation and/or de-PC
(Machner and Isberg, 2006, Cheng et al., 2012, Neunuebel et al., 2012). Based on
structural similarities between the GDP-Rab1-LidA and GTP-Rab1-LidA complexes, it
appears that LidA binding to Rab1 in the inactive form leads to a Rab1 active
conformation (Cheng et al., 2012). However, the consequences of these conformational
changes are still unclear, since binding of LidA to constitutive active Rab1 prevents
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binding of Rab1 with its interacting partners giantin, GM130 and p115 in a concentration
dependent manner (Neunuebel et al., 2012).
Modulation of Rab GTPases by L. pneumophila plays an important role in the
cellular trafficking of the LCV and its ability to form the vacuole. Strikingly, although
these events coordinate vesicle trafficking towards the LCV and possible avoidance of
the endocytic pathway, individual deletion of the L. pneumophila translocated effectors
involved in regulating Rab1 activity (SidM, SidD, AnkX, LepB, Lem3 or LidA) has no
consequence on the ability of L. pneumophila to replicate intracellularly. The lack of
clear defects in intracellular growth in strains missing effectors involved in membrane
dynamics suggests that functional and/or genetic redundancy among L. pneumophila
proteins compensate for the missing proteins and that L. pneumophila has evolved
multiple ways to attack the same problem (Isberg et al., 2009).
By using cluster analysis of bacterial mutant growth phenotypes under host
depletion conditions, O’Connor and colleagues identified pairs of L. pneumophila
proteins predicted to play roles in replication vacuole formation. Infection with a
∆wipB∆lidA mutant leads to a decrease in vacuole stability in macrophages (O'Connor et
al., 2012). LidA binds various GTPases (Sherwood and Roy, 2013) and hence it is
possible that in parallel with WipB, it coordinates membrane fusion events to ensure that
the integrity of the LCV is maintained.
Noteworthy, knockout of host (RtoA) or bacterial (SidC) proteins involved in
vesicle fusion and ER-recruitment, respectively, results in aberrant vacuoles (Li et al.,
2005, Ragaz et al., 2008). Thus, vesicle recruitment and fusion are important to produce a
vacuole that can accommodate replicating bacteria. In contrast to Coxiella, which use
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retrograde trafficking for vacuole formation, L. pneumophila inhibits it. The translocated
protein RidL localizes to the LCV and binds to VPS29, a member of the retromer
complex, to inhibit the accumulation of cargo receptors on the LCV and endosomes that
normally traffic to the Golgi (Finsel et al., 2013). Thus, in order to form a stable and
replication competent vacuole, L. pneumophila uses its effector proteins to modulate host
vesicle networks. In addition, it has the ability to prevent trafficking that would
compromise the vacuole. However, works still needs to be done to determine if along the
repertoire of effectors, there are proteins involved in modulating other vesicle trafficking
pathways such as the recycling pathway.

1.3.5. Targeting of host pathways by Legionella pneumophila for survival
and replication
Even though replication vacuole formation is one of the most critical steps for
L.pneumophila intracellular growth, the assortment of effectors that L. pneumophila has
appears to include proteins that promote other events that allow the bacterium to survive
within the host. As an intracellular pathogen that modulates host processes, it is important
for L. pneumophila to keep its host alive until the replication cycle has finished. At the
same time it most prevent turning on the immune surveillance system of the host to avoid
being targeted for degradation.
Within the collection of effector proteins encoded by L. pneumophila, there are
proteins involved in preventing host cell death responses. Previous studies have shown
that infection in U937 cells, a macrophage-like cell line, with L. pneumophila results in
activation of the transcription factor NF-κB as well as genes involved in inhibition of
apoptosis (Losick and Isberg, 2006). Ectopically expression of the effector proteins

23

LegK1 and LnaB, individually, leads to activation of NF-κB (Figure 1.1)(Losick et al.,
2010, Ge et al., 2009). These results are consistent with L. pneumophila modulating host
survival pathways. Nevertheless, LegK1 and LnaB are dispensable for L. pneumophila
replication inside macrophages (Losick et al., 2010, Ge et al., 2009), suggesting that L.
pneumophila employs more strategies to subvert host death pathways.
Avoiding host cell death is one of the major challenges that L. pneumophila
encounters during infection because a straightforward strategy for host restriction of
bacterial replication is to activate a host cell death pathway. Until recently, it was thought
that SdhA, an essential effector protein, had a role in preventing host cell death since
during infections with a ∆sdhA strain, macrophages undergo rapid cell death (Laguna et
al., 2006). However, SdhA actually plays a role in maintaining the LCV integrity, as in its
absence the vacuole is permeable to antibody probing (Creasey and Isberg, 2012). Loss
of SdhA, results in defective maintenance of vacuole integrity, similar to Salmonella sifA
mutants (Creasey and Isberg, 2014, Beuzón et al., 2000). Deletion of plaA, a L.
pneumophila protein with phospholipase activity, rescues the vacuole integrity defect of
sdhA mutants, phenocopying Salmonella’s SseJ suppression of sifA mutants (Creasey and
Isberg, 2014, Ruiz-Albert et al., 2002). Under conditions in which the LCV begins to
degrade, host cytoplasmic innate immune sensing triggers inflammasome activation,
leading to rapid pyroptotic death (Creasey and Isberg, 2012). Thus, the ability to remain
within the membrane-bound compartment is crucial for L. pneumophila avoidance of
innate immune sensing and provides another level of protection during intracellular
growth.
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Although SdhA is essential during infections, most L. pneumophila strains carrying
single deletions of effector proteins do not have an effect on the ability to replicate
intracellularly within host cells. This lack of detectable phenotype within the effector
proteins can reflect the evolutionary capacity that L. pneumophila has acquired over time
to replicate in diverse hosts. It is hypothesized that the efficient intracellular growth of
mutants defective for a single effectors indicates that loss of a single protein can be
compensated by another protein present in the repertoire.
Functional redundancy is easier to understand by looking at a group of L.
pneumophila proteins that target a common host cell process: protein synthesis (Figure
1.1). In recent years, new evidence has accumulated demonstrating that L. pneumophila
can inhibit the host capacity to synthesize proteins. As a consequence, a number of
studies have been devoted to understanding how inhibition of host protein synthesis can
benefit L. pneumophila during infection. So far 5 effector proteins, Lgt1, Lgt2, Lgt3, SidI
and SidL (also known as Ceg14) have been shown to inhibit protein synthesis in vitro and
in mammalian cells as demonstrated by radiolabeled` methionine incorporation studies
(Belyi et al., 2008, Shen et al., 2009, Fontana et al., 2011, Belyi et al., 2006).
Lgt1 was the first putative L. pneumophila translocated protein shown to have an
effect on modifying the host translation elongation machinery and it does so by
modifying the elongation factor 1A (eEF-1A). eEF-1A is responsible for loading the
charged amino acids to the A site of the ribosome during translation elongation (Mateyak
and Kinzy, 2010). Lgt1 is a glucosyltransferase that promotes mono-O-glucosylation of
eEF-1A at serine 53 (Belyi et al., 2006). Lgt1 is only present in L. pneumophila
Philadelphia-1 strains, however bioinformatics searches against Paris, Lens and Corby
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strains revealed the presence of two Lgt1 paralogues, named Lgt2 and Lgt3, that are also
translocated. Similar to Lgt1- Lgt 2 and Lgt3 have glucosyltransferase activity against
eEF-1A (Belyi et al., 2008).
Recently another L. pneumophila translocated substrate that targets members of the
eukaryotic translation elongation machinery was identified. SidI, contrary to Lgt1-3, is
not a glucosyltransferase, but it does bind eEF-1A in addition to eEF-1Bγ to inhibit
protein synthesis in 293T cells (Shen et al., 2009). The mechanism by which SidL/Ceg14
is able to inhibit protein synthesis remains to be determined. However, it might be related
to its actin depolymererization activity (Guo et al., 2013), as a connection for efficient
translation and an intact actin cytoskeleton has been established (Kim and Coulombe,
2010, Mateyak and Kinzy, 2010).
Presumably, L. pneumophila acts to inhibit host protein synthesis in order to
modulate the host cell environment in a fashion that makes it more hospitable for the 1424 hours that the bacterium spends in the replication vacuole. The major consequences of
inhibition of host protein synthesis during infection have been appreciated at the immune
level. For instance, NF-κB activation is prolonged due to the inability to synthesize the
inhibitor IκB (Fontana et al., 2011) and as a consequence a frustrated transcriptional
response is seen, whereas pro-inflammatory genes are transcribed, but they are not
translated (Asrat et al., unpublished-b). Interestingly, in a process independent of the
protein synthesis inhibitors, it was demonstrated that infections with virulent L.
pneumophila lead to ubiquitination of Akt, which is a kinase that works upstream of the
regulatory protein mTOR, resulting in inhibition of cap-dependent translation and
expression of pro-inflammatory cytokines that can bypass the effects of the translocated
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protein synthesis inhibitors (Ivanov and Roy, 2013). These results indicate that L.
pneumophila manipulates multiple branches of the host immune system by targeting a
conserved host cell process. It is tantalizing to speculate that inhibition of host protein
synthesis can have consequences beyond the immune system, and that other host
networks can be affected in similar ways during infection.
Most of our knowledge regarding how L. pneumophila is able to replicate inside
host cells has been generated by studies performed to elucidate the role and function of
the effectors proteins. Studying the roles of effector proteins during intracellular growth
has provided great insights into the biogenesis of the compartment where L. pneumophila
resides. In contrast, the roles of factors unrelated to either the host secretory machinery or
innate immune response are still obscure. Some insight into this problem has come from
dsRNA interference studies in Drosophila melanogaster cells (Dorer et al., 2006).
Depletion studies in these cells pointed to a role for the Cdc48/p97 ubiquitination
complex in supporting L. pneumophila intracellular growth. Dorer et al. showed, for the
first time, that ubiquitinated bacterial and host proteins aggregate around the LCV and
that Cdc48/p47 plays a role in removing these polyubiquitinated molecules (Dorer et al.,
2006). These results suggest that protein composition on the LCV is another important
factor for L. pneumophila replication. As expected, at least 4 effector proteins have been
shown to manipulate the host ubiquitin system. The effector LubX has polyubiquitination
activity against the host protein Clk1 (cdc2-like kinase 1) and the effector SidH during
infections (Kubori et al., 2008, Kubori et al., 2010). In addition, another effector, AnkB,
has an F-box, involved in recruiting polyubiquitinated proteins to the LCV (Price et al.,
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2009), while the effector LegU1, targets BAT3, an ER stress regulator, leading to its
degradation (Ensminger and Isberg, 2010).

1.3.6. Legionella pneumophila exit from the cell
Once L. pneumophila has completed a replication cycle and enters into postexponential phase, it switches into a regulatory state that has been termed the
“transmissive stage,” which involves upregulation of proteins involved in the reinfection
of naïve cells. These proteins include flagella as well as translocated effectors that are
necessary to establishing a replication vacuole (Brüggemann et al., 2006). The strategies
used by L. pneumophila to escape the vacuole prior to infection of new cells are still
unclear. Shuman and colleagues were able to identify two translocated proteins, LepA
and LepB, necessary for bacterial release from the protozoan host Acanthamoebae after
intracellular replication (Chen et al., 2004b), but how these proteins mediate bacteria
egress is not understood. Interestingly, LepB was later shown to be a Rab1b-GAP in
macrophages (Ingmundson et al., 2007, Mihai Gazdag et al., 2013). However, it is still
unknown whether LepB GAP activity plays any role involving escape from amoebae.
In addition, apoptosis or release of a potential ‘egress-toxin’, have been proposed to
aid in L. pneumophila egress from the host cell. L. pneumophila triggers apoptosis at later
stages of infection (Santic et al., 2007) and it is hypothesized that this allows the release
of the bacterium into the extracellular milieu and infection of new cells. Another model
suggests, that also at later stages of infection, L. pneumophila disrupts the membrane
compartment where it resides, which leads to the presence of the bacteria in the cytosol
(Alli et al., 2000). This is then followed by disruption of the plasma membrane by an
'egress-toxin' (Molmeret and Abu Kwaik, 2002) and release into the extracellular space.
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1.3.7. Summary
A number of points have been established regarding L. pneumophila intracellular
replication and the role of the T4SS in promoting LCV formation. Through the activities
of T4SS translocated effectors, L. pneumophila hijacks membrane material that exits
from the early secretory pathway to form the vacuole compartment in which it resides.
Furthermore, these proteins appear to control trafficking of the LCV within the cells,
moving the compartment to a perinuclear position in a process that evades the host
endocytic pathway and may interfere with retrograde membrane traffic. Furthermore, as
illustrated by the phenotype of sdhA mutants, the LCV provides a protective niche that
allows L. pneumophila to hide from cytoplasmic innate immune. It is also possible that
by exporting a large repertoire of toxins, such as the protein synthesis inhibitors, L.
pneumophila has global effects on the environment of the host cell to ensure a more
hospitable niche to support continued replication. Even though, we know a lot about host
conditions that restrict infection, there are still gaps in the field of L. pneumophila
pathogenesis regarding which host factors are important for stimulating intracellular
growth of the pathogen. By addressing these unknown issues, this thesis endeavors to
move the field forward by trying to understand the cellular conditions that are optimal for
supporting replication of the bacterium.

1.4. DROSOPHILA MELANOGASTER CELLS AS A MODEL FOR
INTRACELLULAR BACTERIAL REPLICATION
In order to understand how host proteins modulate bacterial replication, several
host cells types that mimic cells targeted in natural infections have been used as models
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for intracellular replication. Furthermore, advances in genomics have provided
researchers with more tools that allow the study of L. pneumophila infections in nonnaturally infected host like D. melanogaster cells (Dorer et al., 2006). D. melanogaster
cell lines have macrophage-like properties, suggested by the presence on their surface of
a phagocytosis receptor for E. coli, as well as their efficient internalization of
microorganisms (Ramet et al., 2002).

1.4.1. Drosophila melanogaster immune responses
The annotation of the D. melanogaster genome showcases the conserved biological
function of its genes relative to its mammalian counterparts (Cherry, 2008). However,
one considerable difference lies within the immune response. The fruit fly genome only
encodes for components of the innate immunity and lacks functions associated with
adaptive immunity (Cherry, 2008). Interestingly, it is known that in its natural
environment, D. melanogaster can be infected by bacterial species such as Pseudomonas
aeroginosa, Erwina caratova and Wolbachia pipentis (Vodovar et al., 2004, McGraw and
O'Neill, 2004). The presence of these pathogens in the D. melanogaster flies implies that
it must have evolved mechanisms to prevent and fight infections by these Gram-negative
organisms.
There are two important pathways that the fruit fly uses to combat infectious diseases,
the Toll and IMD pathways. The Toll pathway responds to fungi and Gram-positive
bacteria, while the IMD pathway responds mainly to Gram-negative infections (Wang
and Ligoxygakis, 2006). Toll receptors were first identified in D. melanogaster as
functioning in controlling embryonic dorsal-ventral patterning, but it was later shown that
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the Toll molecules were members of a network that controls the transcription of
downstream genes (Belvin and Anderson, 1996, Aggarwal and Silverman, 2008).
Subsequent studies revealed that the signaling occurring downstream of Toll receptors
was reminiscent of the activation of NF-κB in mammalian cells, leading to the finding
that upon stimulation Toll receptors can trigger cytokine production (Lemaitre et al.,
1996).
The strategy used to identify the IMD pathway was completely different from that
used to identify Toll. Lemaitre and colleagues first identified imd as a recessive mutation
in a D. melanogaster strain susceptible to bacterial infection, pointing out the presence of
an additional antimicrobial pathway (Lemaitre et al., 1995). IMD activation leads to the
activation of the D. melanogaster homologue of the human NF-κB protein, Relish, and
similarly to mammalian NF-κB, it gets translocated into the nucleus and activates the
transcription of downstream genes, such as the antimicrobial protein Diptericin (Brennan
and Anderson, 2004).
The presence of Toll and IMD pathways in the absence of the adaptive immune
system allows host-pathogen interactions to be primarily analyzed as interplay between
microbial factors and innate immune strategies of the host. Furthermore, the lack of a
strong immune response allows the use of dsRNA interference as a method for analyzing
the role that specific host proteins play during infection. The strength of this approach is
emphasized by the fact that D. melanogaster genes have conserved biological functions,
so it is possible to recapitulate the results obtained with Drosophila cells using natural
hosts.
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1.4.2. dsRNA interference in Drosophila melanogaster cells
RNA Interference (RNAi) is the process of specific gene silencing by the use of
dsRNA. It was first observed in flowers when researchers tried to develop transgenic
flowers to express their color of interest, but it wasn’t until years later that its mechanism
was described in Caenorhabditis elegans (Matzke and Matzke, 2004, Fire et al., 1998).
After injecting C. elegans with various mixtures of RNA molecules (single and double
stranded RNA), Fire and colleagues found that injecting unc22 dsRNA into the animals
produced muscular and motility defects as if the animals had lost function of unc22, a
myofilament protein (Fire et al., 1998). The mechanism of RNA interference has been
extensively studied since this observation was made, and it is now well understood.
During RNAi, dsRNAs are internalized by receptor-mediated endocytosis (Saleh et al.,
2006). Once inside the cell, dsRNAs are processed into small, single stranded nucleotide
sequences of ~21bp by the host protein complex Dicer (Zamore et al., 2000, Bernstein et
al., 2001). The resulting ssRNAs then hybridize to their complementary sequences in
mRNA transcripts, resulting in cleavage of the mRNA (Liu et al., 2003, Pham et al.,
2004). The result is post-transcriptional modulation of gene expression through targeted
degradation of specific mRNAs, resulting in decreased protein production (Kurreck,
2009).
It wasn’t long until RNAi became a useful tool to investigate loss of function
phenotypes in the fruit fly D. melanogaster analyzing either embryos or cultured cell
lines (Kuttenkeuler and Boutros, 2004). The process of dsRNA mediated gene silencing
in D. melanogaster cell lines is really straightforward, due to the lack of a strong immune
response in this cell type, which is a striking contrast to that observed in mammalian
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systems. Efficient internalization of dsRNAs that are added into the cell culture medium
in the absence of serum greatly facilitates this analysis (De Jesús et al., 2013), allowing
relatively easy loss of functions analysis using high throughput formats. With the help of
a complete annotated genome, advances in technology have allowed the development of
various D. melanogaster dsRNAi libraries, targeting more than 20,000 genes individually
(Kuttenkeuler and Boutros, 2004).

1.4.3. RNAi screens in Drosophila melanogaster cells to understand bacterial
–host interactions
Cultured cells challenged with intracellular pathogens such as Legionella,
Mycobacterium, Listeria, Francisella and Brucella have confirmed the usefulness of
dsRNA treatment of D. melanogaster as a model (Philips et al., 2005, Cheng et al., 2005,
Agaisse et al., 2005, Mansfield et al., 2003, Akimana et al., 2010, Qin et al., 2008).
Multiple RNAi screens using D. melanogaster cells have been carried out to identify host
factors important for bacterial intracellular replication, revealing previously
uncharacterized host networks that are involved in either restricting or supporting
intracellular replication. For instance, by performing a whole genome dsRNAi screen
Philips et al. found that Mycobacterium uptake in Drosophila S2 cells requires the
presence of a scavenger receptor named Peste (Philips et al., 2005). This was further
supported by the ability of non-phagocytic cells expressing Peste to internalize the
bacterium (Philips et al., 2005). In addition, studies in Francisella and Listeria using
dsRNAi in D. melanogaster cells revealed the presence of host factors involved in
ubiquitination and autophagy, respectively, that are important for intracellular bacteria
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replication, because depletion of members of these pathways resulted in reduced bacterial
escape into the cytosol from the phagosome (Cheng et al., 2005, Agaisse et al., 2005,
Mansfield et al., 2003, Akimana et al., 2010).
Targeted dsRNAi approaches have also help in identifying and analyzing host
pathways necessary for promoting replication of intravacuolar pathogens. Similar to L.
pneumophila, Brucella species replicate within cells in close association with the
endoplasmic reticulum (ER) (Asrat et al., unpublished-a). In order to better understand
how ER factors contribute to Brucella and L. pneumophila infections, dsRNAi screens
were performed targeting factors known to be associated with the ER. Qin and
colleagues showcased the unfolded protein response as important for Brucella
intracellular replication since a decreased in bacteria growth was observed within cells
depleted of IRE1α (Qin et al., 2008). IRE1 is an ER stress sensor protein with RNase
activity, which when activated induces the splicing of an internal XBP1 mRNA intron,
allowing for mature XBP1 mRNA formation. XBP1 mRNA encodes for a transcription
factor involved in the expression of genes implicated in ER stress responses (Gardner et
al., 2013). Hence, Brucella benefits from the unfolded stress response produced upon its
close association with the ER and when this is inhibited a defect in replication is
observed.
Two targeted RNAi approaches have been described that aimed to elucidate the role
during L. pneumophila infections of host factors associated with the ER, as well as the
contribution of members of the secretory pathway. Dorer et al. were able to uncover a
previously uncharacterized role for ubiquitination during L. pneumophila infections
(Dorer et al., 2006). Moreover, by using an insertional mutagenesis and depletion
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(iMAD) strategy, which involves challenging D. melanogaster cells depleted of members
of the secretory pathway with a pool of L. pneumophila transposon mutants, O’Connor
and colleagues were able to identify pairs of T4SS translocated effectors that play
redundant roles during infection (O'Connor et al., 2012), providing the first systematic
approach for solving genetic redundancy in L. pneumophila.

1.5. AMOEBAE AS MODEL HOSTS FOR LEGIONELLA PNEUMOPHILA
INTRACELLULAR REPLICATION
Among the most important factors in transmission of L. pneumophila is its ability
to replicate within amoebal species in the environment (Rowbotham, 1980). Amoebae are
ubiquitous in the environment and can replicate in natural and man-made aquatic
reservoirs. Within these protozoan hosts, L. pneumophila forms a replication
compartment that is morphologically indistinguishable from that observed during
infection of macrophages (Solomon et al., 2000, Isberg et al., 2009).

1.5.1. Dictyostelium discoideum
Kenneth Raper was the first to describe Dictyostelium discoideum after it was
isolated in the summer of 1933 from a forest in North Carolina (Raper, 1935). Ever since
this discovery, these protozoans have greatly facilitated our understanding of cell
differentiation, phagocytosis and chemotaxis, because many of the same regulatory
systems implicated in these processes in D. discoideum have been identified in higher
eukaryotes (Gaudet et al., 2008).
D. discoideum is a unicellular haploid amoeba that feeds on bacteria (Levine and
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Klionsky, 2004). It is usually referred to as 'social amoeba' due to its community behavior
upon nutrient limitations. The D. discoideum species distinguishes itself from other
Dictyostelium species by the slime that trails behind it as it moves to form aggregated
multicellular bodies (Raper, 1935). When nutrients are limiting, cells form aggregates,
which undergo a series of developmental changes to give rise to fruiting bodies (Gaudet
et al., 2008). Stalk cells and spores form the fruiting bodies. Upon transfer to fresh media,
spores germinate, giving rise to vegetative cells (Raper, 1935). Studies suggest that the
decision to become stalk or spore cells is dependent on the stage of the cell cycle at the
time of the starvation, although there are conflicting results in this regard (Chen et al.,
2004a, Chen and Kuspa, 2005, Ohmori and Maeda, 1987, Muramoto and Chubb, 2008).
One model connecting development with the cell cycle posits that spore-forming
cells are derived from cells in the G1 phase of the cell cycle. This conclusion is based on
the cellular DNA content determined by flow cytometry and the level of incorporation of
the thymidine analog, BrdU (Chen et al., 2004a). In addition, the investigators carried out
an experiment in which they mixed cells expressing GFP fusions to G1 or G2 specific
proteins with unlabeled G1 or G2 populations and followed fruiting body formation.
These experiments showed an accumulation of G1 cells at the pre-spore region (tip of the
fruiting body), and an exclusion of G2 cells (Chen and Kuspa, 2005). However, although
these experiments were able to demonstrate synthesis of DNA within growing cells, they
were not able to demonstrate conclusively that the amount of DNA material present in the
spore forming cells was equivalent to that seen in G1-phase cells, because of the absence
of distinct cell cycle-associated peaks using flow cytometric analyses of DNA content, as
well as the absence of appropriate controls. Furthermore, it would have been more
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convincing if the authors had use a mixture of differentially labeled cells (GFP-G1 and
mCherry-G2 for instance) to follow fruiting body formation rather than a mixture of label
and unlabeled cells, since it is possible that both population are present at the spores but
they could only detect the fluorescently labeled population.
The second model suggests that upon starvation and before forming fruiting
bodies, D. discoideum cells are in the G2 phase of the cell cycle. In this study, there was
a higher percentage of cells that had undergone DNA synthesis, as determined by
incorporation of labeled [methyl-3H] thymidine, that stained positively for pre-spore
markers (Ohmori and Maeda, 1987). These results indicated that cells at the G2-phase are
the primary precursor cells to those that become spore-forming cells (Ohmori and Maeda,
1987, Muramoto and Chubb, 2008). Regardless of the contradictory models, what it is
clear about the D. discoideum cell cycle and its development program is that these vary
depending on the environment. Therefore, the lessons learned from mammalian systems
about cell division may not necessary apply to these organisms.
The observation that amoebae represent the natural hosts of L. pneumophila in the
environment prompted the use of the genetically tractable D. discoideum as a model for L.
pneumophila- host interactions. Intracellular growth of L. pneumophila within D.
discoideum is characterized by the formation of a replication compartment surrounded by
ER and ER-associated proteins such as calnexin and calreticulin (Solomon et al., 2000,
Fajardo et al., 2004). The mechanism of infection in D. discoideum appears to be very
similar to that observed in macrophages, such as the need for an intact T4SS (Solomon et
al., 2000), however growth occurs with slower kinetics, since infections of D. discoideum
must take place at 25oC, as the amoebae do not tolerate higher temperatures.
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Furthermore, proteomic analysis of LCVs isolated from D. discoideum cells revealed the
presence of the Rab GTPases Arf1, Rab1 and Rab8 all known to be associated with L.
pneumophila T4SS translocated effectors in macrophages or macrophage-like cell lines
(Urwyler et al., 2009, Kagan and Roy, 2002, Machner and Isberg, 2006).
The use of D. discoideum has allowed the identification of both host and bacterial
proteins necessary for L. pneumophila intracellular growth. Initial characterization of L.
pneumophila growth within amoeba showed that deletion of the amoebal myosin I, which
is involved in cell motility and endocytosis, resulted in increased growth of L.
pneumophila (Solomon et al., 2000). In addition, by using live-imaging microscopy Lu
and Clarke, were able to show that L. pneumophila uses the microtubule network to move
within D. discoideum cells to position the vacuole (Lu and Clarke, 2005). In D.
discoideum, movement of the microtubule organizing centers provides directionality to
the cell (Ueda et al., 1997). Thus, it is possible that when host proteins involved in
motility are absent, the movement of the microtubule network is reduced allowing for an
earlier establishment of the L. pneumophila vacuole and robust replication. Similarly,
enhanced levels of L. pneumophila intracellular growth are observed in D. discoideum
cells that lack PI3-Kinase or Dd5P4, an inositol polyphosphate 5-phosphatase (IP5P)
(Weber et al., 2006, Weber et al., 2009). SidC, a T4SS translocated effector involved in
recruitment of ER and ER-derived vesicles is anchored to the LCV by its interaction with
PI4P (Figure 1.1)(Haneburger and Hilbi, 2013) and it accumulates around the LCV in the
absence of PI3-Kinase but not in the absence of Dd5P5 (Weber et al., 2006, Weber et al.,
2009). These results suggest that concentration of PI4P about the LCV is important for
SidC anchoring and ER recruitment.
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Deletion of SidC results in less recruitment of the ER associated proteins calnexin
and HDEL (Ragaz et al., 2008). Likewise, during infections in D. discoideum cells
deleted of RtoA with WT L. pneumophila, a decreased in the mounts of GFP-HDEL is
observed (Li et al., 2005). RtoA is involved in vesicle fusion and strains mutated for rtoA
have decreased exocytosis and nonspecific cytosolic pH control (Brazill et al., 2000). It is
thought that control of the cytosolic pH in a cell cycle dependent manner is an additional
signal for differentiation into stalk or spore cells. High pH at M or S phase predispose to
stalk, while low pH in late G2, leads to pre-spore (Aerts et al., 1985).

1.5.2. Acanthamoeba castellanii
Aldo Castellani first identified Acanthamoeba in 1930 after he discovered the
presence of an amoeba with pseudopodia in a culture of the yeast Cryptococcus
pararosus (Khan, 2006). Acanthamoeba are ubiquitous protists that can survive within
humid environments such as spas, air conditioners, soils and water supplies (Khan, 2006).
It is so ubiquitous that studies of healthy individuals revealed that neutralizing antiAcanthamoeba antibodies were present in the serum of all the study participants, albeit at
varying levels (Cursons et al., 1980). Acanthamoeba keratitis is an agent responsible for
keratitis, an eye disease associated with the use of contact lenses that can lead to
blindness (Lorenzo-Morales et al., 2013).
Acanthamoeba undergoes a phenotypic switching that can be divided in two stages:
the vegetative metabolically active trophozoite stage and the environmentally resistant,
metabolically inactive, cyst stage (Khan, 2006). The trophozoite stage occurs in response
to conditions optimal for growth and is characterized by active feeding. However, upon
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extreme temperatures, pH changes and low food supplies, Acanthamoeba enters the cyst
stage (Marciano-Cabral and Cabral, 2003). In a process comparable to that of spore
formation, excess water, food and particles are expelled out of the cell and the amoebae
are enclosed in a double-walled cyst with decreased volume and weight (MarcianoCabral and Cabral, 2003). Cysts are resistant to harsh environmental conditions and
chlorine treatment (Coulon et al., 2010, Greub and Raoult, 2002) and Acanthamoeba are
more transmissive in the cyst stage than in the trophozoite(Khan, 2006).
During optimal growth conditions, Acanthamoeba trophozoites divide by binary
fission and are characterized be the presence of single nuclei (Khan, 2006). It is clear that
the trophozoites undergo mitosis, however there are disagreements about the stages that
precede cell division. Different results have been obtained depending on the method of
choice to study the cell cycle. Studies using synchronous cells by selecting small cells
from exponentially growing cultures after sequential centrifugation (with the idea that
small cells are the products of recent cell division), indicated that there were two equally
sized populations of cells based on DNA content, as measured by radiolabeled thymidine
incorporation, consistent with the presence of G1 and G2 phases (between 47-50%
population) (Byers et al., 1991). However, when DNA was quantified from asynchronous
exponentially growing cells using flow cytometry analyses and incorporation of the
thymidine analog BrdU, the curve for DNA content revealed one peak, and within this
peak, those cells with the lowest amount of DNA had BrdU incorporated within them,
suggesting that DNA is synthesized rapidly and that most of the population is in G2 phase
(Jantzen et al., 1988). These results suggest that there is no gap or G1-phase between
mitosis and S phase, and that the cells undergo DNA synthesis rapidly after division.
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Interesting, a similar model has been proposed for Dictyostelium discoideum cell cycle
dynamics (Gomer and Firtel, 1987). However, it is possible that different conditions
within the environment influence the amoebal cell cycle stages and timing.
In the environment, Acanthamoeba feeds on yeast, organic particles and bacteria.
However, despite its ability to feed on microorganisms, some bacteria have been shown
to develop symbiotic and/or parasitic relationships with Acanthamoeba. L. pneumophila
(Rowbotham, 1980), Coxiella burnetii (La Scola and Raoult, 2001), Listeria
monocytogenes (Ly and Muller, 1990) and Mycobacterium avium (Steinert et al., 1998)
survive and replicate within these protozoan hosts, while Chlamydia pneumonia, reside
within Acanthamoeba but does not multiple (Essig et al., 1997). It is believed that
amoebae serve as carriers or reservoirs of these pathogens to protect pathogens from
environmental insults until they spread to susceptible host. Certainly, studies using M.
avium and L. pneumophila have shown an increased in virulence after passage through
Acanthamoeba castellanii. L. pneumophila becomes motile (Rowbotham, 1980) and has
enhanced capacity to grow within macrophages after passage through the amoeba (Cirillo
et al., 1999).
Targeting of cellular processes seems to be a conserved strategy used by L.
pneumophila in both macrophages and amoebae. However, most likely due to selective
pressure, L. pneumophila has acquired genes that allow the bacterium to replicate within
a diverse set of hosts that are potentially quite unrelated to each other. Strikingly, a L.
pneumophila strain deleted of 5 genomic regions comprising 13% of the genome is
replication competent within bone marrow derived macrophages from A/J mice. These
genomic islands, in contrast, are required for growth within D. discoideum, A. castellanii
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and H. vermiformis (O'Connor et al., 2011). Strikingly, different groups of these islands
are required for growth in different amoebal hosts. For instance, deletion of 109 kilobases
covering genes lpg1603 to lpg1686 (cluster 3) within the L. pneumophila genome has no
effect on growth inside D. discoideum cells, but causes a growth defect within A.
castellanii and H. vermiformis (O'Connor et al., 2011).

1.6. EUKARYOTIC PROTEIN SYNTHESIS
Translation is the process of creating new proteins. It can be divided in three
steps: initiation, elongation and termination. In each of these steps there are essential
proteins necessary for the proper assemble of a nascent polypeptide chain.

1.6.1. Protein synthesis initiation
The initial step in the synthesis of proteins is the initiation of translation (Figure
1.3). This is a multistep process carried out by several protein complexes. In eukaryotic
cells, translation initiates when free 40S ribosomal subunits associate with the initiation
factor eIF-3. This interaction stabilizes the ribosome small subunit, which in turns binds
the Met-tRNA that is already in complex with the initiation factor eIF-2 bound to GTP
(Fraser and Doudna, 2007, Pestova et al., 1998). This leads to the formation of a larger
complex known as the 43S pre-initiation complex, in which the initiation factor complex
eIF-1/1A also associates (Fraser and Doudna, 2007, Pestova et al., 1998). In Capdependent translation, binding of the Cap binding protein eIF-4E enhances the formation
of the 43S pre-initiation complex. The next step in the pathway occurs when the poly-A
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Figure 1.3 Protein synthesis initiation
The initiation step requires the coordinated action of multiple factors that assist in the
assembly of the ribosomal subunits on the mRNA. Initially, the ternary complex
associates with the small ribosomal subunit leading to the formation of a 43S complex.
During cap-dependent translation, a second complex that consists of initiation factors
eIF-4E, eIF-4A, eIF-4G and the poly-A binding protein (PABP) interacts with the capped
5'-end of the mRNAs. Formation of the 48S complex brings together the ternary complex
with the mRNA, which scans the mRNA for the start codon, at which point GTP- eIF-2α
is hydrolyzed and the large ribosomal subunit is recruited, forming an active complex
capable of elongating a peptide. Figure reprinted by permission from Macmillan
Publishers Ltd: [Nature Rev Neuroscience] (Klann, E. and T.E. Dever, Biochemical
mechanisms for translational regulation in synaptic plasticity. Nat Rev Neurosci, 2004.
5(12): p. 931-42), copyright (2004)
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binding protein (PABP) binds to the mRNA polyadenylated tail and to the initiation
factor eIF-4G (Richter and Sonenberg, 2005). The interaction between PABP and eIF-4G
increases the affinity of eIF-4E for the Cap structure, displacing eIF-4E-Binding Proteins,
allowing association of the 43S pre-initiation complex with the mRNA (Stebbins-Boaz et
al., 1999). The proximity of these complexes allows for an interaction between eIF-3 and
eIF-4G, resulting in the recruitment of the 5’ end of capped mRNAs (Richter and
Sonenberg, 2005). Once all the subunits are associated with the mRNA, the small
ribosomal subunit begins scanning for the start codon. At some point after the start codon
is recognized, the mRNA-43S complex becomes displaced via the action of eIF-5/5B,
allowing for recycling of GDP, positioning of the large ribosomal subunits and formation
of active complex capable of elongating a peptide (Klann and Dever, 2004).

1.6.2. Peptide elongation
Once the large ribosomal subunit is loaded onto the mRNA, the polypeptide chain
is extended in a process known as translation elongation (Figure 1.4). During elongation,
the tRNA occupies the ribosomes aminoacyl (A), peptidyl (P) or exit (E) sites, as the
peptide chain extends (Voorhees and Ramakrishnan, 2013). The A-site is the tRNA
acceptor site within the ribosome (Marshall et al., 2008), the P-site holds the growing
peptide and the E-site is where the peptide will be released (Voorhees and Ramakrishnan,
2013). Codon-anticodon base pairing occurs in the A-site with the help of the elongation
factor 1A (eEF-1A) (Marshall et al., 2008). eEF-1A is responsible for loading the
charged- tRNA to be paired within the A-site of the ribosome, and not surprisingly, it is
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Figure 1.4 Protein synthesis elongation
Ribosomes contain aminoacyl (A), peptidyl (P) or exit (E) sites. The A-site is the tRNA
acceptor site within the ribosome, where the codon-anticodon base pairing occurs. eEF1A brings the cognate tRNA to be paired and once hydrolyzed, it releases the tRNA,
allowing for accommodation at the A-site where it is attached to the existing peptide
chain position on the P-site. The elongating peptide is then translocated from the A-site
into the P-site, by eEF2, until eventually it is translocated to the E-site from where it is
released. Figure adapted from Marshall R, Aitken C, Dorywalska M, Puglisi J. 2008.
Translation at the single-molecule level. Annual review of biochemistry 77: 177-203
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one of the most abundant proteins in the cell (Mateyak and Kinzy, 2010, Browne and
Proud, 2002). After initiation, the P-site is occupied by the Met-tRNA, while the A-site
is empty waiting for eEF-1A to deliver the tRNA to be paired (Voorhees and
Ramakrishnan, 2013). eEF-1A is bound to GTP, but upon binding to the ribosome, it is
hydrolyzed leading to dissociation of the elongation factor from the tRNA it carries
(Marshall et al., 2008). This tRNA will then 'fall' or accommodate in the A-site leading to
movement of the peptide chain present in the P-site into the A-site, where the new amino
acid is added to the chain (Voorhees and Ramakrishnan, 2013). Once peptide bond
formation occurs, the tRNA previously present on the P-site moves or translocates to the
E-site, and the tRNA recently attached at the A-site takes its place on the P-site, in a
process catalyzed by the elongation factor eEF2 (Marshall et al., 2008). Sequential
addition of amino acids to the growing peptide chain continues until reaching the stop
codon, signaling the ribosome to stop and release factors act to remove the completed
chain (Figure 1.4).

1.7. EUKARYOTIC CELL CYCLE CONTROL
The cell cycle is the process by which cells copy their DNA and produce new cells. In
order to avoid the production of aberrant cells or failure in division, this process is tightly
regulated. The eukaryotic cell cycle can be divided in four phases: G1, S, G2 and M.
Cells in G1, or Gap1 phase, are cells produced by division. Once these cells have
committed themselves to undergo a cycle, they enter the synthesis, or S, phase in which
DNA gets replicated. After one round of DNA replication has occurred, cells cycle into
the G2 or second Gap phase. At this point of the cycle, cells contain two copies of the
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entire genome, and prepare to enter into mitosis or M phase, in which cell division will
occur.
In order for the cell cycle to operate properly, sequential activation of proteins
most occur at specific times, and there are a variety of proteins that control cell cycle
progression. Cyclin E is the key Cyclin involved in G1 to S cell cycle progression; in its
absence cells cannot commit to the DNA synthesis phase and are arrested at the G1 phase
(Moroy and Geisen, 2004). Cyclins are paired with Cyclin Dependent Kinases (Cdk),
which activate them (Hochegger et al., 2008). Cdks are the major regulators of the cell
cycle and there are different combinations of Cdk and Cyclins for each stage of the cell
cycle. At the G1 phase, pairing of Cyclin E with Cdk2 results in an active complex that
stimulates the induction of genes specific for S phase entry (Moroy and Geisen, 2004).
Once CycE/Cdk2 initiate productive signaling, they commit cells to enter S phase.
During this transition, the cell has to ensure that the DNA gets copied only once per
cycle, avoiding continued round of re-replication. Failure in any step of the process could
lead to detrimental effects on the cell. In order to regulate the G1-S transition, there are
proteins bound to the DNA replication origin and once replication has started, it will not
stop until the proteins on the replication origin are degraded. For instance, in humans
Cdt1 is present at the replication origin and its inactivated by its inhibitor Geminin
(Melixetian and Helin, 2004). Cdt1, is a member of the pre-replicative complex that
assembles at the origin of replication at the G1 phase (Xouri et al., 2007). While present
at the origin it brings along a protein complex necessary for replication to occur. Geminin
is the Cdt1 inhibitor and plays a role in preventing re-replication of the DNA material. In
its absence, re-replication is observed and cells accumulate in S phase (Melixetian and

49

Helin, 2004, Bjorklund et al., 2006). The D. melanogaster homologue of Cdt1 is doubleparked (Dup), and it was shown in D. melanogaster embryos that ectopic expression of
Dup causes re-replication of DNA (Thomer et al., 2004). Furthermore, depletion of
Geminin in D. melanogaster cells by dsRNA causes accumulation of cells in S phase as a
results of re-replication of DNA (Bjorklund et al., 2006). As DNA replication increases,
the levels of Geminin increase as well, while the levels of Dup decrease due to protein
degradation (May et al., 2005). This switch between Cdt1/Dup and Geminin protein
concentrations allows for a single DNA replication cycle to occur. In addition to
Cdt1/Dup and Geminin dynamics, changes in the pools of dNTPs available are important
for proper movement through the cell cycle. RnrS is a small subunit of the ribonucleoside
diphosphate reductase, which catalyzes the conversion of NDP to dNDP (Gon and
Beckwith, 2006). Depletion of RnrS in D. melanogaster cells causes cell cycle arrest in
S-phase (Bjorklund et al., 2006), most likely due to the reduced amount of dNTPs within
the cells.
Besides DNA, centrosomes are duplicated during S-phase. Centrosomes are the
microtubule organizing centers (MTOC) in the cells. As is true of DNA synthesis,
centrosomes replicate only once per cell cycle (Nigg and Stearns, 2011). Once duplicated,
the centrosomes move into opposite poles of the cell and become the spindle poles from
which microtubules grow during mitosis (Chapman et al., 2000). Centrosome replication
is regulated in some cases by the same regulators involved in S-phase DNA replication.
For instance, it was shown in the human osteosarcoma cell line U2OS that Geminin plays
an important role in centrosome replication; depletion of geminin by siRNA results in
centrosome re-replication (Tachibana et al., 2005). In contrast, an active Cyclin E is

50

needed at the centrosome in order to allow for its replication in Xenopus eggs extracts
(Hinchcliffe et al., 1999).
After DNA has been replicated, cells move into a second gap or G2 phase. At this
point the membrane material gets duplicated and the cells prepare to commit to mitosis
(Kondylis et al., 2007). In D. melanogaster, string and twine, the homologues of the
human Cdc25 phosphatases, control the transition between G2 and M. An important
hallmark of Cdk activity is that these proteins get activated when they are in complex
with a Cyclin or by phosphorylation (Donzelli and Draetta, 2003). However, string and
twine phosphatases activate Cdk/Cyclin complexes by dephosphorylating specific
inhibitory sites (Rhind and Russell, 2012). Dephosphorylation of the Cyclin E/Cdk2
complex leads to G1-S transition, while dephosphorylation of Cyclin B/Cdk1 results in
G2-M transition (Rhind and Russell, 2012). Depletion of string by dsRNA in D.
melanogaster cells causes cell cycle arrest at the G2 phase (Chen et al., 2007). Even
though sting and twine carry the same function, it seems that twine is more active in
meiosis while string is more active during mitosis (Courtot et al., 1992).
Cell cycle arrest can occur in the presence of perturbations of seemingly unrelated
cellular networks, as well. For instance, osmotic shock and microtubule depolymerization
activate the p38 MAPK pathway leading to G2 delay of the host cell cycle (KarlssonRosenthal and Millar, 2006). In addition, various studies have shown that mutations in
translation initiation factors can lead to cell cycle arrest (Danaie et al., 1999, Pyronnet
and Sonenberg, 2001). An RNAi screen performed in D. melanogaster cells aimed at
identifying genes important for cell cycle progression showed by flow cytometry analysis
that there was an increase of cells in the G1 phase of the cell cycle when these cells were

51

treated with dsRNA that deplete of various translation initiation factors and ribosomal
proteins (Bjorklund et al., 2006).
1.8. CONTROL OF PROTEIN TRANSLATION AND CELL
PROLIFERATION BY mTOR SIGNALING
The mammalian target of rapamycin (mTOR) is a macrolide molecule from the
Gram-positive bacterium Streptomyces hygroscopicus, with anti-proliferative properties
(Sehgal, 2003). It plays a central role in regulating cell processes such as cell metabolism,
growth, proliferation, autophagy and survival (Laplante and Sabatini, 2009, Laplante and
Sabatini, 2012).
mTOR is a serine-threonine kinase that belongs to the PI3-Kinase family and can
associate with one of two complexes, mTORC1 or mTORC2. mTORC1 is sensitive to
rapamycin, while mTORC2 is more resistant to the drug (Laplante and Sabatini, 2009).
mTORC1 is composed of mTOR, TSC1 and TSC2, which are Rheb GTPase activating
proteins (Laplante and Sabatini, 2009). mTOR is inactive when Rheb is in its GDPbound form, but active when Rheb is in its GTP- bound form (Laplante and Sabatini,
2012). In addition, the kinases Akt/PKB, ERK1/2, RSK1 and IkBB, which works
downstream of TNF-alpha, can phosphorylate TSC1 and TSC2 leading to mTORC1
inactivation (Laplante and Sabatini, 2012, Lee et al., 2007).
mTOR positively regulates protein synthesis and cell proliferation by
phosphorylating the eukaryotic translation initiation factor E4 binding protein (4E-BP1)
and the ribosomal protein S6 kinase-1 (S6K-1) (Laplante and Sabatini, 2009).
Phosphorylation of 4E-BP1 prevents its binding to eIF-4E, allowing for cap dependent
translation to occur (Beretta et al., 1996, Brunn et al., 1997) and selective translation of
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mRNAs that encode for cell proliferation genes (Dowling et al., 2010). Similarly
phosphorylation of S6K-1 results in an increase in translation (Ma and Blenis, 2009).
Therefore, inhibition of mTOR results in a reduction of protein synthesis. Without mTOR
regulation, 4E-BP1 can bind to eIF-4E and prevent cap-dependent translation.
Interestingly, in D. melanogaster cells, both 4E-BP1 and S6K-1 have been shown to be
important for cell growth and proliferation (Miron et al., 2001, Montagne et al., 1999).
In addition to the control at the translation initiation level, cell survival and
proliferation are dependent on the activation status of the Akt kinase (Calnan and Brunet,
2008). Full activation of Akt requires phosphorylation at two sites, one of which is by
mTORC2. Loss of mTORC2 leads to inhibition of Akt and expression of genes involved
in stress, apoptosis and cell cycle (Calnan and Brunet, 2008).

1.9. MODULATION OF THE HOST PROTEIN SYNTHESIS AND CELL
CYCLE NETWORKS BY BACTERIAL PATHOGENS
Modulation of host cell functions is essential for many pathogens to survive and
replicate. In order to establish successful replication niches, pathogens have evolved
different mechanisms that allow them to subvert central host processes such as protein
synthesis and cell cycle.

1.9.1. Inhibition of the eukaryotic protein synthesis machinery
It is well documented that a number of viruses hijack the host protein synthesis
machinery to translate their mRNAs, either by cap-dependent or independent translation
(Bushell and Sarnow, 2002). However, manipulation of host protein synthesis has
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emerged as a strategy used by bacterial pathogens to promote microbial replication within
host cells and tissues.
The diphtheria toxin of Corynebacterium diphtheria, a Gram-positive bacterium,
enters the cells by receptor-mediated endocytosis (Murphy, 2011). Upon acidification of
the phagosome, the transmembrane domain of the protein (B-subunit) is unfolded leading
to insertion and pore formation in the phagosomal membrane, which is followed by the
release of the toxin’s catalytic subunit (A-subunit) into the host cytosol where it ADPribosylates the elongation factor-2 (eEF-2) (Murphy, 2011). Similar to diphtheria toxin,
Exotoxin A of Pseudomonas aeruginosa is also an ADP-ribosylating protein with activity
against eEF-2 (Figure 1.5)(Deng and Barbieri, 2008). It enters the cell by receptormediated endocytosis, but unlike diphtheria toxin, it travels to the ER from which the
catalytic domain is secreted into the host cytosol (Deng and Barbieri, 2008). The end
result of the ADP-ribosylation activity of these proteins is that there is inhibition of host
protein translation and successful colonization.
Currently, the strategies described by bacterial toxins to inhibit host protein synthesis
have in common the targeting of elongation factors. In contrast to diphtheria toxin and
exotoxin A, which target the elongation factor eEF-2, L. pneumophila has been shown to
target the elongation factor eEF-1A during infections resulting in inhibition of host
protein synthesis, down-modulation of immune responses and bacterial replication (Belyi
et al., 2008, Shen et al., 2009).
Although there is no direct evidence demonstrating that bacterial pathogens target
specific components of the translation initiation machinery, it has been shown that
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Figure 1.5 Bacterial toxins inhibit host protein synthesis.
The diphtheria toxin of Corynebacterium diphtheria, and Exotoxin A of Pseudomonas
aeruginosa enter the cell by receptor-mediated endocytosis. Upon acidification of the
phagosome, the diphtheria toxin A-subunit gets into the host cytosol where it ADPribosylates the elongation factor-2 (eEF-2) (Murphy, 2011). ExoA travels to the ER from
where it is secreted into the host cytosol and also ADP-ribosylates eEF-2, inhibiting
protein synthesis. L. pneumophila translocates effectors that target the elongation factor
eEF-1A to inhibit host. Lgt1, Lgt2 and Lgt3 O-glucosylate eEF-1A, but if SidI modifies
eEF-1A remains unknown.
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bacterial infections prevent translation at the initiation step. For instance, infections with
Pseudomonas entomophila lead to reduced levels of protein synthesis and it is thought
that this lack of translation reduces renewal of epithelial cells in the Drosophila gut
(Chakrabarti et al., 2012). Reduced incorporation of the methionine analog Lazidohomoalanine (AHA) is observed on guts infected with P. entomophila due to the
phosphorylation of the translation initiation factor eIF2-alpha as well as a decrease in
phosphorylated 4E-BP1 (Chakrabarti et al., 2012). In addition, during L. pneumophila
intracellular growth cap-dependent translation is inhibited due to the degradation of the
mTOR regulator and its cognate kinases Akt and S6K (Ivanov and Roy, 2013). Hence,
inhibition of host protein synthesis is a conserved strategy, albeit by different
mechanisms, that pathogens use in order to manipulate and preserve their ability to
replicate.

1.9.2. Subversion of the eukaryotic cell cycle by bacterial pathogens
The eukaryotic cell cycle machinery is a known target of pathogenic bacteria during
infections (Figure 1.6). Evidence has arisen showing that translocated effector proteins
from bacteria that encode type three secretion systems (T3SS), such as E. coli, Shigella,
Burkholderia, Yersinia and Chlamydia species are able to target and arrest the host cell
cycle during infection (Taieb et al., 2006, Iwai et al., 2007, Jubelin et al., 2009, Yao et al.,
2009, Balsara et al., 2006, Huang et al., 2008).
Cyclomodulins make up a family of effectors known for their ability to modulate
eukaryotic cell cycle. Within members of this family are the Cif effectors from
enteropathogenic E. coli and Yersinia, along with the CHBP effector of Burkholderia
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Figure 1.6 Arrest of the host cell cycle by bacterial pathogens
E. coli, Burkholderia, Shigella, and P. entomophila belong to the cyclomodulin family of
bacterial pathogens that inhibit the host cell cycle. Similarly, C. trachomatis delays cell
cycle progression. E. coli and Burkholderia increase the stability of cell cycle regulators
through Cif and CHBP, respectively, which inhibit ubiquitin-mediated proteolysis of cell
cycle regulators resulting in G1 or G2/M cell cycle arrest. Similarly, Shigella prevents
premature cyclin degradation at the G2/M phase. In contrast, C. trachomatis cleaves
Cyclin B, a G2/M regulator, delaying the cell cycle. Noteworthy, P. entomophila
inhibition of cell progression is through downregulation of downstream components of
the mTOR-signaling pathway. Bacterial toxins are in hexagons; cell cycle regulators are
in ovals.
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pseudomallei (Jubelin et al., 2009). The mechanism of action of how the cyclomodulin
effectors work has mostly been studied in the enteropathogenic E. coli strains and it is
hypothesized that it works in a similar manner in Yersinia and Burkholderia species.
Both, E. coli’s Cif and Burkholderia’s CHBP, have a papain-like fold with a conserved
catalytic triad, that when mutated is no longer able to arrest the cell cycle (Yao et al.,
2009).
Ubiquitylation is a post-translational modification that serves as a regulatory signal to
control protein activity, localization or degradation (Komander and Rape, 2012).
Ubiquitin is a small protein and plays crucial roles in many cell processes including cell
cycle control, DNA replication and immune function (Hochstrasser, 2009). There are
three main enzymes involved in this process. E1s are enzymes that activate ubiquitin,
which is then transferred to an ubiquitin conjugating enzyme or E2. Finally, E3s, which
provide substrate specificity, direct ligation of ubiquitin to the substrate (Hochstrasser,
2009, Hershko and Ciechanover, 1998). This cycle gets repeated, elongating the chain
(Komander and Rape, 2012).
Due to the diversity of substrates, E3 ligases are the largest group of proteins
associated with the ubiquitin-conjugating machinery. Many contain RING motifs that
facilitate ubiquitination by stimulating transfer of ubiquitin from E2 to the substrate
(Sarikas et al., 2011). The substrate specificity for many E3s resides in their RING
domain, however some E3s are part of complexes allowing for additional substrate
recognition. Cullins are protein scaffolds that comprise a large family of E3s known as
Cullin-RING ligases (CRL) and are required for ubiquitin dependent degradation of
substrate (Sarikas et al., 2011, Deshaies and Joazeiro, 2009). Cullins are regulated by
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their interaction with Nedd8, in a process known as neddylation, leading to activation of
the E3 ligase activity and substrate ubiquitination (Sarikas et al., 2011).
In E. coli, Cif blocks the eukaryotic cell cycle at both the G1/S and G2/M
transitions. Cif interacts and deamidates Nedd8, preventing Cullin activation and
inhibiting ubiquitin chain formation (Cui et al., 2010, Morikawa et al., 2010, Jubelin et
al., 2010). Due to the decrease in poly-ubiquitination of cell cycle regulators such as p27
and stabilization of Cyclin D and Cdt1, all steps that prevent cell cycle movement, cells
are prevented from cycling (Cui et al., 2010, Morikawa et al., 2010, Jubelin et al., 2010).
Arrest at the G1/S transition is induced by the stabilization of cyclin-dependent kinase
inhibitors p21and p27 (Samba-Louaka et al., 2008). On the other hand, arrest at the G2/M
transition is due to an increase in Cdk1 in a phosphorylated, inactive, state preventing the
cells from moving into mitosis (Nougayrede et al., 2005).
In contrast to infections with E. coli, cells infected with Chlamydia trachomatis
are not arrested, but rather proliferate slower than uninfected cells (Balsara et al., 2006).
This slow progression can be explain by the fact that after 16 hours of infection, there is a
decrease in the levels of phosphorylated Cdk1, along with a detectable level of Cyclin B
cleavage (Balsara et al., 2006). The Cyclin B/Cdk1 complex induces movement of the
cell cycle into mitosis (Castedo et al., 2002). It was hypothesized that the cell cycle of C.
trachomatis infected cells is delayed because the levels of cleaved Cyclin B do not reach
a threshold that would completely inhibit the cells from cycling, but it is still enough to
slow down its progression. Cyclin B cleavage requires C. trachomatis protein synthesis
(Balsara et al., 2006), suggesting that a yet to-be-identified secreted protein may be
responsible for modulating the host cell cycle during infections.
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Interestingly, Cyclin B is not cleaved during infections with Chlamydia
pneumonia (Balsara et al., 2006). However, C. pneumonia encodes a T3SS translocated
effector, CopN, which upon expression in yeast or 293T cells induces host cell cycle
arrest at the G2/M phase (Huang et al., 2008). CopN has been shown to bind to αβtubulin, in vitro, preventing microtubule polymerization (Archuleta et al., 2011). Thus, it
is possible that by disrupting the cytoskeleton, CopN obstructs the ability of the cells to
undergo mitosis and hence they accumulate DNA material consistent with the G2/M
phase. However, the consequence of this potential arrest during infection remains to be
understood. What is clear is that Chlamydia species modulate the host cell cycle during
intracellular replication.
Shigella induces eukaryotic cell cycle arrest by a different method. It secretes a
protein known as IpaB into eukaryotic cells. A yeast-two hybrid screen revealed that
IpaB interacts with the anaphase promoting complex (APC) inhibitor Mad2L2 (Iwai et
al., 2007). APCs work to target the degradation of specific substrates during cell cycle.
Interaction of IpaB with Mad2L results in an active APC and as a consequence, an arrest
of the cell cycle at the G2/M transition (Iwai et al., 2007).
It is of importance to highlight that although modulation of the host cell cycle is a
strategy employed by many pathogens, it is not necessarily a consequence of infection,
but rather an active process driven by the pathogen. A good example where infection
does not result in cell cycle arrest is seen during infections with Coxiella burnetii.
Although C. burnetii has the capacity to translocate effectors into the host and that the
Coxiella containing vacuole (CCV) occupies a large portion of the host cytosol, this
doesn’t seem to have consequences in the ability of the host cell to undergo cell division,
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since upon host cell mitosis the CCV can be seen in only one of the newly formed
daughter cells and the other cell remains completely uninfected (Roman et al., 1986).
1.10.

THESIS SUMMARY

The aim of this thesis work was to identify and analyze the role of previously
unidentified host factors important during L. pneumophila infections. To this end, a
dsRNA interference screen strategy was used in D. melanogaster cells to identify host
factors that restrict or stimulate intracellular growth of L. pneumophila (reviewed in
Chapter 3). Proteins that control host protein synthesis and cell cycle networks were
identified in the screen as being necessary for L. pneumophila replication, and the
phenotypes of cells depleted of these factors were further validated (reviewed in Chapter
4). Ultimately, a comprehensive study focusing on the role of the host cell cycle during L.
pneumophila infections was conducted (reviewed in Chapter 5). The models developed
through this work have significant implications regarding the way we think about how L.
pneumophila survives during infections. The tools developed through the study of cell
cycle control can be use to further analyze the interaction between L. pneumophila and its
hosts.
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Chapter 2 MATERIALS AND METHODS
2. Yis
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2.1. Bacterial strains, plasmids and media
All strains and plasmids used in this study are described in Table 2.1. Legionella
pneumophila strains used in this study were derived from the Philadelphia 1 isolate.
Strain Lp01 is streptomycin resistant, and intracellular growth competent (Berger and
Isberg, 1993, Rao et al., 2013). Lp02 is a thymidine autoxotroph, streptomycin resistant
and intracellular growth competent (Berger and Isberg, 1993, Rao et al., 2013). Lp03 is a
derivative of Lp02 with the dotA3 point mutation and is intracellular replication
incompetent (Berger and Isberg, 1993). Lp02 ∆5, defective for synthesis of 5 Dot/Icm
translocated effectors that interfere with host cell protein synthesis, was a kind gift of Dr.
Zhao-Qing Luo at Purdue University. For Lp02, Lp02 ∆5 and Lp03 strains, the
chromosomal thyA- allele was replaced with the thyA+ allele by allelic exchange
(Merriam et al., 1997). The plasmid pAM239 encodes chloramphenicol resistance and
allows production of the green fluorescent protein (GFP) from the Ptac promoter, which is
inducible by isopropyl-β-D-thiogalactopyranoside (IPTG) (Solomon et al., 2000, Li et al.,
2005). L. pneumophila was grown on plates containing charcoal and yeast extract
buffered with ACES (N- (2-acetamido)-2-aminoethanesulfonic acid; Sigma) adjusted to
pH 6.9 and supplemented with 40 mg/ml of L-cysteine, 0.135 mg/ml of Ferric Nitrate
(CYE) and 0.1 mg/mL thymidine when necessary (Sigma) (De Jesús et al., 2013). Liquid
cultures of L. pneumophila were prepared in the same medium (AYE), but without
charcoal and agar. Overnight (O/N) cultures of Legionella were prepared by serially
diluting cultures 1:2 in AYE supplemented with the appropriate antibiotic and incubated
at 37oC with shaking. Chloramphenicol was used at 5ug/ml. For infections, O/N cultures
were used and all strains were grown to post-exponential phase (A600 = 3.5-4.0). The
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approximate concentration of bacteria was determined by assuming that A600 = 1.0 is
equivalent to 109 bacteria/ml.

2.2. Cell Culture
Routine propagation of cultured Drosophila melanogaster Kc167 cells was
performed as described (De Jesús et al., 2013, Dorer et al., 2006) using 1X Schneider’s
Drosophila medium (Life Technologies), supplemented with 10% Heat-Inactivated FBS
(Gibco). Cells were typically cultured at ~24oC in tissue culture treated T75 culture flasks
and passaged when they were roughly 80-90% confluent.
HeLa cells were cultured at 37oC with 5% CO2 and routinely grown in Dulbecco's
Modified Eagle Medium (DMEM) medium (Life Technologies) with high glucose, Lglutamine, Phenol Red and Sodium pyruvate, supplemented with 10% heat inactivated
FBS (Gibco). Cells were passaged when they were roughly 80-90% confluent.
D. discoideum strain AX4, was routinely grown axenically in HL-5 liquid
medium (1.4% glucose, 0.7% yeast extract, 1.4% peptone, 0.095% Na2HPO4.7H2O and
0.05% KH2PO4 at pH 6.5 using HCl) (Solomon et al., 2000) supplemented with penicillin
and streptomycin (100 U/ml; Gibco) in 60cm dishes at 21°C. Dictyostelium spores were
recovered from plaques on a lawn of Klebsiella aerogenes AM2515 plated on SM/5 agar
medium (Sussman, 1987). In addition, for certain infections HL-5 medium was replaced
by MB medium (20 mM MES [2 (N-morpholino) ethanesulfonic acid)], pH = 6.9); 0.7%
yeast extract; 1.4% BBL thiotone E peptone)(Solomon et al., 2000).
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Acanthamoebae castellanii was grown at ~23oC axenically in PYG medium
(Basal medium containing: 2% proteose peptone, 0.1% yeast extract, 0.1M Glucose,
0.1% sodium citrate-2H2O, 4mM MgSO4 7H20, 4mM CaCl2, 0.05mM Fe(NH4)2(SO4)2
6H2O, 2.5mM Na2HPO4 7H20 and 2.5mM KH2PO4 at pH 6.5 using HCl) in 15cm petri
dishes. For infections, Ac buffer (4mM MgSO4 7H20, 4mM CaCl2; 0.05 Fe(NH4)2(SO4)2
6H2O (made fresh), 2.5mM Na2HPO4 7H20, 2.5mM KH2PO4 and 0.1% sodium citrate)
replaced PYG medium (Moffat and Tompkins, 1992).

2.3. Infections using Legionella pneumophila
L. pneumophila strains were grown on patches on CYE plates, resuspended in
AYE medium and serial 1:2 dilutions were grown in AYE media with the appropriate
supplements. After overnight growth, the inoculum was calculated assuming A600= 1 is
equivalent to1x109 bacteria. Challenge of host cells was carried out with motile bacteria
at the appropriate multiplicity of infection depending on the specific experimental
protocol (Table 2.2). After challenge, the infection plates were placed in the centrifuge
for 5 min at 800 x g to synchronize the infection. 1 or 2 hours after uptake, cells were
washed twice with the appropriate media and supplements.

2.4. dsRNA interference Screen in Drosophila melanogaster Kc167 cells
2.4.1. Primary dsRNA Screen.
A dsRNA pool, constructed by the Drosophila RNAi Screening Center at Harvard
Medical School (Flockhart et al., 2006, Flockhart et al., 2012) was used to perform high
throughput screening in Drosophila (Echeverri and Perrimon, 2006). Briefly, Kc167
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cells were resuspended in Schneider’s Drosophila medium without FBS and 2.5x104 cells
in 25µL were plated in each well of 384-well plates containing dsRNA. The plate was
placed in the centrifuge for 1minute at 800 x g, follow by incubation at ~24.5oC in a
humid chamber. After 45 minutes, 1X-volume of Schneider’s medium supplemented
with 10% HI-FBS was added to each well. Cells were incubated for 4 days before
infection. Treatment was performed in duplicate.

2.4.2. L. pneumophila challenge of dsRNA-treated Kc167 cells.
L. pneumophila (Lp01-pAM239) was grown overnight in AYE media
supplemented with chromphenicol (5ug/ml) and IPTG (0.1mM). After overnight growth,
the inoculum was calculated. Motile bacteria were used at a multiplicity of infection
(MOI) = 1. After challenge, cells were spun for 5 minutes at 800 x g to synchronize the
infection. 1 hour after challenge was initiated, cells were washed twice with Schneider’s
media containing 10% HI-FBS and 0.1mM IPTG. The incubation was allowed to
proceed for 45 hours. The wells were then fixed in 3.7% formaldehyde in 1X-PBS for 30
minutes at room temperature, followed by a washing with PBS. Cells were later
incubated with 1ug/ml of Hoechst/PBS for 10 minutes at room temperature to stain for
DNA content (Dorer et al., 2006).

2.4.3. Data acquisition.
Images of each well were captured using ImageXpress (Molecular Devices)
automated microscopy (Huang et al., 2011). All images were captured using 20X Plan
Apo lens, 2 fields per well, using the DAPI and FITC channels. The Count Nuclei
function from the MetaXpress software was used to calculate the pixel area of the total
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cell number and the Legionella containing vacuole (LCV) number. In images from the
DAPI channel, a nucleus was considered positive if it had a minimum width of 1µm and
a maximum width of 12.5µm with pixel intensity of 600 graylevels above background.
LCVs were counted as positive if, after 45 hrs growth, they were larger than 1 µm and
had pixel intensity of 1600 graylevels above background. The number of particles per
image and their pixel areas were recorded and analyzed using Microsoft Excel.

2.4.4. Data analysis
The mean LCV pixel area and the mean ratio of LCV area over total number of
cell nuclei were calculated for each plate and for individual wells containing dsRNAs.
Infections on cells with dsRNAs whose total LCV area was above or below 2 standard
deviations from the mean pixel area of the entire plate treated with dsRNA were selected
as positive Next, positive dsRNAs that were above or below 2 standard deviations from
the mean ratio of LCV area over total number of cell nuclei for its respective entire plate
treated with dsRNA were selected as hits. In addition, dsRNAs that were 2 standard
deviations below in just one replicate plate were selected as possible hits.

2.4.5. Ranking of selected hits.
In order to rank order the hits, we determined the bacterium replication efficiency
relative to the mean of the plate. The ratio of total LCV pixel area/number cell nuclei for
each individual dsRNAs relative to the mean of the plate was calculated for each well.
The average ratio of the duplicate plates was obtained and used to rank order the hits.
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2.4.6. Selection of dsRNA to be evaluated in a secondary screen.
After obtaining the annotation data for all the hits, a filter examination was carried
out. dsRNAs were eliminated from further evaluation if they were represented in any of
the following categories: 1) dsRNA with a predicted off-target (based on having 10 or
more 19bp Matches (Kulkarni et al., 2006); 2) represented internal controls; 3) dsRNA
targeted a Drosophila gene that has not been annotated; 4) dsRNA concentration was
negative; 5) dsRNA targeted gene didn’t have a predicted protein domain and/or human
homologue and/or Drosophila gene name.

2.5. Secondary screen
L. pneumophila harboring the Photorhabdus luminescences luxCDABE operon
under the control of the ahpC promoter (Ensminger et al., 2012, Coers et al., 2007b), was
grown overnight in AYE media supplemented with kanamycin (20ug/ml). Next day
inoculum was calculated assuming 1OD = 1x109 cells. Infections were carried out at a
multiplicity of infection of 1. After challenge, cells were spin for 5 minutes at 800 x g to
synchronize the infection. 1 hour after uptake cells were washed twice with Schneider’s
Medium supplemented with 10% HI-FBS. Infection was allowed to proceed for up to 48
hours. At each time point relative luminescence units (RLU) were recorded using a
SprectraMax plate reader with an integration time of 1500ms.

2.6. Treatment of D. melanogaster cells with dsRNA
2.6.1. dsRNA construction.
dsRNAs were constructed as previously described (Ramadan et al., 2007, De
Jesús et al., 2013), using the flybase.org database to retrieve the annotated sequence for
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the targeted gene and to design primers to target sequences that correspond to gene exon
regions predicted to generate a fragment in the range of 250-600 bp. Gene regions
predicted to have off-targets sequences were identified using http://www.flyrnai.org/cgibin/RNAi_find_primers.pl (Kulkarni et al., 2006, Flockhart et al., 2012). Regions with
more than 19bp prediction of off-target were avoided when designing primers. In some
instances, primers pairs tested by the Drosophila RNAi Screen Center (DRSC) for offtarget effects were used to generate dsRNA. Sequences were obtained from the DRSC
website (http://www.flyrnai.org) (Flockhart et al., 2012). The T7 promoter sequence
(taatacgactcactataggg) was added to the 5’-end of each primer. T7 RNA polymerase was
used to transcribe the target DNA fragment, or amplicon, containing the sequence of
interest to generate the dsRNA (De Jesús et al., 2013, Dorer et al., 2006).
Genes of interest were amplified using Drosophila genomic DNA by PCR using
standard PCR reagents and conditions and the appropriate oligonucleotides (Table 2.1).
Amplified fragments were purified using the PCR purification Kit from Qiagen following
the manufacturer’s protocol. To synthesize the dsRNA, the purified amplicon was used as
a template using the MEGAscript RNAi Kit from Ambion following the manufacturer’s
protocol. Newly synthetized dsRNA were stored at -20oC in 96-well plates at 0.5ug/well.

2.6.2. RT-PCR to test target depletion resulting from dsRNA interference.
RNA was isolated from Drosophila cells (untreated or dsRNA treated) using
RNeasy (QIAGEN). In a 20 ul volume, 1ug of RNA and 5 ug of oligo dT (Table 2.1)
were combined in ddH2O and heated to 65°C for 10 minutes, then reverse transcribed to
generate cDNA using Superscript II Reverse Transcriptase (Invitrogen). The reaction was
incubated at 42oC for 1.5 hours, and then the enzyme was heat inactivated at 65oC for 20
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minutes. 3ul of the cDNA reaction was used to amplify each gene of interest with the
appropriate primers, using actin as the control transcript (Table 2.1) (De Jesús et al.,
2013). Samples were separated in 1.5% agarose gel and fold-depletion was calculated by
quantifying the pixel intensity of the appropriate bands using Kodak 1D 3.6 software
(O'Connor et al., 2012).

2.7. Size measurements of Legionella-containing vacuoles.
To create vacuole size distribution plots, images from 4 different sites per well
were captured in the DAPI and FITC channels using a 20X Plan Apo objective, using the
identical exposure conditions for each image and saved as TIFF files. Pictures were
analyzed using IP LabSpectrum or iVision software using the Segmentation tool. Cell
nuclei or Legionella vacuoles within pictures were selected manually. A threshold of
minimum 10 pixels and maximum of 10,000 pixels was set for each image to obtain total
number of nuclei and vacuoles within the pictures as well as the pixel area using the Set
Measurements parameter. For total counts, the Quantify Segments tool was used, and to
determine the area of the vacuoles, the Measure Segments tool was used. All results were
recorded in MS Excel 2004 and used to create histograms of vacuole sizes in pixel area,
with a Bin threshold of 25, 75, 125, 175, 225 and above. Analyses were performed for
triplicate wells.

2.8. Flow cytometry of Legionella infected cells.
1x106 D. melanogaster Kc167 cells or 2.5 x 105 HeLa cells were seeded per well
of a 12 or 6-well plate, respectively. Cells were challenged at the specified multiplicities
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of infection (MOI) on Table 2.2. At the appropriate time after challenge, cells were
washed twice with 1X-PBS, incubated with 0.05% Trypsin-EDTA for 1 minute, and
lifted with the appropriate media supplemented with 10% HI-FBS. Cells were collected
by centrifugation for 5 minutes at 800 x g at room temperature. Drosophila cells were
resuspended in 1ug/ml Hoechst in 1X-PBS and incubated at room temperature for 45
minutes, while HeLa cells were resuspended in 5ug/ul Hoechst in 1X-PBS and incubated
at 37oC for 30 minutes. Flow cytometry analyses were carried right away using a BD
LSR II flow cytometer. Data was analyzed using FlowJo versions 6.4.7 or 7.6.5.
For D. discoideum analyses, cells were fixed in ice-cold 70% ethanol and kept at
4oC until analysis. Before staining, cells were rehydrated in 1X-PBS for at least
10minutes. DNA content inside the cells was stained with 30ug/mL of propidium iodide
in the presence of 1U RNAseA and 40U RNase1 (RNase cocktail, Invitrogen) in PBS for
30-45minutes at 37oC, light protected.

2.9. Distinguishing between bacterial and host DNA
2.9.1. Isolation of nuclei from L. pneumophila harboring cells.
Proliferating D. melanogaster Kc167 cells were challenged with L. pneumophila
Lp01-pAM239GFP+. Various times after challenge, cells were separated by flow
cytometry and collected based on their GFP fluorescence. Cells gated as GFP positive
and GFP negative cells were collected and incubated in Extraction Buffer (10mM HEPES
(pH=7.4), 5mM MgCl2, 320mM Sucrose, 1% Triton X-100) for 10 minutes in ice. Lysed
cells were pelleted for 5 minutes at 3,000rpm at 4oC in a microcentrifuge and washed
with Wash Buffer (320mM Sucrose, 5mM MgCl2, 10mM HEPES (pH=7.4), 1% BSA)
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(Telford, 2000). Isolated nuclei was stained with Hoechst/PBS(1ug/ml) and analyzed by
flow cytometry for DNA content using FlowJo flow cytometry software.

2.9.2. Nuclei pixel quantification of L. pneumophila infected cells.
Kc167 cells were seeded at 1x106 cells/well and challenged with Lp01
(pAM239GFP+) at MOI = 5. At various times after uptake, cells were collected and
washed with 1X PBS. Cells were isolated based on GFP fluorescence using a MoFlow
cell sorter. Cells with high and low GFP fluorescence levels were collected, resuspended
in 1.5ml PBS and 500ml were seeded into 24-well plates containing poly-L-lysine-coated
coverslips. Cells were fixed in 4% paraformaldehyde, 40mM HEPES- pH 7.4, 6.5%
sucrose at room temperature for 20-30 minutes, followed by staining with 1ug/ml
Hoechst in 1X-PBS. Pictures of individual cells were taken at 63X using DAPI and FITC
channels at 10msec and 350msec exposure, respectively, for at least 100 cells per
coverslip. DNA pixel intensity was calculated using the iVision pixel intensity tool.
Histograms were created using MS Excel 2004.

2.10.

Fluorescence microscopy

2.10.1. Infectious center assay.
To measure growth of L. pneumophila in D. melanogaster cells by microscopic
analysis, 1 x106 Kc167 cells/well were plated overnight in a 24-well plate containing
Concavalin-A coated coverslips (Cheng and Portnoy, 2003) in 1X Schneider’s
Drosophila medium supplemented with 10% FBS prior to challenge with Lp01. For
HeLa infections, 2 x105 HeLa cells/well were plated in 24-well plates containing
coverslips in DMEM media supplemented with 10% HI-FBS, and cells were challenged
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by bacteria either after overnight incubation or at the appropriate time after
synchronization release. MOI was determined as appropriate for the experiment (Table
2.2).
Bacterial challenge of cultured cells was synchronized by centrifugation at 800 x
g for 5 minutes at room temperature. One hour after challenge, cells were washed 2X
with 1X PBS and the incubation proceeded for the desired time. At the appropriate times
after challenge, cells were washed with PBS, fixed in 4% paraformaldehyde in 1X PBS
for 30 minutes at room temperature for Drosophila cells or at 37oC for HeLa cells, and
permeabilized with -20C methanol. Nonspecific binding was blocked with 4% BSA in
1X PBS at room temperature and intracellular Legionella was stained with a rabbit α-L.
pneumophila Philadelphia 1 at 1:10,000 in blocking solution for 1hr, followed by
detection with goat α-rabbit IgG Alexa Fluor-488 or Alexa Fluor-594 (Molecular Probes)
at 1:500 in blocking solution. Coverslips were mounted using SlowFade® Gold antifade
(Life Technologies) mounting media and analyzed with 100X objectives. The number of
bacteria within phagosomes was scored visually for at least 100 vacuoles per coverslip.

2.10.2. Centrosome staining.
HeLa or Drosophila cells were fixed in 4% paraformaldehyde in 1X PBS for 30
minutes at room temperature. Cells were permeabilized using 0.5% SDS in 1X PBS for
15 min at room temperature. L. pneumophila was differentially stained prior to, and after
permeabilization, using rabbit α –L. pneumophila Philadelphia 1 antibody at 1:10,000,
while γ-tubulin was stained after permeabilization using GTU-88 antibody at 1:1,000
(Sigma) followed by detection with goat α-rabbit or α-mouse IgG-Alexa Fluor-350, Alexa Fluor-594 or -Alexa Fluor-488 (Molecular Probes), respectively, at 1:500 in
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blocking solution. Cells were mounted using SlowFade® Gold antifade (Life
Technologies) and analyzed using a 100X objective. The number of centrosomes per cell
was scored visually.

2.10.3. Detection of disrupted Legionella vacuoles.
Permeabilized vacuoles were detected as previously described (Creasey and
Isberg, 2012). Briefly, cells challenged with bacteria were fixed in 4% paraformaldehyde
in 1X PBS for 20 minutes at room temperature. Bacteria and intracellular markers were
stained before permeabilization using rabbit α –L.pneumophila antibody at 1:10,000 and
mouse anti-α-tubulin (1:1000) (Sigma) for 1 hour at 37oC followed by detection with goat
α-rabbit IgG Alexa Fluor-350 and goat α-mouse IgG Alexa Fluor-488 (Molecular
Probes), respectively, at 1:500 in blocking solution. Then, cells were permeabilized with
cold methanol for 20 min and intracellular bacteria were stained using rabbit αLegionella at 1:10,000 for 1 hour at 37oC in blocking solution with goat α-rabbit IgG
Alexa Fluor-594 (Molecular Probes) at 1:500. Coverslips were mounted using
SlowFade® Gold antifade (Life Technologies) mounting media and analyzed at 100X. At
least 100 vacuoles were score per coverslip. Bacteria with aberrant morphologies were
evaluated in cells disrupted in various sites in the cell cycle. Aberrant bacteria were
defined as being rounded, rough, and punctate or blebbing, as opposed to rod shaped
(Creasey and Isberg, 2012, O'Connor et al., 2012). At least 100 vacuoles were scored per
coverslip.
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2.11.

Synchronization of HeLa cells.

To perform double thymidine addition blocks, HeLa cells were synchronized by
incubating 1x106 cells in a 10cm2 dish with an excess of 2mM thymidine for 18hrs. Cells
were washed 2X with 1X-PBS and incubated in DMEM/FBS without thymidine for 8hrs,
followed by a second exposure to 2mM thymidine (Jackman and O'Connor, 2001). After
14-16hrs, cells were collected and replated at 2.5x105 cells/well in 6-well plates for flow
cytometry or 1x105 cells/well in a 24-well plate containing coverslips for
immunofluorescence studies. Cells were infected at the indicated times after release.
To perform hydroxyurea pretreatment, HeLa or Drosophila cells were seeded at 5
x 105 cells/plate of 10cm2 dish with or without 4mM hydroxyurea (Sigma). Cells were
incubated at 37oC or 23oC, respectively, for 24 hours and then re-plated into 24-well
plates with coverslips, with or without hydroxyurea. Cells were incubated for another
24hrs, when they were challenged with L. pneumophila.

2.12.

Measurement of protein synthesis in host cells.

To perform Click Chemical labeling of newly synthesized proteins in D.
melanogaster cells, at day 3 after dsRNA treatment, Kc167 were incubated in
Schneider’s medium without methionine or FBS for 60 minutes to deplete methionine
reserves. L-azidohomoalanine (AHA; Invitrogen), an analog for L-methionine, was added
at 25uM to metabolically labeled nascent peptides chains (Dieterich et al., 2007,
Chakrabarti et al., 2012). After 4hrs of labeling, cells were fixed in 4% paraformaldehyde
in 1X-PBS for 15min at room temperature. Cells were permeabilized with 0.25% Triton
X-100 in PBS for 15min, washed with 4%BSA/PBS and incubated with 50uM
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phosphine- 650 (Thermo Scientific) for 1-3hrs at 37oC (Fan and Kwon, 2013). To remove
excess phosphine reagent, cells were rinse three times with 0.5% Tween-20 in PBS. 650phosphine incorporation was detected using flow cytometry.

2.13.

Measure of DNA synthesis in host cells

DNA synthesis in D. discoideum cells was determined by detecting BrdU
incorporation (Weeks and Weijer, 1994, Chen and Kuspa, 2005). 1mM BrdU (Millipore)
was added to HL-5 medium containing 1x106 cells/ml in 75mL flasks with vented caps.
Cells were incubated at 20oC with shaking (180rpm) for various times. At the indicated
time points, cells were fixed in 70% ethanol for 5-10min on ice. Cells were washed once
with 1X-PBS and permeabilized with 0.5% Triton X-100 in 1X PBS for 15 minute at
room temperature. After washing the cells with 1X PBS, cells were incubated at 37oC for
45 minutes with DNaseI (Sigma). Cells were washed with 1X-PBST and incubated with
mouse α-BrdU at 1:200 (Cell Signaling), along with goat α-mouse Alexa Fluor-488 at
1:500 for 30 minutes in the dark. Cells were washed with 1X-PBS and saved at 4oC until
analysis.

2.14.

Cell cycle synchronization and proliferation assays

To synchronize D. discoideum cells, exponentially growing AX4 in HL-5 media
were diluted to 1 x106 cells/ ml in 75mL flasks with vented caps and incubated at 11.5oC
for 20hrs with shaking (180rpm)(Maeda et al., 1989). After 20hrs, the temperature was
shifted to 22oC (Araki et al., 1994), and cells were collected at various times after,
followed by propidium iodide staining.
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To measure cell proliferation in amoebae, stationary phase D. discoideum AX4
cells or Acanthamoeba castellanii trophozoites were collected and seeded at 2x106
cells/well on 6-well plates in PBS or Ac buffer, respectively. Cells were incubated in the
dark with 10uM Cell Proliferation Dye (eBioscience) or DMSO equivalent for 30
minutes. AX4 cells were incubated at ~23oC, while A. castellanii was incubated at 37oC.
Uninternalized dye was washed away with ice cold 1% BSA in 1X-PBS and replaced by
HL-5 media or Ac buffer. Cells were collected at the indicated times to be analyzed by
flow cytometry.
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Table 2.1 Strains, Plasmids and Oligonucleotides
Strains
L. pneumophila
Strain
Genotype
Lp01
Philadelphia 1, rpsL,
hasdR
Lp02
Philadelphia 1, thyA
rpsL, hsdR
Lp03
thyA rpsL hsdR dotA03
Lp02∆5

Lp02 lgt1 lgt2 lgt3 sidI
sidL
+
Lp02thyA
Lp02 thyA+
+
Lp03thyA
Lp03 thyA+
Lp02∆5thyA+ Lp02∆5 thyA+
YAM27
Δlpg1603-lpg1686
T536
YAM27, thyA+
E. coli
Strain
DH5α λpir

Description
wild-type strain
wild-type strain
T4SS translocation
deficient
translation inhibition
deficient

cluster 3
clusters 2ab,3,6, thy+

Reference
(Berger and Isberg, 1993,
Ensminger et al., 2012)
(Berger and Isberg, 1993,
Ensminger et al., 2012)
(Berger and Isberg, 1993,
Ensminger et al., 2012)
(Fontana et al., 2011)
this work
this work
this work
(O'Connor et al., 2011)
(O'Connor et al., 2011)

Genotype

Reference

endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR,
nupG (Φ80dlac ΔlacZ) M15 (ΔlacZYAargF)U169, hsdR17(rK- mK+), (λpir)

(Kolter et al., 1978)

Plasmids
Plasmid
pJB3395
pAM239
pahpC::lux

Features
thyA+, ampR
GFP
luxCDABE, kanR

Description
thyA allelic exchange vector
GFP expression
luciferase expression
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Reference
(Merriam et al., 1997)
(Losick and Isberg, 2006)
(Ensminger et al., 2012)

Table 2.1 Strains, Plasmids and Oligonucleotides cont.
Oligonucleotides
Name

Sequence

eIF2alpha-F

TAATACGACTCACTATAGGGACTTTAACATGGCCCTGACG

eIF2alpha-R

TAATACGACTCACTATAGGGCAGGCGGTCTTCTGGTAGAG

eIF3p40-F

TAATACGACTCACTATAGGGGTGCCTGGAGATCACCAACT

eIF3p40-R

TAATACGACTCACTATAGGGCGTTCAGCTCGCTCATCATA

RpL10Ab-F

TAATACGACTCACTATAGGGTGATACGCTGTATGAGGGCGTCAA

RpL10Ab-R

TAATACGACTCACTATAGGGTCTTGGGACGAGGAATGTGCTTCA

RpL27-F

TAATACGACTCACTATAGGGCTAAGCTGCCCATTCGCTACTTG

RpL27-R

TAATACGACTCACTATAGGGTTCGGGCGGTTAAGGCTATGGAAT

RpS30-F

TAATACGACTCACTATAGGGATCGATAATTCTGCGCCATC

RpS30-R

TAATACGACTCACTATAGGGTCTGGGCCAGTTGGTTCTAC

RpS7-F

TAATACGACTCACTATAGGGCGCAGTGCAGCGAAATAATA

RpS7-R

TAATACGACTCACTATAGGGTACCTTCTTGCTGCCGAACT

PEK-F

TAATACGACTCACTATAGGGCTGGTTGGCAGGAAGAAGAG

PEK-R

TAATACGACTCACTATAGGGAGTCGTCGTCGGTATCATCC

Gcn2-F

TAATACGACTCACTATAGGGGTGGAATTGTGTGGCAGATG

Gcn2-R

TAATACGACTCACTATAGGGCCACCAGTTCGGTTCTTGTT

Cdk4-F

TAATACGACTCACTATAGGGACGACAACATTGGCATTGAA

Cdk4-R

TAATACGACTCACTATAGGGCGTGCATCCTGTTGCTCTTA

Ef1alpha100E-F

TAATACGACTCACTATAGGGAACATGTATCGTCACCGCAA

Ef1alpha100E-R

TAATACGACTCACTATAGGGGCAATGAGATGACATGTGGC

eIF1A-F

TAATACGACTCACTATAGGGGATTAACCAGGGCGACATCA

eIF1A-R

TAATACGACTCACTATAGGGAGACAGACGTTCCAGACGCT

Ef1alpha48D-F

TAATACGACTCACTATAGGGGAGTGCACACTGGGAAAACA

Ef1alpha48D-R

TAATACGACTCACTATAGGGGGAGGCAACAAGCAAAGAGA

Actin5-F

ATTCTGCCATTCCACACACA

Actin5-R

GAAACTGCAGCCAAGTGTGA

Oligo_dT

TTTTTTTTTTTTTTTTTTTTTTT

CycA-F

TAATACGACTCACTATAGGGCACGAACCGCTGAACAAGTA

CycA-R

TAATACGACTCACTATAGGGTTGCCTTCTTGCTGTTGTTG
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eIF1A-F

TAATACGACTCACTATAGGGAGCGTCTGGAACGTCTGTCT

eIF1A-R

TAATACGACTCACTATAGGGCCATTTCTTGCACAGCGTAA

cdc5L-f

TAATACGACTCACTATAGGGCGAAAAGCAACTGGAGGAAG

cdc5L-R

TAATACGACTCACTATAGGGTCCCAGCTTGACTACCTGCT

cdc2L5-f

TAATACGACTCACTATAGGGCAGAACAAGTTCGCGGTACA

cdc2L5-r

TAATACGACTCACTATAGGGAAGCCCATTGGAAGTTGTTG

Cdk8-F(2)

TAATACGACTCACTATAGGGTTGGGTGCTACATCGTGACCTG

Cdk8-R(2)

TAATACGACTCACTATAGGGCTGGAAGTACTGATCCTGCATGG

Cdk1-F

TAATACGACTCACTATAGGGGCTGCCAGTTGATAAGCACA

Cdk1-R

TAATACGACTCACTATAGGGTCCGAGTCACCCTGGAATAG

stgF1

TAATACGACTCACTATAGGGGGAGGAGCTGTCGTTCTACG

stgR1

TAATACGACTCACTATAGGGGGCAGTTCTCCTTCTCAACG

CycE-F1

TAATACGACTCACTATAGGGGACCCTGAACTCGGTTTTGA

CycE-R1

TAATACGACTCACTATAGGGTGTCGTCCAAAAGGTCATCA

Twine-F1

TAATACGACTCACTATAGGGGCTCGATGTGGAGGAAGAAG

Twine-R1

TAATACGACTCACTATAGGGGCTTTCCGATTTCAGCTGTC

Dup(Cdt1)-F1

TAATACGACTCACTATAGGGTCAACGAAGACGATGTGCTC

Dup(Cdt1)-R1

TAATACGACTCACTATAGGGGCTTGCTGTTTTTCCGACTC

Cln3-F2

TAATACGACTCACTATAGGGTCCTCACCGAGGTTATCTGG

Cln3-R2

TAATACGACTCACTATAGGGTAAGCGTGTGTGTCTGTGCA

eIF4G-F1

TAATACGACTCACTATAGGGACTCACAACCCCTTCACCAG

eIF4G-R1

TAATACGACTCACTATAGGGTTACACCAACCCCAACCATT

NAT1-F1

TAATACGACTCACTATAGGGTTCAACAGGAGAGGGGATTG

NAT1-R1

TAATACGACTCACTATAGGGTCAGCAGATTGATGCACACA

Geminin_F

TAATACGACTCACTATAGGGCGGATACCCAGACTGATGCT

Geminin_R

TAATACGACTCACTATAGGGCGTGTGATTGGTGTGTAGCC

RnrS_F

TAATACGACTCACTATAGGGGACCTTCTCCAACGAGCTTA

RnrS_R

TAATACGACTCACTATAGGGCATCCAGCGATATCATCTCC

Cdlc2_F

TAATACGACTCACTATAGGGAAGTACAACCCCACCTGGC

Cdlc2_R

TAATACGACTCACTATAGGGCTCCTCCGGAAAACTTTGGT

Map60_F

TAATACGACTCACTATAGGGATGTGGTGCACACAACCACT

Map60_R

TAATACGACTCACTATAGGGGTTGTCAAAGTTGCCCAGGT

Gmap_F

TAATACGACTCACTATAGGGGATTACGGATCTGGACGATGC

Gmap_R

TAATACGACTCACTATAGGGTGAGCAGCAGGTCATTGTTC
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eIF4E_F

TAATACGACTCACTATAGGGACACACGCACCAACCAACTA

eIF4E_R

TAATACGACTCACTATAGGGGAACATGGACTTGGGATTGG

luxD_F

TATAAAACCATCGACCATGTTCTTT

luxD_R

TAAGACAGCGAAATCGCTTGA

eIF4E_F2

TAATACGACTCACTATAGGGGTGGTGAGCGGATGGTCTAT

eIF4E_R2

TAATACGACTCACTATAGGGGCAGCTTGTGACCAATCTCA

Jabba_F

TAATACGACTCACTATAGGGCAAGTCTTCTGCTCCCTTGG

Jabba_R

TAATACGACTCACTATAGGGGACTGCTGCTATCCTGCTGA

cdc2c_F

TAATACGACTCACTATAGGGGACGTGTTCACCCCTCAGTT

cdc2c_R

TAATACGACTCACTATAGGGAATCAGATCCGCTTGGAATG
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Table 2.2 Multiplicity of infection (MOI) used per assay
Cell type
Drosophila melanogaster Kc167
Drosophila melanogaster Kc167

MOI
1
2

Assay
dsRNA Screen/Flow cytometry
Immunofluorescence

HeLa cells

15

Flow cytometry

HeLa cells

10

Immunofluorescence

Dictyostelium discoideum AX4

5

Flow cytometry

10

Flow cytometry

Acanthamoeba castellanii
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Chapter 3 Development and implementation of a dsRNA
interference screen strategy in Drosophila melanogaster cells to
identify host factors important for Legionella pneumophila
intracellular replication
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3.
3.1. Summary

The use of Drosophila melanogaster cells as a model for analysis of pathogen
intracellular growth demonstrates the evolutionary conservation of this process,
extending from fruit flies to humans (Agaisse et al., 2005, Philips et al., 2005, Dorer et
al., 2006, Derré et al., 2007). Furthermore, this model system has facilitated our analysis
of the role of host and bacterial factors required during L. pneumophila intracellular
growth (Dorer et al., 2006, O'Connor et al., 2012). It has been demonstrated that
functional redundancy plays a role during L. pneumophila intracellular growth, allowing
the bacterium to target multiple host components within the same host network.
However, we hypothesized that there are processes that the bacterium modulates in which
there are no compensatory mechanisms and hence the absence of these host factors
should have readily identifiable consequences on intracellular growth. To improve our
understanding of the contribution of host factors during L. pneumophila intracellular
growth, a microscopy-based screening strategy using dsRNA interference (RNAi) in D.
melanogaster Kc167 cells was developed, optimized and implemented. More than 50%
of the D. melanogaster annotated ORFs were examined using dsRNAi to identify host
factors important for L. pneumophila intracellular growth. Genes resulting in phenotypes
of interest (hits) were reexamined during a secondary screen. By looking at patterns of
replication within the depleted cells, we were able to validate our screen and identify
previously unidentified processes that modulate L. pneumophila intracellular growth.
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3.2. Results
3.2.1. Optimization and development of a high throughput screen strategy
D. melanogaster cells have been effectively used to identify cellular proteins that
support or interfere with the intracellular replication of pathogens, including L.
pneumophila (Dorer and Isberg, 2006, Dorer et al., 2006, O'Connor et al., 2012).
Moreover, owing to the ease by which these cells can be genetically manipulated via the
use of short interfering RNAs (siRNA) that result from the introduction of double
stranded RNA (dsRNA), analysis of the host-pathogen interface can be performed in
large scale with immortalized Drosophila cell lines. In order to understand how host
factors influence L. pneumophila infections, we developed a high-throughput, whole
genome dsRNA interference screen strategy to identify previously uncharacterized host
networks important for L. pneumophila intracellular replication.
We hypothesized that depletion of certain genes by dsRNAs will lead to variations in
the levels of L. pneumophila growth which, as a consequence, will result in replication
vacuoles that have altered sizes relative to untreated cells. In order to determine if we
could detect subtle differences in L. pneumophila growth using a high throughput,
microscopy-based approach at low magnification we tested if differences in LCV size
could be detected. To perform proof of principal experiments, we decided to artificially
inhibit replication after a few bacterial divisions, and compare replication vacuole size to
bacteria that were allowed to continue to replicate. Erythromycin, a protein synthesis
inhibitor, was added to D. melanogaster Kc167 cells challenged with L. pneumophilaGFP+ 19 hours after challenge and compared to cells that were incubated in the absence
of erythromycin. Infections were allowed to proceed for an additional 11 or 21 hours
(hrs), at which time cells were fixed. Using automated microscopy at low power (20x), 2
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images were acquired using the DAPI (to detect nuclei) and FITC filters (to detect L.
pneumophila-GFP+) for 2 sites per well. Analyses of treated and untreated cells were
performed by visualization of downloaded images as well as a script that counts for
nuclei (based on Hoechst staining), and bacterial replication (based on GFP signal)
(Materials and Methods).
As expected, we found no differences in the total number of phagosomes between
treatment with erythromycin or control untreated cells at any of the times tested. In
contrast to untreated cells, where there was robust bacterial growth, there was a
significant decrease in L. pneumophila intracellular replication within cells treated with
erythromycin by 30 or 40 hours of infection (Figure 3.1). Since the treatment with
erythromycin did not start until after bacteria replication was taking place, these results
are consistent with a model in which the number of infected cells remains the same
throughout the time frame assessed, but the LCV occupies a larger area as it
accommodates more bacteria. Hence, these results demonstrate that differences in L.
pneumophila replication can be measured by microscopy-based analyses using low power
magnification.

3.2.2. Analyses for the likelihood of false negatives or positives during a
large scale screen
Once it was established that differences could be detected between different LCV
sizes, we sought to determine the feasibility of a high throughput approach by defining
the time point after bacterial challenge that would define a reasonable phenotype during
the screen. To this end, we analyzed the behavior of D. melanogaster cells depleted for
components of ER-associated degradation (ERAD).
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Figure 3.1 Size differences of the Legionella containing vacuole can be detected by
automated high throughput microscopy at low power.
Kc167 cells were infected with L. pneumophila expressing GFP and treated with
10ug/mL of erythromycin at 19hrs after challenge. Infections were allowed to proceed for
an additional 11 or 21 hours, until which point the cells were fixed in 3.7% formaldehyde
in 1X- PBS and stained with 1ug/ml Hoechst. Images were taken using a Molecular
Devices ImageXpress automated microscope with a Nikon 20x plan-Apo lens for 2-sites
per well with the DAPI and FITC filters. Downloaded images were subjected to an
automated MetaXpress script that counts for cell nuclei (based on Hoechst staining) and
bacterial replication (based on GFP signal). A) The ratio of total cell nuclei and total
number of Legionella vacuoles was calculated at 30 and 40hpi. B) The ratio of total cell
nuclei and the total Legionella phagosome pixel area at 30 and 40hpi is plotted. *** P <
0.001, using unpaired t-test.
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During ERAD, unfolded proteins that are retrotranslocated from the ER are
ubiquitinated and targeted for degradation (Bays and Hampton, 2002). In yeast, Cdc48
(p97 in mammalian cells), associates with Ufd1 and Nlp4 to form a complex that
recognizes ubiquitinated proteins and targets them to the 26S proteasome to be degraded
(Ye et al., 2001, Ye et al., 2003). In addition, the Cdc48/Ufd1/Nlp4 complex is involved
in the dislocation of unfolded proteins from the ER into the cytosol, directing them for
degradation (Jarosch et al., 2002). During L. pneumophila infection, ubiquitinated
proteins accumulated around the LCV and there is evidence that Cdc48/p47 complex
participates in removing these polyubiquitinated proteins, which may be host or bacterial
in origin (Dorer et al., 2006). Challenge with L. pneumophila of cells depleted for
components of the Cdc48 complex, such as Ufd1, result in decreased intracellular
replication of the bacterium (Dorer et al., 2006).
By using a dsRNA that causes defective replication (such as one directed against the
Ufd1 gene), and then performing 23 well replicates of this dsRNA compared to a large
number of replicates of untreated controls (n = >300 wells) we determined the number of
standards deviations (sd) departed from the mean that would be expected for a typical
mutant. D. melanogaster Kc167 cells were treated with dsRNAi against ufd1 for 4 days
and then challenged with L. pneumophila expressing GFP. The incubations were allowed
to proceed for another 35, 40, 45 or 48 hours at which times cells were fixed. Analyses
of dsRNA-treated and untreated cells were performed as before, using a script that counts
for cell nuclei (based on Hoechst staining) and bacterial replication (based on area and
intensity of GFP signal) using MetaXpress software. The probability of losing a mutant
based on 1, 1.5 or 2 standard deviations was determined as the percentage of ufd1-
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depleted wells that give a ratio of LCV area over cell nuclei that is larger than the value
of the standard deviation cutoff determined from the untreated wells (Table 3.1). For
instance, the percentage of ufd1-depleted wells with a ratio larger than the mean minus 2
standard deviations of the untreated wells at 35 hours is 100%, rendering this time point
unsuitable for future analyses. Based on this evaluation, we would have the highest
probability of losing mutants at 35 and 48 hours post infection (hpi).
In a reverse analysis, the likelihood of selecting a false mutant was obtained using the
number of untreated wells present below 1, 1.5 or 2 standard deviations from the mean
and the total number of untreated control wells at each time point (Table 3.2). These
results show that the time after infection that corresponds to the lowest likelihood of
selecting false hits is at 40 and 45 hpi. By combining both approaches, we concluded that
45 hpi represents the optimum time after challenge, as this timepoint, results in the lowest
likelihood of selecting false positive candidates or losing informative candidates in the
screen.

3.2.3. dsRNA interference screen in D. melanogaster cells to identify host
factors important for L. pneumophila intracellular growth
Once we determined that we could measure changes in vacuole size and that
45hpi represents the best time point to identify host mutants important for L.
pneumophila intracellular replication, we employed a high throughput whole genome
dsRNA strategy using D. melanogaster Kc167 cells (Figure 3.2). More than 50% of the
D. melanogaster annotated Orfs (represented by ~12,144 dsRNAs provided by the
Drosophila RNAi Screening Center, library 1.0) was analyzed, preforming duplicate
assays in 384 well plates to identify host factors that either contribute or interfere with
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Table 3.1 Likelihood of losing a mutant

Deviations

Standards

Time (hrs) after L. pneumophila challenge
35

40

45

48

1

100%

33%

0%

29%

1.5

100%

57%

9%

90%

2

100%

95%

64%

100%

Probability of losing a mutant if the indicated standard deviation cut-off is used. The
data are expressed as the percentage of Ufd1-treated wells that gave a ratio of LCV area
over cell nuclei that is larger than the value of the standard deviation cut-off determined
from the untreated wells. For instance, at 35hpi 100% of the wells are over 1 standard
deviation from the mean of untreated wells, while at 45hpi no wells were detected above
1 standard deviation from control untreated wells.
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Table 3.2 Likelihood of selecting a false positive

Deviations

Standards

Time (hrs) after L. pneumophila challenge
35

40

45

48

1

100%

12%

4%

8%

1.5

100%

3%

0%

0%

2

100%

0%

0%

0%

Likelihood of selecting false mutants obtained using the ratio of the number of wells
present below the indicated standard deviation and the total number of untreated control
wells in each time point. For instance, at 35 hours after challenge 100% of the wells had a
ratio below 2 standard deviations from the mean of the untreated wells, while at 45hrs no
wells were detected below 2 standard deviations from the mean of the untreated wells.
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Figure 3.2 Flow chart representative of the dsRNA interference screen strategy used
in D. melanogaster cells to identify host factors important for Legionella
pneumophila intracellular growth.
A) Primary screening was done by treating Kc167 cells with dsRNAs previously
constructed for 4 days in a 384 well plate format with optically clear flat bottom,
followed by infection with L. pneumophila expressing GFP at a multiplicity of infection
of 1. At 45 hours after challenge, cells were fixed, imaged and analyzed as in Figure 3.1.
After genes annotations were obtained, hits were filtered and 250 dsRNAs were selected
to be screen on a secondary screen. B) During the secondary screen Kc167 cells were
treated with ~ 400 dsRNAs in white 96-well plates. Cells were challenged 4 days after
treatment with L. pneumophila expressing the Photorhabdus luminescences luxCDABE
operon under the control of the ahpC promoter. Luminescence from each well was
measured at the indicated times using a Molecular Devices SpectraMax plate reader with
an integration time of 1500ms.
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intracellular growth (Armknecht et al., 2005). To minimize bias, the dsRNAs were
arrayed in different order on the plates. Host mutants were categorized in groups that
either decreased or increased the levels of L. pneumophila intracellular replication.
Representations of both groups were selected as hits (Figure 3.3). dsRNAi target genes
were considered to have a phenotype of interest (hit) if L. pneumophila intracellular
growth was 2 sd above the mean (high hit) or 1.5 sd below the mean (low hit) of the
entire dsRNA treated plate, and the data obtained could be reproduced on both plates. In
addition, wells with dsRNAs that showed a strong effect on one plate, but showed little
affect on the second were selected for further analysis (called “mild” effects). For
instance, if depletion of a dsRNA- targeted gene led to levels of replication 2 sd below
the mean in one plate, but it showed a less severe defect in the second plate, the average
ratio of the dsRNA between both plates was calculated. If the mean ratio of the
corresponding wells was 1 sd below the mean of the two plates, then the dsRNA target
gene was selected as a mild effect hit. In order to quantify the severity of the phenotypes
between a dsRNA compared to other sets of dsRNAs present in the library, we calculated
the bacterial replication efficiency in cells within one well relative to the mean of the
plate. The average ratio of the wells from the duplicate plates was then used to rank order
the hits.

3.2.4. Selection of hits to be corroborated in a secondary screen
Depletion of host targets that resulted in decreased or increased levels of L.
pneumophila intracellular replication led to the selection of 1,500 hits, including the
candidates with mild effects. Once the hits of interest were selected, gene annotations
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Figure 3.3 Picture samples of hits selected during the screen.
Drosophila cells were treated with dsRNA for 4 days and challenged with L.
pneumophila -pGFP. 45hrs after uptake cells were fixed and stained with Hoechst.
Images were grabbed with ImageXpress microscope, using the DAPI and FITC filters at
magnification of 20x. Sample pictures from genes selected as hits are depicted.
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were acquired from the Harvard Drosophila RNAi Screening Center (DRSC) (Flockhart
et al., 2006, Flockhart et al., 2012) to determine the identity of the targeted genes.
After the identities of the genes were determined, the hits were subjected to a filtered
examination. They were preserved for further analyses or eliminated, saving those that
had a predicted protein domain, corresponded to a known D. melanogaster gene, or
possesed a human homologue (Table 3.3). Out of the remaining hits, those with less than
a two-fold depression on vacuole volume were eliminated and sample genes from each of
the functional groups hit by the dsRNAs were chosen among the 250 dsRNAs (16% of
the initial hits) to be analyzed in a secondary screen.

3.2.5. Secondary screen
To determine if the selected hits gave reproducible alterations in L. pneumophila
intracellular growth, a secondary screen was performed. Among the hits to be targeted,
genes encoding for proteins involved in host processes such as membrane trafficking,
protein synthesis, cytoskeleton, cell cycle and protein degradation (Figure 3.4) were
present in the collection. We were encouraged by the diversity of processes selected
within the hits and hypothesized that understanding the patterns of L. pneumophila
replication within depleted cells over time could uncover unexpected host networks
important for bacterial intracellular growth. Therefore, in contrast to the primary screen,
which measured relative growth at one point during L. pneumophila’s replication cycle,
during the secondary screen growth measurements were obtained at various times for up
to 48 hours after bacterial challenge.
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Table 3.3 Summary of hits after eliminations
# Low Hits
Primary Screen

# High Hits

Total dsRNAs

1310

204

1514

Remaining hits after elimination

842

139

981

Cherrypicked hits

201

46

247

dsRNA-target genes with phenotypes of interest were classified as low or high for L.
pneumophila intracellular growth, the allocation within each category is represented. The
1,514 total dsRNA-targeted genes selected as hits were subjected to a filter examination a
described in Materials and Methods, resulting in the elimination of 533 dsRNAs. Out of
the remaining dsRNA-target genes, we selected 247 (~16% of the total initially selected
dsRNAs) to be analyzed further in a secondary screen.
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Figure 3.4 Networks represented on the cherrypicked dsRNAs.
After obtaining dsRNAs annotations, hits were subjected to elimination, saving those that
had a predicted protein domain, corresponded to a known D. melanogaster gene, or
posses a human homologue of interest. Of the remaining dsRNAs, sample genes from
each of the functional groups hit by the dsRNAs were chosen as shown on the pie chart.
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The 250-cherrypicked dsRNAs were introduced into Kc167 cells for 4 days in
duplicate plates, and cells were challenged with L.pneumophila harboring the
Photorhabdus luminescences luxCDABE operon under the control of the ahpC promoter,
which is induced during intracellular growth (Coers et al., 2007a, Ensminger et al., 2012)
(Figure 3.2B). To determined the number of sds to use as cutoffs for further analysis of
the mutants, a plate containing untreated cells was used. Luminescence from each well
containing dsRNA was measured at various time points up to 48hpi as a proxy for
intracellular bacterial growth. dsRNAs that caused more than a 2 fold defect or increase
in L. pneumophila replication when compared to untreated cells for at least 2 time points
were selected as hits (Table 3.4). In contrast to the primary screen, where the threshold
was only inclusive for vacuoles containing high levels of replication, in the secondary
screen luciferase was a measurement for all vacuoles within the dsRNA-treated cells.
Because assaying for vacuole size does not take into account that some dsRNA may
result in increased vacuole numbers in well, luciferase readouts provided an effective
readout for conditions in which depletion of a gene stimulated L. pneumophila
intracellular growth.
Host factors that modulate L. pneumophila intracellular growth comprised a
variety of processes including cytoskeleton, phagocytosis, protein synthesis and cell cycle
(Figure 3.5). Genes that when depleted led to enhanced levels of L. pneumophila
intracellular growth were of particular interest. These genes are predicted to restrict
baterical growth during infections. For instance, during infections with pathogens, host
antimicrobial responses play an important role in controlling the bacterial burden and the
absence of these responses renders the host susceptible to infections. Indeed, we were
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Table 3.4 Distribution of hits from secondary screen based on host cell processes
Process

Low

High

Carbon utilization

1

2

Cell Cycle

2

4

Cytoskeleton

4

5

Degradation

0

2

Folding

0

1

Glycosylation

0

1

Hsp

0

2

Immunity

0

3

Lipid Synthesis

0

1

Membrane trafficking

3

9

Microtubule

1

0

Mitochondrion

0

3

Polarity

0

1

Signaling

1

6

Translation

1

7

Transport

1

0

Ubiquitination

0

4

Others

1

5

15

56

Total

Eukaryotic cell processes and/or network breakdown for hits selected during the
Secondary Screen. The numbers of dsRNA-targeted genes selected within the process as
having low or high levels of L. pneumophila growth compared to growth within untreated
cells are shown.
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Figure 3.5 Heat-Map of L. pneumophila replication levels on D. melanogaster cells
depleted of genes cherrypicked from the primary screen.
dsRNAs were created to represent the 250 genes selected on the primary screen, with
some dsRNAs present more than once and overrepresenting dsRNAs that result in
enhanced replication. Kc167 cells were treated with dsRNAs for 4 days and challenge
with L. pneumophila ahpC+/ ahpC::luxCDABE. Luminescence was measure at the
indicated times after uptake. The color scale represents the number of standards
deviations from the mean replication levels obtained in an untreated control plate. Genes
were categorized based on their function or host cell process. SD = standard deviation; L.
pneumophila yields within cells containing the indicated dsRNA-targeted gene with
lower or equal yield than the indicated SD from the untreated control are shown in cold
colors (-), while dsRNA-targeted gene resulting in greater or equal yield than the
indicated SD from the untreated control are in hot colors (+).

106

2 sd
1.5 sd
1 sd
untreated
1 sd
1.5 sd
2 sd

+
-

107

able to identify host factors involved in clearance of microorganisms such as imd, myd88,
spz and Dsor1 in restricting L. pneumophila growth, as their functional absence increased
bacterial burden (Figure 3.5). Additional host pathways associated with clearance of
invading pathogens included endocytic and autophagy pathways. L. pneumophila
stimulates its own trafficking pathway to form a protective and unique niche in which it
replicates intracellularly. It is believed that inactivation of members of the endocytic and
autophagy machineries through the use of T4SS effectors (Ku et al., 2012, Jo et al., 2013),
creates another level of protection for the bacterium within the host. Consistent with this
model, we found that host depletion of Rab5 and PI3K59F, members of the D.
melanogaster endocytic and autophagy networks respectively, led to enhanced levels of L.
pneumophila intracellular growth.
Although, host factors that promote bacterial replication such as Abi, which plays
a role in bacterial phagocytosis (Ulvila et al., 2011), were demonstrated to have decreased
levels of L. pneumophila replication when knocked down, we decided to focus in host
networks that normally restrict bacterial growth for further analyses. Outside of proteins
that are involved in innate immunity or clearing of intracellular bacteria, little is known
regarding proteins whose presence is restrictive for L. pneumophila. Therefore, we
hypothesized that there were unexpected restrictions on intracellular growth in most cells
that could be revealed by this analysis.

3.2.6. Host cell cycle progression and translation: modulators of
intracellular growth.
dsRNAi targeted genes involved in cell cycle and translation were found to
modulate the levels of L. pneumophila intracellular growth either by restricting or
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stimulating growth. Our first interpretation was that since these processes are required
for cell viability (Bjorklund et al., 2006, Boutros et al., 2004), bacterial replication within
those particular networks would be reduced for replication because the cells were
defective for multiple processes and could no longer support growth. However, upon a
visual examination by measuring the ratio of LCV area over nuclei counts, we found that
L. pneumophila replication was enhanced when some of the genes involved in these
processes were knocked down (Figure 3.6). Therefore, we looked for patterns among
knockdowns to determine why there were incongruities within the phenotypes. Of
particular interest were genes encoding proteins involved in translation initiation, as well
as cell cycle regulators. Since both of these processes were hit multiple times, we decided
to study these further. The next chapter will begin our in depth analysis of these
functions.
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Figure 3.6 Visual screen for L. pneumophila intracellular replication within D.
melanogaster cells depleted of translation initiation factors, ribosomes and cell cycle
regulators.
D. melanogaster cells were treated with dsRNA against translation factors or cell cycle
regulators for 4 days and challenged with L. pneumophila expressing GFP at a MOI of 1.
Intracellular growth was measure various times after challenge by calculating the ratio of
total cell nuclei and total Legionella phagosome pixel area. A) Translation factors B) Cell
Cycle regulators. Numbers within parenthesis denote the use of different dsRNAs.

110

A
LCV total area/
nuclei counts

50

30

untreated
eIF1A

40

40

20

10

20

10
24

30

45

48

0

150

80

Untreated
Rca1

60

24

30

45

48

0

100

30

30

Untreated
CycA (1)
CycA (2)

45

48

Time (Hours) After Infection

Time (Hours) After Infection

Time (Hours) After Infection

LCV total area/
nuclei counts

Untreated
RpS30
RpL10Ab
RpL27

60

20

30

0

B

80

Untreated
Ef1alpha48D

untreated
Cdk4
Cdk8

20

40

0

10

50

20
30

45

48

Time (Hours) After Infection

0

30

45

48

Time (Hours) After Infection

111

0

24

30

45

48

Time (Hours) After Infection

Chapter 4 Depletion of proteins necessary for cell cycle
progression stimulates intracellular growth of L. pneumophila.
4. Df
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4.1. Summary
A high throughput dsRNA interference screen performed in D. melanogaster cells
identified host networks that modulate L. pneumophila intracellular replication. Primary
dsRNAs that stimulate intracellular growth result in depletion of proteins that form the
translation initiation complex and those involved in progression through the G1 and G2
phases of the cell cycle. DNA content analyses of uninfected, depleted cells revealed that
there is an accumulation of G1 or G2/M DNA content within the cells depleted of both of
these two classes proteins, and the cycle block correlates well with enhanced levels of L.
pneumophila growth. Cell cycle analyses of infected D. melanogaster cells show that
upon infection, the cells containing L. pneumophila are preferentially associated with
cells having G2/M phase DNA content and are able to persist at this stage through
infection. In spite of this preference, L. pneumophila is fully capable of replicating in
cells with G1 content as demonstrated by dsRNA experiments that result in G1-phase
arrest. The preferential targeting of cells with G2/M content is specific for cells infected
with L. pneumophila and not a result of particle challenge, since no difference in cell
cycle distribution is observed for cells with internalized beads. Finally, we demonstrate
that it is the arrest of the cell cycle, rather than the particular cell cycle phase, that
stimulates L. pneumophila intracellular growth. The studies examined in this Chapter
highlight the preference of an intracellular pathogen for growth-arrested hosts, and the
results obtained are consistent with a model in which host cell cycle status affects
intracellular growth of the pathogen.

113

4.2. Results

4.2.1. Host translation initiation and cell cycle are important for Legionella
pneumophila intracellular growth within Drosophila melanogaster cells
Proteins identified as negatively modulating L. pneumophila intracellular growth
in D. melanogaster cells include those involved in the protein synthesis and cell cycle
networks (Chapter 3). Protein translation and cell cycle require a set of transitional steps
in order to generate their final product, a new peptide chain or new daughter cells.
Protein synthesis occurs in a coordinated and controlled manner within eukaryotic
cells. It can be separated into initiation, elongation and termination (for detailed
discussion, see Chapter 1). Analyses of hits involved in protein translation revealed that
L. pneumophila intracellular growth is enhanced in D. melanogaster cells depleted for
translation initiation subunits (eIF-2α and eIF-4G) or when the small (rpS30) or large
(rpL10Ab) ribosomal subunits are depleted (Figure 4.1). L. pneumophila prevents host
protein synthesis by the concerted action of the at least 5-T4SS effector proteins. Four of
these translocated proteins target the elongation factor eEF-1A (Belyi et al., 2008, Shen et
al., 2009). Interesting, we find that depletion of the elongation factors Ef1α48D or
Ef1α100E, the D. melanogaster homologues of human eEF-1A, does not have an effect
in L. pneumophila’s ability to replicate inside the cells (Figure 4.1).
Another category of interest identified in the screen includes proteins involved in
D. melanogaster cell cycle regulation. The cell cycle is a highly regulated process that
allows the production of new daughter cells. It can be divided into four distinct phases.
During S-phase the cells copy their DNA material, while in mitosis (M-phase)
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Figure 4.1 Depletion of D. melanogaster translation and cell cycle regulators results
in enhanced L. pneumophila intracellular replication.
Drosophila cells were treated with dsRNA against cell cycle control genes for 3 days and
challenged with Lp01 ahpC+/ ahpC::lux at a MOI of 1. Intracellular growth was
measure 45 hours after challenge. *** P < 0.001 compared to untreated cells by one-way
ANOVA with post hoc Dunnett’s test.
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chromosomes are distributed into new cells (van den Heuvel, 2005). In eukaryotic cells,
the signals necessary for the cells to commit into S or M phase occur during gap phases.
The first gap, G1, takes place between Mitosis and S-phase, whereas the G2 gap is
between S- and M-phase (van den Heuvel, 2005). Since cell cycle is an essential process
that responds to extracellular factors, these stages are tightly regulated.
Depending on the gene targeted, depletion of cell cycle regulators in D.
melanogaster cells led to either increased or decreased L. pneumophila growth within the
cells (Figure 3.5). For instance, depletion of genes involved in cell cycle progression at
the G2/M-phase (i.e. Cdk8, Rca1, CycA and string) resulted in enhanced levels of L.
pneumophila growth, while depletion of Cdk12, which is involved in S-phase resulted in
low levels of L. pneumophila growth when compare to growth in untreated cells.
In order to determine if specific stages of the cell cycle stimulate L. pneumophila
intracellular growth, we decided to test well characterized cell cycle components
predicted to cause arrests at different stages of the cell cycle. Cyclin E (CycE), along
with its cognate Cyclin dependent kinase (Cdk2), are required for the G1-S transition
(Hwang and Clurman, 2005). During S-phase, DNA replication occurs only once per
cycle and this is ensured by the activity of the replication origin components Cdt1 and
Geminin (Xouri et al., 2007). Once in the G2 phase, cells will only commit to mitosis
after the dephosphorylation of Cdks, by Cdc25 phosphatases (Donzelli and Draetta,
2003).
L. pneumophila challenge of D. melanogaster cells depleted of the G1 master
regulator CycE or the D. melanogaster homologues of the human Cdc25 phosphatases
string and twine, results in increased bacterial yield within the cells. In contrast, there is a
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decrease in bacterial growth in cells predicted to be arrested in S-phase as a consequence
of depletion of dup1 (Cdt1 in mammalian cells), geminin or rnrS, which catalyzes the
conversion of NDPs to dNDPs (Gon and Beckwith, 2006) (Figure 4.1).
Perturbations in the translation initiation machinery contribute to changes in cell
cycle progression (Kronja and Orr-Weaver, 2011, Danaie et al., 1999, Bjorklund et al.,
2006). For instance, temperature sensitive mutations in the initiation factor Cdc33, the
yeast homologue eIF-4E, result in arrest at the G1 phase (Brenner et al., 1988). This led
us to determine if there was a connection between the stimulatory effect of these dsRNAs
and cell cycle arrest, by examining the distribution of DNA within cells depleted of
translation and cell cycle genes. Flow cytometric analyses of cells depleted of eIF-2α and
rpL10Ab showed an increased in cells with G1 content (Figure 4.2). In contrast, depletion
of the elongation factor ef1α48D did not cause a detectable change in the content of DNA
within the cells when compare to untreated cells. In cells depleted of CycE there is an
accumulation of cells with G1 content, while deletion of S- phase regulators results in
DNA-replication defects as demonstrated for the production of cells without DNA (dup),
cells with re-replicated DNA (geminin), or a low amount of DNA replication (rnrS). On
the other hand, cells depleted of the G2 phosphatase string, had an increased in G2 content
within the cells (Figure 4.2). These cell cycle profiles are comparable to what was
previously reported (Bjorklund et al., 2006).
Taken together, these data are consistent with the model that active protein
synthesis and cell cycle progression restrict L. pneumophila intracellular growth.
Depletion experiments that result in blocks in these two processes resulted in enhanced
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Figure 4.2 Depletion of D. melanogaster translation initiation and cell cycle
regulators at the G1 and G2 stage results in DNA accumulation within the cells.
Drosophila cells were treated with dsRNA against translation components (top panel)
and cell cycle control (bottom panel) genes for 3 days followed by staining with 1µg/mL
Hoechst to determine DNA content within the cells using flow cytometry.
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levels of bacteria growth. L. pneumophila inhibits host protein synthesis in a T4SS
dependent manner, consistent with the proposition that blocking this process stimulates
replication (Fontana et al., 2011, Ivanov and Roy, 2013, Asrat et al., unpublished-b). The
fact that L. pneumophila intracellular growth is stimulated in depletion conditions that
lead to arrest in G1 or G2 phase is consistent with the model that L. pneumophila
intracellular growth is stimulated in cells that are growth inhibited at selected sites within
the cell cycle.
4.2.2. L. pneumophila preferentially targets G2/M-phase host cells.
To elucidate how host cell cycle is exploited by L. pneumophila during infections,
we studied the cell cycle dynamics of infected D. melanogaster cells by flow cytometry.
Proliferating Kc167 cells were incubated with L. pneumophila expressing GFP, followed
by staining with the DNA intercalating dye Hoechst at various times after challenge.
Cells were separated into two populations based on GFP fluorescence by flow cytometry,
and analyzed to determine the amount of DNA content inside cells. Within the uninfected
(low GFP) population, the DNA content analysis indicated that the G1 phase cells were
roughly equal in abundance with G2/M phase cells, and this ratio did not vary over time.
However, the majority of the L. pneumophila infected cells has G2/M content at the
beginning of the infection, and as the infection progresses there was an accumulation of
cells with G2/M content (Figure 4.3). These results indicate that L. pneumophila
preferentially target host cells with G2/M content.
In order to determine if L. pneumophila preferentially initiate replication in cells
with G2/M content even when the host cells are arrested at G1 phase, D. melanogaster
cells were treated with dsRNA against CycE and challenged with L. pneumophila. As
expected, depletion of CycE led to G1 phase arrest and this did not change over time.
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Figure 4.3 Legionella pneumophila preferentially targets host cells with G2 content.
Drosophila cells were left untreated or depleted of cyclin E for 3 days and challenged
with L. pneumophila expressing GFP at MOI= 1. Various times after uptake cells were
collected and stained with 1µg/ml Hoechst to determine DNA content distribution using a
BD-LSRII flow cytometer. Infected cells (GFP+) were separated from the uninfected
population (GFP-) of the same sample based on GFP fluorescence.
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Interestingly, after depletion, the L. pneumophila infected cells had G1 content throughout
infection (Figure 4.3). These results indicate that even though L. pneumophila
preferentially targets cells with G2/M content it is completely capable of establishing
replication in cells with G1 content.

4.2.3. Targeting of cells with G2/M content is specific to cells infected with L.
pneumophila
Once L. pneumophila establishes its replication vacuole within host cells, multiple
bacteria can be found within a single compartment. Thus, it is conceivable that during the
cell cycle analysis, bacterial DNA was stained, masking the true DNA profiles. In order
to rule out this possibility, proliferating D. melanogaster cells harboring Legionella
expressing GFP were sorted from the uninfected population based on their GFP
fluorescence. GFP positive and negative cells were collected and lysed in detergent to
isolate cells nuclei, which were then analyzed for DNA content (Figure 4.4A). This
strategy revealed that infected cells accumulate G2/M content (Figure 4.4B). However,
these cells remained GFP positive, suggesting that a subset of vacuoles containing
bacteria remain tightly associated with the nuclei, especially within vacuoles where
replication has occurred, as seen by an increase in the GFP fluorescent of the infected
populations (Figure 4.4C). This association is most likely due to the LCV fusion to the
endoplasmic reticulum (Swanson and Isberg, 1995a). In order to completely rule out that
L. pneumophila DNA does not interfere with the ability to detect changes in DNA
content, a visual assay was performed. If indeed L. pneumophila infected cells have DNA
with G2/M content, then we expected to see an increase in the amount of DNA present in
the infected cells’ nuclei based on pixel intensity of Hoechst stained cells when compared
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Figure 4.4 Cell cycle analyses of nuclei isolated from Drosophila cells challenged
with Legionella-pGFP various times after uptake.
Drosophila cells were challenged with L. pneumophila expressing GFP at MOI= 1 and at
2,19 and 24hr after uptake cells infected cells were sorted away from uninfected cells
based on GFP fluorescence. Nuclei were isolated from infected and uninfected
populations by triton extraction and stained with 1µg/ml Hoechst to determine DNA
content distribution by flow cytometry. A) Schematic diagram of nuclei isolation process.
B) DNA content distribution of isolated nuclei. C) GFP (+/+) nuclei were in tight
association with phagosomes where replication had occurred. GFP(-/-) represents nuclei
from uninfected cells that remained GFP -; GFP(+/-) are nuclei from infected cells that
was GFP- after nuclei extraction; (GFP+/+) are nuclei from infected cells that was GFP+
after nuclei extraction.
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to uninfected cells in the same sample. Indeed, when using a threshold that excludes
bacterial DNA, there is a shift towards higher mean nuclei pixel intensity in infected cells
when compared to uninfected cells by 18hpi (Figure 4.5).
L. pneumophila is internalized by complement-mediated phagocytosis in
monocytes (Payne and Horwitz, 1987), a mechanism that is thought to stimulate cell
cycle progression (Luo et al., 2005). Thus, we examined the cell cycle dynamics of
internalized beads over time to determine if G2/M targeting is a product of particle
challenge or specific for L. pneumophila. D. melanogaster cells were co-incubated with
Concavalin-A coated 4.1µm yellow fluorescence beads for various length of time, after
which the DNA content was analyzed by flow cytometry. The G1 and G2/M DNA content
profile was similar for both bead associated and cells with no associated beads (Figure
4.6). In contrast to the L. pneumophila infected cells, there was no clear decrease in the
levels of cells with G1 content over time (compare Figure 4.3 GFP+ versus Figure 4.6).
Therefore, we conclude that L. pneumophila preferentially establishes its replication
niche within cells with G2/M content. This outcome is specific for L. pneumophila
infected D. melanogaster cells, because there is no significant difference in cell cycle
stages between cells with or without internalized beads.

4.2.4. Cell cycle perturbations and not cell cycle phase, stimulates Legionella
pneumophila intracellular growth
During the cell cycle, cells respond to extracellular stimuli to ensure that the
conditions for proliferation are optimal. In addition, segregation of organelles most take
place in order for the daughter cells to have the correct amount of each component
(Pyronnet and Sonenberg, 2001). G1-phase represents the point where cells become
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Figure 4.5 D. melanogaster cells infected with L. pneumophila have a higher nuclear
mean pixel intensity.
Drosophila cells were challenged with L. pneumophila expressing GFP at MOI= 1. At 2
and 18hpi infected cells were sorted from uninfected cells based on GFP fluorescence
and seeded on 24-well plates containing coverslips. DNA was stained with Hoechst for
GFP (-) and GFP (+) populations.
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Figure 4.6 DNA distribution within D. melanogaster cells does not change upon
small particle challenge.
D. melanogaster cells were co-incubated with 4.1µm beads coated with Concavalin A at
a ratio of 5:1 (bead:cell) and at various times after beads were seeded cells were collected
and stained with Hoechst to determine DNA content distribution by flow cytometer.
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committed to undergo a replication cycle and it is marked by increase in mass as well as
cap-dependent translation (Pyronnet and Sonenberg, 2001). During G2-phase, cells
switch to cap-independent translation and organelles such as the Golgi duplicate before
the cells commit into Mitosis (Pyronnet et al., 2000, Pyronnet et al., 2001, Kondylis et al.,
2007). Since L. pneumophila can establish the LCV in cells with G1 and G2 content and
infections with virulent L. pneumonia lead to inhibition of cap-dependent translation
(Ivanov and Roy, 2013), we hypothesized that the preferential targeting observed for cells
with G2 content provided a growth advantage for the bacterium. Therefore, we examined
the levels of L. pneumophila growth in cells with G1 vs G2 content for proliferating and
G1 arrested (by CycE depletion) cells.
Cell cycle histograms from the proliferating and CycE -depleted cells were gated
for G1 and G2 cells using the Dean-Jett-Fox Model and the levels of GFP within each
phase were compared. There was no difference in the levels of L. pneumophila
intracellular growth within proliferating D. melanogaster cells that had either G1 or G2
DNA content (Figure 4.7A). Moreover, a similar result was observed for the levels of L.
pneumophila growth within CycE depleted cells with G1 and G2 content, even though
most of the infected cells are at the G1 phase (Figure 4.7A, Figure 4.3). However, L.
pneumophila intracellular growth was enhanced within CycE depleted cells compared to
proliferating cells, validating our previous results. Strikingly, the increased bacterial
burden is observed in cells having either G1 or G2 content. Therefore, even thought L.
pneumophila preferentially targets cells at the G2 phase, this phase does not provide a
replication advantage for the bacterium. These data are consistent with a model in which
the host cell cycle phase in which the bacteria establish the replication vacuole is not
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Figure 4.7 Cell cycle perturbations and not cell cycle phase stimulate L.
pneumophila intracellular growth.
D. melanogaster G1 and G2 populations were gated using the Dean-Jett-Fox Model and
the levels of GFP within each phase were compared. A) Comparison of L. pneumophila
replication within cells with G1 and G2 content of the same sample for proliferating
(untreated) or G1 arrested (CycE depleted) as in Figure 4.3 B) L. pneumophila
intracellular growth between proliferating or arrested cells.
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what promotes growth, but rather perturbations of the host cell cycle are stimulatory for
intracellular L. pneumophila replication.
4.3. Discussion
L. pneumophila exploits multiple pathways within the host in order to replicate
intracellularly. In the work described here, we highlight host cell processes that had not
previously been shown to negatively modulate intracellular growth. Thus, by taking a
large-scale dsRNAi approach we were able to identify host cell processes important for L.
pneumophila intracellular growth outside the endocytic, secretory and immune networks
which would have only been able to be detected by multiple targeted approaches.
By analyzing the L. pneumophila growth in cells depleted of genes that restrict
intracellular replication of the bacterium, we were able to identify host protein synthesis
and cell cycle control as key processes that modulate L. pneumophila intracellular growth.
Genes that, when knocked down, stimulated L. pneumophila intracellular growth, were
also shown to stimulate Listeria monocytogenes intracellular replication (Agaisse et al.,
2005), including ribosomal proteins and the D. melanogaster cell cycle regulators CycA
and Rca1.
L. pneumophila is a parasite of amoebal species in the environment (Cianciotto and
Fields, 1992, Taylor et al., 2009). In their natural habitats, amoebae are thought to be
growth arrested due to nutrient limitations. A characteristic of these protists is that they
undergo morphological changes upon sensing of starvation conditions and in response
differentiate, often generating developmental forms that have enhanced resistant to stress,
that can lead to promoting survival of intracellular bacteria (Coulon et al., 2010).
Furthermore, because the cells undergo a developmental program in response to nutrient
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depletions, it is thought that the amount of DNA content within the cells may dictate the
type of cell they will differentiate into (Chen et al., 2004a, Chen and Kuspa, 2005,
Ohmori and Maeda, 1987, Khan, 2006). During human infections L. pneumophila
replicates within macrophages present in the lung (Horwitz and Silverstein, 1980).
Because cell differentiation of macrophages interferes with their proliferation, the
terminal differentiation status of the macrophage may mimic growth-arrested amoebae.
Nonetheless, under the appropriate stimuli, macrophages do have the capacity of selfproliferation, which may disrupt intracellular growth (Jenkins et al., 2011, Sieweke and
Allen, 2013).
In this study we found that L. pneumophila is equally proficient at initiating
replication in G1 or G2 phase and that locking the cell in either of these cell cycle stages
enhances intracellular growth. This is clearly an advantage for a bacterium that infects
non-dividing immune cells, but could also be a strategy that hosts could use to interfere
with intracellular replication. Because of its encounter with different hosts in the
environment, all of which can be present at a different cell cycle phase, or which have
very different strategies for cell cycle control, it is possible that L. pneumophila has
evolved strategies that would allows it to survive within hosts with amounts of DNA
content corresponding to either G1 or G2 stages. Due to the fact that amoebal species are
often found in environments in which there is little division, we hypothesize that L.
pneumophila has developed strategies to allow growth in non-dividing amoebae, serving
the pathogen well during encounters with human macrophages. In other words, the tissue
resident macrophage may have cell cycle properties that accurately mimic growtharrested amoebae resident in environmental water supplies.
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The capacity of L. pneumophila to initiate replication more favorably within cells
with G2/M DNA content could be due to differences in membrane composition between
cells present at the G1 vs G2/M phase. The plasma membrane is composed of a lipid
bilayer enriched in sphingolipids and cholesterol rafts, which provide stiffness to the
membranes (McIntosh and Simon, 2006). Noteworthy, the presence of cholesterol in the
plasma membrane appears to play an important role during uptake of intracellular
pathogens. Macrophage uptake of Mycobacterium bovis or L. pneumophila is reduced in
cells depleted of cholesterol in the plasma membrane or cells treated with chemical
inhibitors to perturb membrane rafts, respectively (Gatfield and Pieters, 2000, Amer et al.,
2005). In addition, although plasma membrane markers are not associated with the
Legionella containing vacuole, early during infection the LCV transiently co-localizes
with the Cholera toxin-B subunit, which binds GM1 gangliosides known to associate
with rafts in cholesterol rich membranes (Watarai et al., 2001). Together, this indicates
that cholesterol potentially plays an important role during L. pneumophila uptake. Using
fluorescent cholesterol binding compounds, it was shown that as cell cycle progresses,
the amount of cholesterol in the plasma membrane that is surface exposed increases
(Santos et al., 2013). Therefore, it is possible that changes in cholesterol availability
throughout the cell cycle allow for efficient Legionella uptake into hosts present at the
G2/M phase. Indeed, during Salmonella infections, bacterial uptake is more efficient in
cells undergoing mitosis, where cholesterol exposure is maximal (Santos et al., 2013).
The cell cycle is a known target of viral and bacterial pathogens, either to stimulate
cell division or to prevent it (Bushell and Sarnow, 2002, Nougayrede et al., 2005). In
cells infected with L. pneumophila there was an accumulation of DNA over time that is
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consistent with cells at the G2/M phase of the cell cycle (Figure 4.3). Therefore, it is
likely that L. pneumophila has evolved the capacity to arrest its host cell cycle,
preventing host cell cycling or delaying the process. Bacterial pathogens encoding type
III secretion systems such as E. coli, Shigella and Burkholderia translocate protein toxins
into the host in order modulate their host cell cycle (Taieb et al., 2006, Iwai et al., 2007,
Yao et al., 2009). Although no homologues of these toxins are found in L. pneumophila,
it is possible that within the vast repertoire of translocated effectors there are proteins
allotted to prevent host cell cycle progression.
Previous work has demonstrated that cells infected with virulent L. pneumophila have
decreased levels of host protein synthesis (Belyi et al., 2008, Shen et al., 2009, Fontana et
al., 2011, Ivanov and Roy, 2013). Therefore, an alternative strategy for cell cycle
disruption is that it could be promoted by protein synthesis inhibitors translocated via the
L. pneumophila Dot/Icm system. Perturbations of the translation machinery can lead to
cell cycle arrest phenotypes (Kronja and Orr-Weaver, 2011, Danaie et al., 1999,
Bjorklund et al., 2006). Thus, these observations are compatible with the idea that
Legionella effectors responsible for host protein synthesis inhibition could constitute a
mechanism that the bacterium employs in order to manipulate its host cell cycle in
addition to controlling host immune responses (Fontana et al., 2011). The one
complication is that the L. pneumophila proteins that are known to inhibit protein
synthesis act by interfering with elongation rather than translation initiation (Belyi et al.,
2008, Shen et al., 2009). Our dsRNA studies in which elongation factors are depleted
have no effect on intracellular growth (Chapter 3 and Figure 4.1). Therefore, if these
translocated substrates act to cause cell cycle arrest, it must be that toxic interference of
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translation elongation by L. pneumophila operates in a mechanistically different fashion
than RNAi depletion of the same host proteins. In fact, our laboratory has shown that the
translocation of these inhibitors results in phosphorylation of initiation factor protein eIF2α, which results in shutting down function of this protein (Hempstead and Isberg,
unpublished). The idea that bacterial translation inhibitors are important growth
promoters would be similar to that seen during Pseudomonas entomophila infections of
the Drosophila gut, where inhibition of translation initiation caused by the bacterium
prevents epithelial cell renewal (Chakrabarti et al., 2012).
Control of protein levels through ubiquitin-mediated proteolysis is an important factor
during cell growth to maintain the integrity of the cell (Teixeira and Reed, 2013).
Interesting, various proteins involved in cell cycle regulation were found to be
ubiquitinated specifically during L. pneumophila infections (Ivanov and Roy, 2013), so it
is possible that besides inhibiting protein synthesis within the host, L. pneumophila
directs cell cycle regulators to the proteasome to be degraded, preventing their
accumulation and interfering with cell cycle progression. This would be consistent with
the accumulation of cells at the G2 phase, if cell cycle regulators involved in the G2/M
transition are not produced. In fact, the translocated effector LubX was shown to
polyubiquitinate Clk1 (cdc2-like kinase 1), a dual phosphatase that controls mRNA
splicing during cell proliferation (Kubori et al., 2008, Ben-David et al., 1991, Colwill et
al., 1996, Prasad et al., 1999), although the significance of this during infection has not
been establish. Thus, we hypothesize that in order to adapt to the division cycle of its host,
L. pneumophila has multiple strategies to subvert this evolutionary conserved host cell
process.
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In summary, by using a large-scale approach to identify host factors important for L.
pneumophila intracellular growth, we determined that the bacterium has a preference for
growth-arrested hosts. Furthermore, we revealed that perturbations of the host translation
and cell cycle networks stimulate the intracellular growth of the bacterium. It is possible
that because host cell cycle arrest mimics the environment within L. pneumophila natural
hosts, the conditions used in this analysis could provide useful in future studies directed
at understanding how L. pneumophila growth within macrophages mimics conditions
found in natural amoebal hosts.
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Chapter 5 Legionella pneumophila promotes cell cycle arrest in
host cells
5. Empty
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5.1. Summary
In the environment, Legionella replicates in amoebal species that are believed to
be growth arrested due to nutrient deprivation, while human macrophages are terminally
differentiated and also growth arrested (Isberg et al., 2009, Klappacher et al., 2002). We
hypothesized that the growth dynamics of the host cell cycle could provide important
factors that support L. pneumophila intracellular replication. Flow cytometric analyses of
DNA content inside Legionella-infected cells demonstrated that L. pneumophilacontaining cells arrest the host cell cycle at the stage that was present at the initial time of
bacterium-host cell contact. Furthermore, our results show that in order to prevent host
cells from cycling and eventual proliferation, L. pneumophila requires the presence of the
functional type IV Icm/Dot secretion system, as cells challenged with a L. pneumophila
mutant defective for this system lose the ability to arrest the cell cycle. The capacity of L.
pneumophila to prevent host cells with G2/M content from cycling and to prevent
proliferation of amoeba hosts relies on five L. pneumophila translocated effectors that
inhibit host protein synthesis. L. pneumophila is able to grow in cells synchronized at the
G1 or G2 phase, but inhibited in cells arrested in S-phase. These results led us to
hypothesize that S-phase of the host cell cycle is a toxic stage for the bacterium. When
the integrity of the Legionella containing vacuole was analyzed by immunostaining
experiments we found that cells arrested in S-phase have a disrupted replication vacuole
that was permeable to antibody probing. In addition, we found that the bacteria within
these unstable vacuoles were targeted for degradation. The results highlighted in this
Chapter indicate that L. pneumophila preferentially grows within host cells blocked in
either G1 or G2 phase because the S-phase of the host cell cycle causes a disruption in the
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integrity of the replication vacuole. Thus, growth arrested cells, by virtue of protein
synthesis inhibition, are the preferred targets of L. pneumophila to prevent entry into the
DNA synthesis phase which generates an unstable membrane compartment.
5.2. Results

5.2.1. L. pneumophila induces host cell cycle arrest at the G1, S and G2-phase
in a Dot/Icm Secretion system dependent manner
Our previous work demonstrated that L. pneumophila preferentially target cells
with G2/M DNA content (Chapter 4). Moreover, we found that during infections, host
cells harboring L. pneumophila appeared to accumulate in G2/M phase based on DNA
content analysis (Figure 4.3). These results are consistent with a model in which L.
pneumophila arrests the host cell cycle during intracellular replication. Multiple lines of
evidence have shown that inhibition of host cell proliferation is a strategy used by
bacterial pathogens for successful colonization of the host, although the reasons for this
strategy are often not clear (Taieb et al., 2006, Iwai et al., 2007, Jubelin et al., 2009, Yao
et al., 2009, Balsara et al., 2006, Huang et al., 2008). Therefore, we hypothesized that L.
pneumophila is able to arrest its host cell cycle.
In a population of asynchronous cells, each cell progresses through the cell cycle
independently of the rest of the cells. However, in a synchronized population most of the
cells in that population will be in the same phase (Jackman and O'Connor, 2001), which
is useful to study cell cycle progression of individual cells in the population. One of the
most widely used methods to synchronize cells involves two sequential exposures of
excess thymidine with a lapse of non-exposure in between, also known as a doublethymidine block (Jackman and O'Connor, 2001). Excessive exposure of thymidine leads
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to cell cycle arrest at the G1-S boundary due to a feedback inhibitory mechanism for the
synthesis of thymidine (Jackman and O'Connor, 2001). After cells have been
‘Released’ from the double-thymidine block, synchronous progression through the cell
cycle is observed in the absence of the excess thymidine (Figure 5.1). Cells synchronized
at the G1/S boundary arrive at mid-S phase by 3 hours after release (HAR) and they
continue to accumulate DNA, indicating G2/M content (~6.5 HAR), then divide and enter
a new cycle, with most of the cells having G1 DNA content (11HAR). Eventually,
synchrony is lost.
To determine if L. pneumophila has the capacity to arrest the host cell cycle,
HeLa cells were synchronized by a double-thymidine block, released, and challenged
with L. pneumophila at time points corresponding to G1, S and G2/M. The incubations
were allowed to proceed for 16 hrs further, and the DNA content within the cells
harboring L. pneumophila was compared over time by flow cytometry to that of
uninfected cells from the same sample. Uninfected G1, S and G2/M-synchronized HeLa
cells are able to progress through the cell cycle accumulating DNA content consistent
with the amount expected for the next stage (Figure 5.2, black lines). For instance, G1synchronized cells start accumulating DNA predicted for cells in S-phase by 13hpi and
later on by 16hpi a population with G2/M content is visible indicating that the cells within
this population progressed through the cell cycle (Figure 5.2). A similar pattern can be
seen for S and G2/M- synchronized cells. However, cells harboring L. pneumophila do
not progress through the cell cycle and these cells remain at the stage that was present at
the initial time of bacterium-host cell contact (Figure 5.2, middle panel). In contrast,
cells challenged with the L. pneumophila type IV secretion system mutant ∆dotO
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Figure 5.1 Cell cycle progression in HeLa cells synchronized by double thymidine
exposure.
HeLa cells progress in synchrony after double thymidine block. Cells were seeded at
1x106cells/ml in a 10cm2 dish and exposed to an excess of 2mM thymidine in DMEM +
10% FBS for 18hrs and 16hrs, with a lapse of 8hrs in between without excess thymidine.
Cells were collected various times after ‘Release’, stained with 5ug/ml Hoechst/PBS for
30’ at 37oC and analyzed using a BD LSR II flow cytometer. Histogram of an
unsynchronized population is shown depicting the expected peaks for cells with G1 (n), S
and G2/M (2n) DNA content.
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Figure 5.2 Legionella pneumophila arrest host the cell cycle at the G1, S and G2/Mphase in a Dot/Icm secretion system dependent-manner.
HeLa cells were synchronized by the double thymidine block method and challenged
with wild-type L.pneumophila-pGFP (Lp01) or ΔdotO-pGFP (A)11.5hrs, (B) 3hrs and
(C) 6.5hrs after release. Various times after uptake cells were collected and analyzed by
flow cytometry to determine the cell cycle profile of Hoechst stained cells. Solid
histograms represent cell cycle of HeLa cells at the time of infection. Infected cells were
separated from within the total population based on GFP fluorescence. Uninfected cells
(black lines), Infected cells (green lines).
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(Vincent et al., 2006) progress through the cell cycle in a fashion similar to the cells in
the population that have no associated bacteria (Figure 5.2, right panel). Thus, these
results indicate that L. pneumophila arrests the host cell cycle independently of the cell
cycle phase at the time of bacterium-host cell contact and disruption of the cell cycle is
dependent on the Dot/Icm secretion system.
Translocated effectors of the Dot/Icm system have multiple roles during infection,
including inhibition of host protein synthesis (Fontana et al., 2011, Belyi et al., 2006,
Belyi et al., 2008, Shen et al., 2009). Since alterations of the protein synthesis network
can lead to cell cycle alterations (Pyronnet and Sonenberg, 2001), we examined the
ability of a L. pneumophila strain with a deletion of 5 protein synthesis inhibitors (∆5) to
interfere with host cell cycle progression in cells synchronized to enriched in the G2/M
interface. HeLa cells containing the L. pneumophila ∆5 mutant were capable of
completing a cell division cycle, and cells harboring this strain were clearly seen to move
into G1 phase (Figure 5.3). These data indicated that inhibition of the host cell cycle by
L. pneumophila at the G2/M stage requires the presence of the translocated protein
synthesis inhibitors.

5.2.2. Legionella pneumophila intracellular growth is diminished in hosts
that are present in S-phase
L. pneumophila displays a preferential growth advantage in cells arrested at the
G1 or G2 phase. To determine if the growth advantage during artificially induced
conditions could be recapitulated during conditions in which the bacterium were
responsible for the arrest, we examined the formation of L. pneumophila mature vacuoles
during challenge of G1, S and G2/M- synchronized populations (Figure 5.4). Reminiscent
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Figure 5.3 Cell cycle arrest of L. pneumophila-infected cells at the G2/M-phase
requires the bacterial translocated effectors that inhibit protein synthesis.
HeLa cells were synchronized by the double thymidine block method and challenged
with wild-type L. pneumophila-pGFP (Lp02) or Δ5-pGFP 6 hrs after release. Cells were
analyzed as in Figure 5.2. Solid histograms represent cell cycle of HeLa cells at the time
of infection. Uninfected cells (black lines), Infected cells (green lines).
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Figure 5.4 Legionella pneumophila intracellular growth is diminished in HeLa cells
present at S-phase.
HeLa cells were synchronized by double thymidine block and challenged with
L.pneumophila 11.5hrs (black), 3hrs (purple) and 6hrs (green) after release. Cells were
fixed 14.5 hours after challenge, stained with α-Legionella and the numbers of bacteria
per vacuole were scored visually. Histograms represent the cell cycle profile of Hoechst
stained cells at the indicated times after release (har). ns- not significant, * P < 0.05, **
P <0.01 by one-way ANOVA with post hoc Bonferroni's Multiple Comparison Test.
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of bacterial growth during infections in cell cycle arrested cells (Chapter 4), L.
pneumophila is able to replicate within G1 and G2/M-synchronized cells, but has reduced
replication efficiency within S-phase synchronized cells. Therefore, while G1 and G2 cell
cycle phases are permissive for L. pneumophila growth, S-phase of the host cell cycle
represents a restrictive stage for intracellular bacterial growth.

5.2.3. Legionella pneumophila growth defect in cells present at S-phase is not
due to host centrosome or DNA overduplication.
Depressed L. pneumophila replication within S-phase synchronized cells prompted us to
investigate the nature of the defect caused by entry into S-phase. Upon entry into a
membrane bound compartment, the Legionella-containing vacuole migrates toward the
microtubule network (Lu and Clarke, 2005). Centrosomes are important players in the
formation of microtubule organizing centers (MTOC) in the perinuclear region, from
which the plus end of the tubules extend towards the plasma membrane (Luders and
Stearns, 2007). Under tight cell cycle control, they replicate only once per cell cycle
during S-phase (Nigg and Stearns, 2011), and alterations in centrosome components
result in disrupted microtubule dynamics (Paluh et al., 2000). These data let us to
hypothesize that centrosome duplication during S-phase provides an unstable
environment for L. pneumophila replication and thus would interfere with bacterial
growth. To determine the contribution of centrosome duplication during L. pneumophila
restriction, we tested the ability of L. pneumophila to grow intracellularly within cells
during increased levels of centrosome duplication. HeLa cells were treated with
hydroxyurea (HU) and challenged with L. pneumophila. Since L. pneumophila cannot
replicate in vitro in the presence of HU (Figure 5.5A), HU was removed from the cell
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Figure 5.5 Hydroxyurea treatment inhibits L. pneumophila growth in vitro and
generates centrosome overduplication in HeLa cells.
A) L. pneumophila overnight cultures were diluted in AYE +/- 4mM hydroxyurea and
absorbance at OD600 was measure over time. B) HeLa cells were incubated in the
presence of 4mM hydroxyurea for 48hrs, fixed and stained with γ-tubulin as a marker for
centrosomes. Examples of cells with multiple centrosomes are depicted. C)
Quantification of cells with varying number of MTOCs as in B, within L. pneumophila
infected population at 2 and 16hrs after challenge.
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culture before bacterial challenge. As expected, treatment of HeLa cells with HU led to
centrosome overduplication (Figure 5.5B), with about 30% of the total population having
more than 2 MTOCs per cell at 2 hrs after L. pneumophila challenge (Figure 5.5C).
Interestingly, there is no difference in intracellular L. pneumophila growth between cells
containing 1, 2 or more MTOCs (Figure 5.6A). When we measured the percentage of
cells with multiple centrosomes we found that it remained constant for up to 5hrs in the
absence of HU (Figure 5.6B). Removal of HU allows restart of DNA synthesis (Slater,
1973), thus it is possible that the cells regained control of centrosome duplication as well,
when the chemical inhibitor was removed. Indeed, upon close examination a decrease in
the percentage of cells with more than 2 MTOCs within the total population can be seen
by 16hr (Figure 5.5B).
In order to circumvent the possible lost of active centrosome duplication, D.
melanogaster cells were treated with dsRNA against geminin to allow for centrosome
duplication to occur concurrent with infection. Approximately 30% of geminin-depleted
cells accumulated 3 or more MTOCs per cell, compared to less than 10% of the untreated
population (Figure 5.7A). The formation of mature L. pneumophila vacuoles was reduced
within D. melanogaster cells treated with dsRNA against geminin (Figure 5.7B).
However, the levels of bacterial growth within cells with different amounts of MTOCs
were not different from the levels of growth seen for the whole population, indicating that
increased number of centrosomes is not responsible for reduced ability of L. pneumophila
to growth within cells present at S-phase (Figure 5.7C). Although there seems to be an
increased in growth during infections of untreated cells with 3 or more MTOCs, we
believe this is not significant when taken into account that these cells
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Figure 5.6 L. pneumophila can replicate in HeLa cells containing ≥ 2 centrosomes
(MTOC).
A) HeLa cells were treated with hydroxyurea as described in Materials and Methods and
the number of Legionella per vacuole was determined at 2 and 16hrs after challenge.
MTOCs were determined by γ-tubulin positive staining. Graphs represent mean ±
standard deviation of an experiment done in triplicate. B) The number of centrosomes in
HeLa cells remains constant after removal of hydroxyurea from the media.
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Figure 5.7 Increase number of MTOCs has no effect on Legionella pneumophila
intracellular growth.
D. melanogaster cells were treated with dsRNA against geminin for 4 days and then
challenged with L.pneumophila. 24 hrs after uptake cells were fixed and stained with αLegionella and anti-γ tubulin. The number of MTOCs on each cell and the number of
bacteria per vacuole were score visually. (A) Distribution of centrosomes within the total
population (B) Infectious center assay for the total population (C) Distribution of bacteria
per vacuole within cells containing different numbers of centrosomes.
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represent less than 10% of the total population. Thus, centrosome overduplication does
not appear correlated with defective L. pneumophila intracellular growth.
A second possibility is that the defect in L. pneumophila intracellular growth in D.
melanogaster cells depleted of geminin is due to the effects of active DNA synthesis
during infections. Therefore, we examined L. pneumophila intracellular growth in D.
melanogaster cells treated with dsRNA against geminin, HU or geminin depletion
followed by HU treatment in order to halt DNA overduplication. Surprisingly, in contrast
to HeLa cells, L. pneumophila exhibited reduced levels of replication in D. melanogaster
cells present in S-phase by HU treatment, which confounded our analysis (Figure 5.8).
However, what it is evident from these results is that L. pneumophila cannot establish
robust growth within D. melanogaster cells arrested at S-phase.

5.2.4. The integrity of the Legionella containing vacuole is compromised in
host cells present at the S-phase of the cell cycle
Our previous attempts at understanding how S-phase restricts L. pneumophila
growth were focused on analyzing how effects downstream of S-phase arrest control
intracellular replication, in particular centrosome or DNA overduplication. In order to
better understand the consequences of S-phase on bacterial replication we focused our
attention into the nature of the L. pneumophila containing vacuole to determine if it were
compromised during this S phase.
When DNA is replicated during S-phase, the nuclear envelope, which is formed
by a lipid bilayer that surrounds the genetic material, expands to accommodate the newly
synthesized DNA (Prunuske and Ullman, 2006, Gant et al., 1999, Yang et al., 1997). Of
potential importance to L. pneumophila replication is the fact that the nuclear envelope is
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Figure 5.8 Legionella pneumophila intracellular growth defect in Drosophila cells
arrested at S-phase is not due to DNA overduplication.
D. melanogaster cells were treated with dsRNA against geminin for 4 days, 1mM
hydroxyurea for 24hrs or depleted of geminin followed by treatment with 1mM
Hydroxyurea and then challenged with L.pneumophila. 24 hours after challenge cells
were fixed and stained with α-Legionella. The numbers of bacteria per vacuole were
score visually.
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connected to the endoplasmic reticulum (ER) (Prunuske and Ullman, 2006). In view of
the association of the L. pneumophila-containing vacuole (LCV) with the ER, we
hypothesized that nuclear envelope expansion affects the capacity of L. pneumophila to
form a stable vacuole to replicate intracellularly.
Previous studies have highlighted the importance of an intact vacuole during L.
pneumophila infections to protect the bacterium from host innate immune recognition
(Creasey and Isberg, 2012). Replication levels of L. pneumophila mutants defective for
maintaining vacuole integrity (ex. ΔsdhA and ΔwipBΔlidA) are reduced in bone marrowderived macrophages from A/J mice when compared to intracellular replication of the L.
pneumophila wild-type strain (Creasey and Isberg, 2012, O'Connor et al., 2012). To
determine if the Legionella containing vacuole is compromised during infections of host
cells present in S-phase, the ability of an antibody directed against Legionella to penetrate
the vacuole after fixation but before permeabilization was determined visually. Staining
of alpha-tubulin was used as a positive control for the detection of cytosolic markers in
the absence of permeabilization (Figure 5.9A). Vacuoles harboring wild-type L.
pneumophila vacuoles within D. melanogaster cells depleted of geminin were permeable
to antibody probing, with levels of antibody accessibility to the bacteria similar to that
observed for untreated cells harboring either the ∆sdhA or ∆wipB∆lidA mutants (Figure
5.9B). Vacuole permeability was specific for cells that were arrested in S-phase, as
depletion of CycE or twine, G1 and G2-phase cell cycle regulators respectively, did not
cause an increase in the number of bacteria that could be detected before
permeabilization (Figure 5.9C). These results indicate that the integrity of the
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Figure 5.9 Depletion of geminin on Kc167 cells leads to permeability of the
Legionella vacuole.
D. melanogaster cells were treated with dsRNA against geminin for 4 days and then
challenged with L. pneumophila for 18.5hrs. (A) Cells were stained with α-Legionella
before (red) and after (blue) permeabilization and the percentage of bacteria detected
before permeabilization was calculated. α-tubulin (green) was stained as positive control
for cytosolic markers. (B) Right panel- Quantification of the number of bacteria that can
be detected before permeabilization. Left panel – geminin depletion levels as determined
by RT-PCR (C) Right panel- Quantification of the number of bacteria that can be
detected before permeabilization for D. melanogaster cells depleted of cell cycle
regulators cyclin E (G1), geminin (S) and twine (G2/M). Left panel – mRNA depletion
levels as determined by RT-PCR. ** P < 0.01, *** P < 0.001 compared to untreated cells
infected with wild-type bacteria (Lp01 or Lp02) by one-way ANOVA with post hoc
Dunnett’s test.
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L. pneumophila containing vacuole is compromised in host cells present in S-phase, but
not in G1 and G2-phase.
5.2.5. Cytosolic exposure of L. pneumophila in cells present in S-phase leads
to bacterial degradation
Cytosolic exposure of ∆sdhA as a consequence of vacuole disruption leads to
leakage of the bacterial lipopolysaccharide (LPS) into the host cytosol and activation of
cytoplasmic innate immune responses, as well as bacterial degradation (Creasey and
Isberg, 2012, Aachoui et al., 2013, Hagar et al., 2013). Because L. pneumophila can be
detected from the cytosol in cells present in S-phase, we examined the levels of bacterial
degradation within these cells. During infections in geminin-depleted cells L.
pneumophila has morphological characteristics (such as punctate staining) that are
distinct from the rod shapes seen during infections in untreated cells or from the type of
morphology seen for the ∆sdhA mutant during challenge of macrophages (Figure
5.10A)(Creasey and Isberg, 2012). Upon quantification we found that a high percentage
of the Legionella contained within disrupted vacuoles in geminin-depleted cells had
forms consistent with degradation when compared to bacteria in untreated cells (Figure
5.10B). Bacterial degradation was not specific for D. melanogaster cells arrested in Sphase by geminin depletion, because results were obtained in synchronized HeLa cells
that were challenged in S phase by WT L. pneumophila (Figure 5.10C).
In summary, the integrity of the Legionella containing vacuole is compromised
during infections in cells present in S-phase, but not within cells with G1 or G2 DNA
content. Furthermore, loss of vacuole integrity in cells arrested in S-phase led to bacterial
degradation. These results demonstrate that L. pneumophila cannot replicate in host cells
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Figure 5.10 Cytosolic exposure of L. pneumophila leads to bacteria degradation.
(A) Sample images of L. pneumophila within untreated or geminin depleted cells.
Bacteria within untreated cells appeared smooth and rod shape, while bacteria within
geminin depleted cells have punctate staining and swollen characteristics (Creasey and
Isberg, 2012). (B) D. melanogaster cells were treated and processed as in Figure 5.10 and
the number of bacteria with aberrant morphology was scored visually. (C) HeLa cells
were synchronized by double-thymidine block and challenge with L. pneumophila 3 or 5
hours after release. Infection was allowed to proceed for 6hrs, followed by fixation and
staining. The number of bacteria with aberrant morphology was scored visually.
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present in S-phase because the vacuole is unstable, allowing for cytosolic exposure of the
bacteria and consequent degradation.
5.2.6. Legionella pneumophila prevents cell proliferation of its natural host
In the environment, L. pneumophila’s natural hosts are amoebal species, which
are thought to be growth inhibited in nutrient-limiting water supplies (Gaudet et al., 2008,
Marciano-Cabral and Cabral, 2003). In order to promote efficient intracellular
replication, L. pneumophila may have evolved mechanisms to manipulate the cell cycle
of its natural hosts to ensure that they remain in a quiescent or growth-inhibited state.
Approaches to synchronize D. discoideum cells to determine the influence of cell cycle
stages during infections were ineffective, preventing us from using the same procedures
as in HeLa cells (summarized in Appendix). As an alternative approach, we decided to
examine if infection with L. pneumophila interfered with D. discoideum cell proliferation.
D. discoideum cells were stained with the membrane permeable Cell Proliferation Dye
eFluor® 450 and challenged with L. pneumophila. This assay relies in the ability of the
dye to enter the cells and react with intracellular amines and remain in a dye-protein
complex as the cells proliferate (Lyons, 2000). Once the cells divide the labeled amines
(primarily in proteins) should be dispersed equally into daughter cells, resulting in a net
decrease in the fluorescence/cell, which can be quantified by flow cytometry over time
(Figure 5.11A) (Lyons, 2000). In uninfected D. discoideum cells, a reduction in the cell
fluorescence/cell can be observed over time, consistent with cell proliferation (Figure
5.11B). In contrast, amoebal cells harboring wild-type Legionella retained a high amount
of fluorescence after 24 hrs, indicating that these cells are growth inhibited and did not
proliferate (Figure 5.11C). The ability to prevent host cells from dividing was dependent
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Figure 5.11 L. pneumophila prevents D. discoideum cell proliferation in a Dot/Icm
dependent manner.
A) Schematic representation of dye dilution within cells actively proliferating. B) D.
discoideum cells were incubated with 10uM Cell Proliferation Dye eFluor® 450 for 30
minutes at 2x106 cells/well of 6-well plate in HL5 media protected from light. Cells were
washed with cold 1%BSA/PBS to remove excess dye and incubated in HL5. Various
times after staining the amount of dye remaining within the cells was measured by flow
cytometry C) Cells were treated as in B and challenged in HL5 media with L.
pneumophila expressing GFP for 24hrs. At various points after challenge the amount of
dye within cells was measured by flow cytometry. DMSO, denotes fluorescence of cells
with no dye; T0 represents fluorescence of the cell proliferation dye at time of bacterial
challenge.
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24hpi

on a functional Dot/Icm secretion system, as cells challenged with a defective T4SS
mutant (Lp03 dotA-) and having associated bacteria retained low amounts of
fluorescence/cell after 24 hrs, consistent with these cells being able to divide in the
presence of the mutant (Figure 5.11C).
Host cell cycle arrest and inhibition of cell proliferation by Legionella are
dependent on the presence of an active T4SS. Hence, we examined the ability of various
translocated effector mutants to prevent D. discoideum cell proliferation. First, we tested
a Legionella strain containing a deletion of ~8% of the genome that is still capable of
replicating within D. discoideum cells (O'Connor et al., 2012). Among the genes deleted
in this strain there are 43 genes that encode for translocated proteins, including lpg1684,
which has a Cdc123 domain predicted to modulate translation initiation (Bieganowski et
al., 2004). Due to functional redundancy and the lack of phenotypes of strains deleted of
a single translocated effector (O'Connor et al., 2012) we decided to test whether this
strain having 3 large deletions (Lp02∆3, 2ab, 6; (O'Connor et al., 2012)) would still be
able to inhibit cell proliferation (Figure 5.11C). Strikingly, a L. pneumophila strain
missing ~8% of its genome was still capable of preventing amoebae cell proliferation.
Because of the ability of the L. pneumophila protein synthesis inhibitors to
prevent host cell cycle arrest at the G2/M boundary, we examined the ability of this
mutant to prevent D. discoideum cell proliferation. D. discoideum cells challenged with
the L. pneumophila ∆5 mutant retained high amounts of fluorescence when compared to
the uninfected cells within the same population (Figure 5.12A), although the amounts of
fluorescence were lower than the levels retained in cells infected with wild-type L.
pneumophila (Figure 5.12B). Therefore, it appears that the protein synthesis inhibitors
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Figure 5.12 D. discoideum cell proliferation is delayed within cells harboring L.
pneumophila ∆5.
A) D. discoideum cells were treated as in Figure 5.11 and challenged with L.
pneumophila wild-type or with the ∆5 mutant B) Overlap representation of D.
discoideum GFP+ cells infected with wild-type L. pneumophila, T4SS defective mutant
(Lp03) or ∆5. DMSO, denotes fluorescence of cells with no dye; T0 represents
fluorescence of the cell proliferation dye at time of bacterial challenge.
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represent a subset of the L. pneumophila components that block amoebal cell
proliferation.
In summary, L. pneumophila prevents D. discoideum cell proliferation in a
Dot/Icm secretion system dependent manner. Furthermore, inhibition of protein synthesis
by L. pneumophila translocated effectors delays the cell cycle within this amoeba specie.

5.3. Discussion

In this study, we demonstrated for the first time that L. pneumophila belongs to
the cyclomodulin family of pathogens, since it inhibits the host cell cycle at the G1, S and
G2-phase. The ability of L. pneumophila to prevent host cell cycling requires active
translocation of bacterial effectors, because Dot/Icm secretion system mutants are unable
to prevent cell cycle progression. Furthermore, we showed that S-phase of the host cell
cycle is a restrictive stage for bacterial intracellular growth, because the integrity of the L.
pneumophila containing vacuole is disrupted at this stage resulting in bacterial
degradation. The ability of L. pneumophila to interfere with host cell cycle progression
appears to be a conserved process, because D. discoideum cells harboring L. pneumophila
were prevented from proliferating, dependent on Dot/Icm function.
Control of protein levels is essential during cell growth (Teixeira and Reed, 2013),
so it is not surprising that the inhibition of host protein synthesis by L. pneumophila
would play a role in preventing cell cycling and proliferation. However, besides protein
inhibition by the translocated effectors, we speculate that L. pneumophila employs other
mechanisms to inhibit cell cycle. Inhibition of infected cells from cycling can be seen as
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early as 2 hrs post infection, indicating that these cells remain at the stage where the
vacuole was established upon host-cell contact (Figure 5.2C). However, the effects of the
host protein synthesis inhibitors within infected cells are not seen until 4-6 hours after
bacteria challenge (Asrat et al., unpublished-b). If inhibition of host protein synthesis, by
the translocated effectors, were the sole mechanism used by L. pneumophila to prevent
cell cycling, then we would expect that the DNA content within arrested cells would
match that of the time around when protein synthesis was inhibited. Interestingly, the L.
pneumophila protein synthesis inhibitors interfere with protein translation at the
elongation step, a step in which specific arrest at a single point in the cell cycle is not
expected. Therefore, we hypothesize that the inability of the ∆5 mutant to prevent G2/M
arrest is an indirect consequence, because the lack of production of proteins that promote
cell cycle progression would prevent the cells from moving to the next phase in the cycle.
However, the ability of ∆5 to prevent G1/S progression has not been tested. If L.
pneumophila ∆5 is not capable of arresting the host cell cycle at the G1/S phase it would
indicate that the Legionella protein synthesis inhibitors are responsible for cell cycle
arrest at each stage. On the other hand, if ∆5 can still prevent host cell cycling through G1,
this would indicate that inhibition of host protein synthesis elongation can arrest the host
cell cycle at the G2-phase, but not at early stages. If true, this would explain why we see
no differences in cell cycle profiles of cells depleted of elongation factors (Chapter 4).
Infections with virulent L. pneumophila lead to downregulation of the mTOR pathway
(Ivanov and Roy, 2013), similar to P. entomophila infections (Chakrabarti et al., 2012),
so it remains to be seen if arrest at the G1/S transition of the L. pneumophila infected cells
is due to disruption in the mTOR signaling pathway.
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Interestingly, among the five translocated protein synthesis inhibitors is an actin
depolymerizing protein, SidL/Ceg14 (Guo et al., 2013) for which the exact mechanism of
how it prevents protein synthesis is not known. CopN, a type III translocated substrate
from Chlamydia pneumonia prevents microtubule polymerization and induces cell cycle
arrest at the G2/M phase (Huang et al., 2008, Archuleta et al., 2011). Thus, it is possible
that in a fashion similar to CopN, SidL/Ceg14 might be disrupting the cytoskeleton
leading to the accumulation of DNA material within the cells, an activity that can take
place before protein synthesis inhibition and could prevent cell division.
A puzzling question is why would L. pneumophila inhibit host cell cycle at all stages. It is
possible that L. pneumophila exploits G1 and G2 cell cycle phases because within these
cells active protein synthesis is occurring (G1- is marked by cap-dependent translation)
(Pyronnet and Sonenberg, 2001) and thus by inhibiting protein translation L.
pneumophila can acquire amino acids as nutrients for growth within the cells. A second
possibility is that during G2, where organelles are actively being divided (Kondylis et al.,
2007), more membrane material is available to form the replication vacuole where the
bacterium resides intracellularly. However, although L. pneumophila can arrest host cells
at S-phase, it cannot grow efficiently within these cells, as its vacuole is unstable. One
possibility is that host cells actively undergoing S-phase prevent the L. pneumophilainduced expression or repression of host genes that are required for the establishment of
the L. pneumophila containing vacuole. Interestingly, depletion of geminin within D.
melanogaster cells correlates with an increased mRNA expression levels of jabba, a lipid
droplet receptor for histones (Li et al., 2012), which have known anti-microbial activity
(Anand et al., 2012), suggesting that there could be increased histone localization in the
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cytoplasm resulting in restriction of microbes after geminin depletion (Figure 5.13).
Therefore, an increase in a microbicidal response from the host would select for the
bacterium to acquire tactics that it allow it to avoid exposure to these growth-inhibiting
factors.
We observed that the morphology of the L. pneumophila replication vacuole
within geminin-depleted cells is different from that observed for vacuoles harboring
∆sdhA or ∆wipB∆lidA mutants (Creasey and Isberg, 2012, O'Connor et al., 2012). SdhA,
WipB and LidA are bacterial proteins that support maintenance of the integrity of the
replication compartment, possibly by recruiting membranes or modifying the lipid
composition of the LCV. Infections in geminin- depleted cells in the other hand, is a
consequence of the overall status of the cell, generating an environment in which the
bacterium can no longer efficiently subvert host antimicrobial strategies. A fully
replication competent L. pneumophila is apparently restricted within hosts at S-phase
even though the bacterium is bringing a full load of effectors, indicating that cell cycle
could be unique strategy that hosts use to interfere with invading microbes. Therefore, it
is possible that the bacterium arrests the host cell cycle prior to S-phase with the aim of
preventing detrimental consequences of this phase, allowing the bacterial effectors to
operate in an environment more supportive of their activities.
Another factor that could contribute to instability of the L. pneumophila
containing vacuole during S-phase is the rate at which the nuclear envelop expands.
During infections in macrophages, L. pneumophila recruits endoplasmic reticulum
associated proteins, such as Reticulon 4 (Rtn4), which is involved in the formation of ER-
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Figure 5.13 Depletion of geminin in D. melanogaster cells increases expression of the
lipid histone receptor jabba.
D. melanogaster cells were treated with dsRNA against geminin and the levels of jabba
mRNA within untreated and geminin-depleted cells were measured by RT-PCR.
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tubules (Kotewicz et al., unpublished, Shibata et al., 2006). L. pneumophila monoubiquitinates Rtn4, although the consequences of this modification during infection are
still unknown (Kotewicz et al., unpublished). Previous work, suggests that the levels of
reticulon within cells dictate the rate at which the nuclear envelop is formed. For
instance, when Rtn4 is overexpressed nuclear envelope formation is decreased, whereas
depletion of Rnt3 increased the rate of nuclear envelope formation (Anderson and Hetzer,
2008). Mono-ubiquitination serves as a post-translational regulatory mechanism within
cells to control protein localization or activity (Hicke, 2001). Hence, it is probable that L.
pneumophila controls the activity of Rtn4 during infections and during S-phase this can
lead to aberrant nuclear expansions resulting in instability of the L. pneumophila
containing vacuole.
Growing within amoebal species in the environment provides protection to L.
pneumophila from external harsh conditions, but at the same time it serves as a
disadvantage, forcing the organism to adapt to multiple, potentially dramatically
unrelated species with different developmental programs. Using the soil amoeba as a host
model, we found that L. pneumophila can prevent cell proliferation of infected cells.
Although we were not able to determine if a particular amoebal cell cycle stage is
detrimental for Legionella replication, we hypothesize that since cell proliferation is
inhibited upon infection, the strategy of arrest would be similar to the one that we
observed using HeLa cells as a host model during infection. Contrary to cell cycle
progression, the protein synthesis inhibitors are not sufficient to halt cell division
completely, but their effects are enough to delay cell proliferation of the hosts. These data
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indicate that within D. discoideum, L. pneumophila’s protein synthesis inhibitors along
with yet to be identified translocated effectors prevent amoebal cytokinesis.
In summary, we have shown that Legionella pneumophila modulates multiple
host networks by targeting only one of the networks, the cell division machinery via
manipulation of host cell translation. Furthermore, we demonstrated that L. pneumophila
arrests the host cycle in order to prevent passage through S-phase because this stage of
the cell cycle leads to an unstable replication vacuole and microbial degradation.
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6.1. Determine the ability of L. pneumophila ∆5 to inhibit host cell cycle at the
G1/S phase

Understanding the ability of L. pneumophila ∆5 to prevent G1/S progression would
provide a better mechanistic insight into how protein synthesis inhibition contributes to
cell cycle arrest. Hence, G1/S synchronization experiments should be carry out to
determine if the bacterial protein synthesis inhibitors prevent cell progression after G1phase. If L. pneumophila ∆5 infected cells arrest host cell cycle at the G1/S transition a
few possible scenarios could be taking place. First, it would indicate that protein
synthesis inhibition at the elongation step is not sufficient to prevent cell cycle
progression at the G1/S boundary. Second, it might suggest that the downregulation of the
mTOR pathway during infection (Ivanov and Roy, 2013) is sufficient to prevent G1/S
progression, but not G2/M progression, since the later can be seen in the absence of the
bacterial protein synthesis inhibitors. However, a third possibility is that a yet to be
identify translocated effector(s) plays a role at inhibiting cell cycle progression at the
G1/S phase. I speculate that since host cell cycle arrest can be seen before protein
synthesis is completely shut down, that L. pneumophila has other strategies to prevent
cell progression. Although, if synchronization experiments demonstrate that G1synchronized cells harboring L. pneumophila ∆5 can complete a division cycle, then we
would conclude that Lgt1-3, SidI and SidL are the bacteria effectors responsible for cell
cycle arrest at each stage.
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6.2. Complement L. pneumophila ∆5 to determine if all protein synthesis
inhibitors are required for arresting host cell cycle

The proposed molecular Koch’s postulate (an updated version of the original Koch’s
postulate described in 1988) states that inactivation of the gene associated with the
phenotypic trait should lead to measurable loss of phenotype and reversion of the mutated
gene should restore the phenotype (Falkow, 2004). Therefore, in order to demonstrate
convincingly that the L. pneumophila protein synthesis inhibitors are responsible for cell
cycle arrest, ∆5 should be complemented with the individual effectors and test their
ability to prevent cells from cycling. These experiments would provide evidence that host
protein synthesis inhibition by L. pneumophila leads to host cell cycle arrest. Furthermore,
determining what effectors are sufficient to prevent cell cycling would provide insights
into how specifically the effectors are affecting the ability of the host cells to growth. For
instance, if Lgt3 can inhibit cell cycling when complemented into ∆5, but not a catalytic
inactive Lgt3 mutant, it would indicate that O-linked glycosylation of eEF-1A and
inhibition of protein synthesis is how cell cycle is being arrested. For the contrary if
SidL/Ceg1 is the effector preventing cell cycling, it would indicate that modulations of
the cytoskeleton during infection affect the ability of the host cells to divide. Of course, it
could be possible that a combination of mechanisms affect host cell cycling and that by
studying them individually we would not be able to dissect completely what is occurring
during infections.
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6.3. Test the ability of SidL/Ceg14 to inhibit cell cycle arrest

Actin plays important roles in maintenance of the cell cytoskeleton,
membrane/organelle trafficking and cell division (Pollard and Cooper, 2009). The
translocated protein SidL/Ceg14 was initially identified for its ability to inhibit protein
synthesis (Fontana et al., 2011). However, experiments in yeast overexpressing
SidL/Ceg14 unveiled a possible role for it in actin depolimerization (Guo et al., 2013). A
Chlamydia pneumonia type III translocated substrate, CopN, induces cell cycle arrest at
the G2/M phase by preventing microtubule polymerization (Huang et al., 2008, Archuleta
et al., 2011). Thus, it is possible that similar to CopN, SidL/Ceg14 might be disrupting
the cytoskeleton leading to the accumulation of DNA material within the cells, an activity
that can take place before protein synthesis inhibition and could prevent cell division in
amoeba. In the event that SidL/Ceg14 would inhibit cell cycle and proliferation, it would
be consistent with the inability of yeast cells overexpressing SidL/Ceg14 to bud and
produce daughter cells (Guo et al., 2013). Therefore, a L. pneumophila strain missing the
translation inhibitors Lgt1-3 and SidI, but not SidL/Ceg14 should be tested for the ability
to arrest host cell cycle at different stages. The results from these experiments would
answer if host cell cycle arrest of the L. pneumophila infected cells is produced by
inhibition of host protein synthesis or by cytoskeleton modulations.
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6.4. Determine protein levels of host cell cycle regulators during L. pneumophila
infections

The protein levels of cell cycle proteins are extremely important as fluctuations in
the levels of positive or negative regulators of cell progression can dictate the fate and the
commitment of the cell. By determining the levels of cell cycle regulators at each stage
during infection, we would be able to understand if the arrest of the host occurs by
accumulation of cell cycle regulators due to their inability to be degraded when necessary
as seen during infections with E. coli (Cui et al., 2010, Samba-Louaka et al., 2008), by
their premature degradation or because they never get made. The data gather through this
experiment would help to identify host proteins being regulated during L. pneumophila
infections.
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7.1. Summary
The results presented in this thesis demonstrate that there is a battle between the
intracellular pathogen Legionella pneumophila and its host cell. We showed that L.
pneumophila prefers growth-arrested hosts to replicate intracellularly. Strikingly, the
stage of the host cell cycle controls the levels of L. pneumophila burden within cells. In
host cells that are found in G1 or G2/M phase, bacterial growth is stimulated. In contrast,
host cells present at S-phase interfere with L. pneumophila replication because the
integrity of the Legionella containing vacuole is compromised. In order to prevent
progression through the cell cycle, bacterial proteins are translocated that prevent cell
proliferation, interfere with mitosis and stimulate intracellular growth.
In this Chapter, I describe what I think is occurring during L. pneumophila
intracellular growth that leads to host cell cycle arrest and how the interface with the host
cell cycle influences L. pneumophila pathogenesis.

7.2. How arrest of the host cell cycle contributes to L. pneumophila growth
within its natural hosts?
For successful cell division to take place, a complete and uninterrupted transition
of cell cycle stages must take place. Disruption of this cycle can have detrimental
consequences for the host cell, but in the hands of the pathogen, subversion of the host
cell can promote microbial replication. Inhibition of cell proliferation is important for
pathogens such as Shigella and Pseudomonas aeruginosa to colonize their host (Iwai et
al., 2007, Chakrabarti et al., 2012). It is believed that slowing down the progression of
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cell renewal allows these pathogens to cross the epithelial cell barrier, which would be
difficult if constant cell growth takes place. On the other hand, there is no report that
control of the host cell cycle is necessary for supporting intracellular replication or for
maintaining a pro-microbial intracellular niche.
In contrast to Shigella and P. aeruginosa, L. pneumophila targets amoebal species
and alveolar macrophages (Isberg et al., 2009) and is confronted by having to survive
within a diversity of organisms. In the environment, L. pneumophila natural hosts are
amoebal species, which are known to undergo morphological changes that result in the
production of numerous cell types (Gaudet et al., 2008, Marciano-Cabral and Cabral,
2003) and are thought to be growth inhibited due to nutrient limitations. During human
infections, L. pneumophila replicates in alveolar macrophages (Horwitz and Silverstein,
1980), which are cells that are terminally differentiated and growth arrested (Klappacher
et al., 2002). Thus, the status of the host cell cycle is an important factor for L.
pneumophila intracellular growth, a key network that has been overlooked during the
pathogenesis studies of this bacterium.
A common objective of bacterial Cyclomodulins seems to be to arrest the host
cell cycle at the G2/M-phase (Iwai et al., 2007, Balsara et al., 2006, Taieb et al., 2006).
However, L. pneumophila inhibits the cell cycle at all stages, G1, S and G2/M, a
mechanism we believe it uses to prevent proliferation of amoebal species (Figure 5.2 and
5.11). Since amoebae are the natural hosts of the bacterium (Isberg et al., 2009), it is
likely that many of the strategies L. pneumophila has developed were selected to survive
within these hosts. In water supplies multiple species of amoebae serve as L.
pneumophila reservoirs (Isberg et al., 2009), all of which can have different programs for
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cell cycle control and rates of growth, which provides a challenge for bacterial survival
and spread. In optimal growth conditions the rate of D. discoideum cell division is
~8hrs/cycle (Weeks and Weijer, 1994), but it takes L. pneumophila ~24hrs to complete a
round of replication within this host before exiting into the extracellular milieu and
infecting nearby cells (Solomon et al., 2000). Therefore, inhibition of cell proliferation of
amoebal species might be a tactic used by L. pneumophila to prolong its presence within
the cells, allowing for enough growth until it can exit the cell. A second possibility is that
by precluding amoeba cells from dividing, L. pneumophila prevents the cells from
undergoing developmental changes that could be detrimental to the bacterium if they
occur while the cells are harboring the bacteria.
Macrophages, the targets of L. pneumophila in humans, share many features with
amoebae, including their efficient internalization of microorganisms (Siddiqui and Khan,
2012). In addition, due to their limited replication (Klappacher et al., 2002) macrophages
may have cell cycle properties reminiscent of growth-arrested amoebae in the
environment. It is not clear how interfering with the host cell cycle benefits bacterial
growth within cells that are not expected to cycle or divide. The first explanation is that
within these accidental hosts, the bacterium has identified the perfect environment that is
already primed to support intracellular replication. By this model, the capacity to prevent
cell cycle progression should be entirely dispensable in this cell type.
The second possibility is that there exists a class of macrophages that has the
ability to interfere with intracellular invaders through control of the cell cycle. Studies
performed in J774 macrophage-like cells during infections with the fungus Cryptococcus
neoformans suggest that receptor-mediated phagocytosis stimulates entry of host cells
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into S-phase (Luo et al., 2005). In addition, new evidence indicates that tissue
macrophages have the capacity of self-renewal during inflammation (Jenkins et al., 2011,
Sieweke and Allen, 2013). We found that a high percentage of the L. pneumophila
infected cells that were present in S-phase contained LCVs with compromised membrane
integrity, in contrast to a very low percentage of vacuoles within proliferating cells
(Figure 5.9). Thus, it is possible that during robust infections subsets of macrophages
undergo DNA synthesis and use cell cycle progression as an alternate way to clear the
infection. By L. pneumophila arresting cells at G1 or S-phase it could prevent this
clearance mechanism of the host. Determining the levels of DNA synthesis in
differentiated macrophages harboring L. pneumophila would be able to answer this
question. If true, likely cell cycle progression could be use as an antimicrobial strategy
that would be specific for certain microbes or effective against those microbes that do not
possess mechanisms to fight back against this attack. As an example, depletion of genes
that cause cell cycle arrest of D. melanogaster cells in S phase, such as knockdown of
RnrS and geminin, leads to enhance intracellular growth of Listeria monocytogenes, an
organism that grows within the host cell cytoplasm, free from any membrane boundaries
(Agaisse et al., 2005).

7.3. Life within the vacuole: Benefits of inhibiting host cell cycle
The cytosolic environment changes as the cell progresses through the cell division
cycle. Amino acid starvation is a strategy used by host cells to control bacterial
infections (Zhang et al., 2013, Byrne et al., 1986). During growth in macrophages, L.
pneumophila uses amino acids as a carbon source. Bacterial mutants that are unable to
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acquire threonine have a growth defect within bone marrow-derived macrophages and
similarly, chemical inhibition of the macrophage amino acid transporter SLC1A5,
prevents bacterial growth (Sauer et al., 2005, Wieland et al., 2005). Therefore, since L.
pneumophila needs amino acids from the host, it is possible that it exploits G1 and G2/M
for nutrient acquisition, since these cells are actively synthetizing proteins (Pyronnet and
Sonenberg, 2001, Pyronnet et al., 2001). By inhibiting protein translation L. pneumophila
can acquire amino acids as nutrients for growth within cells. Indeed, during conditions of
translation inhibition by cycloheximide treatment the intracellular levels of free amino
acid increase (Woodside, 1976), so we hypothesize that a similar buildup would occur
within cells harboring virulent L. pneumophila.
As is true of most pathogens, disease caused by L. pneumophila requires it to
have strategies that counteract detection by the immune system (Vance, 2010). By
inhibiting cells at S-phase, L. pneumophila can halt host cell nuclear activity, which is a
complementary activity to other strategies that the bacterium uses, including modifying
the host genetic program in order to prolong host life and control the immune responses.
The L. pneumophila effector RomA traffics to the nucleus, where it methylates histones
to decrease gene expression of immune genes (Rolando et al., 2013). In addition, L.
pneumophila induces the nuclear translocation of the p65-subunit of NF-κB to induce
pro-survival gene expression (Losick and Isberg, 2006). Thus, it is possible that hosts
with inactive or reduced levels of DNA synthesis would be better targets than hosts with
active DNA replication. Interestingly, hydroxyurea treatment induces NF-κB dependent
gene expression of pro-survival genes (Schneider et al., 2010). We did not see a defect in
the ability of L. pneumophila to grow within HeLa cells treated with hydroxyurea (Figure
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5.6). Hydroxyurea inactivates the ribonucleotide reductase, which is required for the
synthesis of dNTPs, arresting cells in S-phase (Yarbro, 1992). It is conceivable that
hydroxyurea treatment in HeLa cells activated a similar genetic program as L.
pneumophila, which was beneficial for bacterial growth. In contrast, in D. melanogaster
cells it is likely that, Relish, the D. melanogaster homologue of NF-κB, does not respond
to hydroxyurea treatment with the same genetic program as mammalian cells. Thus,
arrest in S-phase was inhibitory for bacterial growth (Figure 5.8).
Changes in the membrane composition during the cell cycle could also play an
important role during L. pneumophila infection. During G2-phase, organelles duplicate
and prepare to be segregated during mitosis (Imoto et al., 2011). One characteristic of
these organelles is their phosphoinositol (PI) lipid composition. For instance, vesicles of
the endocytic pathway have PI3P, while Golgi and ER vesicles have PI4P (Haneburger
and Hilbi, 2013). During L. pneumophila infections the levels of PI3P and PI4P are
modulated in order to recruit ER-derived vesicles to the LCV or to prevent endocytic
trafficking of the vacuole (Haneburger and Hilbi, 2013, Gaspar and Machner, 2014). L.
pneumophila intracellular growth is enhanced within D. discoideum cells that lack PI3Kinase or Dd5P4, an inositol polyphosphate 5-phosphatase (IP5P) (Weber et al., 2006,
Weber et al., 2009). Noteworthy, the levels of PI3P and PI4P within the membranes are
also important for proper cytokinesis, the ability of a cell to segregate its content in
mitosis (Brill et al., 2011). OCRL, the human homologue of Dd5P4, along with Rab35 (a
GTPase involved in endosomal sorting), control cytokinesis and in their functional
absence incomplete cell division is observed (Dambournet et al., 2011). We found that L.
pneumophila prevents D. discoideum cell proliferation (Figure 5.11). Therefore it is
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reasonable to predict that the increased in L. pneumophila growth within D. discoideum
cells lacking Dd5P4 is because these cells are arrested and unable to undergo cell division,
consistent with the model that perturbation in the host cell cycle stimulates bacterial
growth (Chapter 4). Targeting of cells at the G2/M cell cycle stage could represent an
approach that L. pneumophila uses to enrich the LCV of the PI lipids that it needs to
promote formation of a replication vacuole. In addition, because organelles are being
duplicated (Kondylis et al., 2007) the ready availability of the appropriate PI lipids at this
stage would support vacuole formation.

7.4. Role of translation inhibition during L. pneumophila-induced host cell cycle
arrest
Inhibition of cell cycle progression in host cells by bacterial pathogens can occur
by diverse mechanisms, but most of them are aimed against a particular host cell cycle
protein or process. E. coli prevents degradation of cell cycle regulators by deaminating
Nedd8 (Cui et al., 2010, Morikawa et al., 2010, Jubelin et al., 2010), Shigella binds
Mad2L2 to induce premature cyclin degradation at the G2/M-phase(Iwai et al., 2007),
while C. trachomatis phosphorylates Cdk1and cleaves Cyclin B leading to a delay cell
cycle progression (Balsara et al., 2006).
In the case of L. pneumophila, cell cycle inhibition is dependent on the Dot/Icm
secretion system, implying that bacterial toxins control the fate of the host cell division
cycle. L. pneumophila arrest of the host cell cycle at the G2/M phase is due to inhibition
of protein synthesis by the translocated effectors Lgt1-3, SidI and SidL/Ceg14 (Figure
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5.3). However, it remains to be determined if G1 and S-phase arrest is due to the
inhibition of protein synthesis as well (Future Experiments, Chapter 6).
Lgt1-3 inactivates elongation factor 1A (eEF-1A) by glucosylation, while SidI
binds this elongation factor and interferes with its activity via some unknown mechanism
(Belyi et al., 2006, Belyi et al., 2008, Shen et al., 2009). It is well understood that the
eukaryotic protein machinery is tightly regulated at the initiation step (Marshall et al.,
2008, Pyronnet and Sonenberg, 2001), but the regulation of the elongation step is poorly
understood. Translation initiation responds to various inputs including growth factors and
mTOR signaling (Jackson et al., 2010, Laplante and Sabatini, 2012). It is thought that
translation elongation follows the rate of translation initiation and therefore no tight
control is needed. Because translation initiation responds to the cell needs, inhibition or
inactivation of translation initiation factors leads to cell cycle arrest (Danaie et al., 1999,
Pyronnet and Sonenberg, 2001, Bjorklund et al., 2006). Indeed, when we depleted D.
melanogaster cells of translation initiation factors, an accumulation of cells with DNA
content consistent with G1-phase,was observed. In contrast, no cell cycle changes were
observed in cells depleted of the elongation factor (Figure 4.2).
Protein synthesis inhibition in macrophages by L. pneumophila occurs 1-2hours
after bacteria challenge (Asrat et al., unpublished-b) Therefore, we hypothesize that G2
arrest of the cell cycle by the translation inhibitors is dominant at the later stages of
growth as a result of the inability of the host to synthetize new proteins. However, we
predict that there is another mechanism taking place during the early stages of infection
that can also arrest hot cell cycle. If accurate, the above hypothesis would explain why
we see inhibition of cell progression even before inhibition of protein synthesis.
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Previous work indicated that during infection with virulent L. pneumophila there
is ubiquitination of mTOR, which results in shut down of cap-dependent translation
(Ivanov and Roy, 2013). Inhibition of initiation factors leads to arrest at the G1-phase
(Pyronnet and Sonenberg, 2001). Hence it is possible that G1 arrest of the host cell cycle
might be driven by the inactivation of mTOR. Interesting, translocation of the protein
synthesis inhibitors by L. pneumophila results in phosphorylation and consequent
inactivation of the initiation factor protein eIF-2α, which can also cause a cell cycle arrest
(Hempstead and Isberg, unpublished). The idea that bacterial translation inhibition by L.
pneumophila is important for efficient growth, would be similar to that seen during P.
entomophila infections of the Drosophila gut, where inhibition of translation initiation
caused by the bacterium prevents epithelial cell renewal (Chakrabarti et al., 2012).
During infections in amoebal cells, cells harboring L. pneumophila missing the
translation inhibitors had delayed proliferation dynamics (Figure 5.12). Although it is
possible that decreases in protein synthesis could lead to decreases in cell proliferation,
there seems to be an additional mechanism used by L. pneumophila to inhibit cell
proliferation within natural hosts.

7.5. Model for the interplay between host cell cycle and L. pneumophila
intracellular growth
The selective pressure to survive within multiple hosts with different cell cycle
mechanisms afforded L. pneumophila with the ability to inhibit the division cycle of its
host. Furthermore, it provided an advantage for when it encounters hosts that do not
proliferate. Based on these results, I would like to propose a model in which there is
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reciprocal modulation of growth between the host and the bacterium (Figure 7.1). Prior to
encounter with the bacterium, the host cell cycle progresses in a sequential manner from
G1 to S to G2-phase followed by the formation of two new daughter cells after mitosis. In
response to L. pneumophila, however, cells arrest at the cell cycle stage that encounters
the bacterium, dependent on the Dot/Icm secretion system. Inhibition at the G1 and S
phase is probably due to one of three possibilities: 1) inhibition of translation by the L.
pneumophila translocated protein synthesis inhibitors; 2) downregulation of the mTOR
pathway; or 3) by an unknown Dot/Icm translocated effector. The G2/M boundary arrest
can apparently be totally explained by inhibition of protein synthesis by at least one of
the effectors Lgt1, Lgt2, Lgt3, SidI and SidL/Ceg14. As a result of cell cycle arrest by
T4SS competent L. pneumophila, host cell proliferation is inhibited.
Despite its ability to arrest the host cell cycle at each stage, L. pneumophila
intracellular growth is modulated based on the host cell stage encountered at the time of
infection. Host cells present at the G1 or G2/M-phase are exploited for bacterial
replication, leading to increase L. pneumophila burden. In contrast, cells present at Sphase are restrictive for bacterial growth. In this stage, L. pneumophila cannot replicate
robustly because the vacuole is porous, indicating that the integrity of the membrane
compartment surrounding the bacterium is compromised. This permeability most likely
leaks bacterial LPS, leading to host recognition of the cytosolic exposed bacteria in
macrophages and eventual degradation of the bacterium. This model suggests that L.
pneumophila prefers growth-arrested hosts to prevent entry into S-phase, because this
phase of the host cell cycle is an unstable environment for bacteria replication.
Furthermore, the model shows that L. pneumophila uses inhibition of host protein
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Figure 7.1 Model for the interplay between host cell cycle and Legionella
pneumophila intracellular growth
The eukaryotic cell growth and division cycle progresses in a sequential manner to
produce two new daughter cells. During infection with type IV-secretion system
competent L. pneumophila, host cell cycle is arrested at the G1, S and G2-phase,
preventing host proliferation. Unknown L. pneumophila translocated effectors arrest the
cells at the G1 and S-phase, but the G2-phase arrest is dependent on the translocated
protein synthesis inhibitors Lgt1-3, SidI and/or SidL/Ceg14. While inside the host, L.
pneumophila is efficient at replicating within host cells present at the G1 and G2 phase,
but it is inhibited in cells at S-phase because the integrity of the Legionella containing
vacuole is compromised, resulting in immune detection and bacterial degradation.
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synthesis as a mechanism to manipulate the host cell cycle. The use of this strategy
allows the bacterium to form a permissive niche where it replicates intracellularly.
7.6. Outlook
Analyses of host factors that restrict L. pneumophila during infection, outside of
those that are known to be part of a directed antimicrobial response such as pattern
recognition, were completely unknown until this work. The fact that the bacterium
prefers growth-arrested hosts has important implications on the way we think about how
L. pneumophila survives within its hosts, indicating that activation of cell division could
be a strategy to restrict bacterial growth. In addition, the ability of the host cell cycle to
stimulate or restrict bacterial growth will have great implications in future experimental
approaches, allowing researchers to mimic the natural conditions in which L.
pneumophila replicates. The demonstration that L. pneumophila targets protein synthesis
to control cell proliferation, allows us to appreciate that bacterial modulation of innate
immune restriction extends far beyond controlling the cytokine response or host cell
survival pathways. Therefore, new avenues of research can now be directed towards the
understanding of how other networks are affected by inhibition of host protein synthesis
and how these contribute to the pathogenesis of the bacterium.
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7.7. Final remark

In 1973, François Jacob said:
“A bacterium, an amoeba… what destiny can they dream of, other
than forming two bacteria, two amoebae…?”.
As we have learned through this research, precisely because both bacteria and
amoeba have the goal of creating new cells, they have to undergo an intense battle. In this
fight, the host defense strategy is to limit bacterial replication, but the bacterium brings a
strong offensive coordination of toxins against conserved processes to render the host
susceptible. It is in this interplay that lays the basis for the ability of L. pneumophila to
grow in a normally hostile environment.
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APPENDIX

Appendix 1
Preliminary studies were carried out to understand the contribution of protein synthesis
inhibition by L. pneumophila during infection in cells depleted of translation factors.
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A1.1 Measurement of protein levels in cells depleted of translation genes
L. pneumophila intracellular growth is enhanced in D. melanogaster cells
depleted of translation initiation subunits or ribosomal subunits, but not when the
elongation factors are depleted (Chapter 4). L. pneumophila already translocates
elongation inhibitors, so it is possible that depletion of elongation factor proteins has no
effect because it simply depletes of a factor that is normally inactivated during
intracellular growth. On the other hand, the increase in intracellular growth that results
from depletion of translation initiation subunits could be a result of the additive effects of
targeting two different steps in translation. To first determine if indeed we were reducing
protein synthesis during the depletion experiments, we examined the incorporation levels
of the methionine analog L-azidohomoalanine (AHA) in uninfected cells depleted of a
translation initiation factor (eIF-1A), ribosomal protein (rpL27) or an elongation factor
(ef1α100E) for 3 days (Figure A1. 1 Levels of protein synthesis within D. melanogaster
cells depleted of translation factors.). Preliminary results showed a modest reduction in
protein synthesis levels within cells depleted of either translation elongation or initiation
factors representing each stage of protein synthesis, while there was a major impact on
AHA incorporation in cells depleted of RpL27. During infections, L. pneumophila
completely turns off protein translation in macrophages by 6hrs (Asrat et al.,
unpublished-b), when robust intracellular replication starts to take place. Thus, it is
probable that inhibition of protein synthesis by dsRNA treatment against initiation factors
and ribosomal proteins is complementary to L. pneumophila translation inhibition,
providing an amenable environment upon vacuole establishment at the early stages of
infection, which leads to an increased in bacteria growth. On the contrary, depletion of
elongation factors is not enough to reach the same levels of inhibition,
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Figure A1. 1 Levels of protein synthesis within D. melanogaster cells depleted of
translation factors.
A) Levels of incorporated L-azidohomoalanine (AHA) in Kc167 cells at day 3 postdsRNA treatment were determined by flow cytometry using Alexa Fluor-647 containing
an azide moiety. B) Levels of mRNA of genes knocked down in A, relative to Actin5C,
as determined by RT-PCR.
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as with depletion of the translation initiation factors, resulting in growth levels similar to
those seen in untreated cells.

A.1.2 Intracellular growth of L. pneumophila ∆5 in cells depleted of translation
genes
Because of L. pneumophila’s ability to prevent host translation, we examined the
replication levels of L. pneumophila deficient of protein synthesis inhibitors within D.
melanogaster cells depleted of translation factors. L. pneumophila ∆5 grows levels
comparable to wild-type within D. melanogaster cells (Figure A1. 2A). As previously
shown in Chapters 3 and 4, depletion of translation initiation factors and ribosomal
proteins stimulate L. pneumophila intracellular growth, but not depletion of elongation
factors. Intracellular growth of ∆5 within cells depleted of eIF-4E and rpL27 was reduced
compared to the levels of wild-type L. pneumophila growth in cells depleted of the same
host factors (Figure A1. 2B). Interesting, the levels of growth were not down to the levels
seen within untreated cells. Since inhibition of protein synthesis is also expected to occur
because of mTOR downregulation (Ivanov and Roy, 2013), it is possible that in the
absence of the effectors that target protein translation, inhibition of protein synthesis by
dsRNA treatment along with mTOR inhibition lead to reduced levels of newly
synthesized proteins and stimulation of L. pneumophila intracellular growth. In other
words, full stimulation of intracellular growth by either ribosome depletion or initiation
factor depletion requires the action of the translocated protein synthesis inhibitors.
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Figure A1. 2 Intracellular growth of L. pneumophila ∆5 within cells depleted of
translation factors
A) Intracellular growth of wild-type strains Lp01 (● ) and Lp02 () compared to Lp02
∆5 () in D. melanogaster Kc167 cells. B) L. pneumophila growth at 48hpi within
Kc167 cells depleted of eIF-4E (translation initiation), rpL27 (ribosomal protein) and
eF1α48D (elongation factor) for 3 days. * P < 0.05, compared to Lp02 growth within
cells with the same dsRNA by one-way ANOVA with post hoc Bonferroni’s Multiple
Comparison post- test. C) Fold mRNA levels of dsRNA-targeted genes over actin,
relative to mRNA levels in untreated cells.
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Appendix 2.
Cell cycle analyses were performed in amoeba species to test if L. pneumophila can arrest
the host cell cycle of its natural host. In addition, because S-phase represents a growth
inhibitory environment for bacteria within HeLa and D. melanogaster cells, we attempted
to identify D. discoideum cells in S-phase to determine if the bacterium could replicate
within these cells. Furthermore, we attempted to determine if L. pneumophila inhibition
of host cell proliferation was a conserved phenomenon within various species by testing
the proliferation dynamics of infected Acanthamoebae castellanii trophozoites. With
these experiments we expected to gain a better understanding of how the cell cycle of
natural hosts modulates intracellular growth of L. pneumophila.

8. A.2.1 Synchronization of Dictyostelium discoideum cells
Studies of synchronized HeLa cells demonstrated that L. pneumophila could
arrest the host cell cycle at different stages. Therefore, we wanted to test if L.
pneumophila has the capacity to arrest cell cycle progression of its natural hosts. Previous
work has shown that exponentially growing D. discoideum cells exposed to sequential
temperature shifts, from 22oC to 11.5oC and back to 22oC, maintain a constant amount of
DNA for a period of time after the shift (Araki et al., 1994, Maeda et al., 1989). Since
cells with a constant amount of DNA are indicative of growth arrest, we examined if
changes in temperature could be used as a tool to synchronize amoebal cells.
D. discoideum populations with DNA consistent with G1- content can be obtained
for cells grown axenically in HL5 media (standard laboratory growth medium) and
exposed to shift to low temperature. After shift to higher temperature, cells with DNA
content consistent with G2/M-phase could be detected over time (Figure A2. 1, top
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panel). However, in contrast to synchronized HeLa cells, Dictyostelium cells did not
appear to cycle as a whole population with ordered progress going from G1  S  G2,
but rather they showed an accumulation of cells with G2/M- DNA content.
HL5 is the standard medium used for maintenance and growth of Dictyostelium
cells in the laboratory. This medium which is composed of glucose, yeast extract and
phosphate buffer (Solomon et al., 2000) does not allow the amoebae to efficiently support
Legionella intracellular growth. In order to allow for Legionella replication a modified
version of HL5, MB medium, that lacks glucose and substitutes an alternate buffer is
used (Solomon et al., 2000). When cells present in HL5 media are transfer to MB media
at the time of temperature shift, these cells don’t progress through the cell cycle as
quickly as cells incubated in HL5 (Figure A2. 1, bottom panel).
Due to the presence of a mix a G1 and G2/M populations at all times, without clear
progression through S, we were not able to determine if L. pneumophila prevents cell
cycle progression of infected cells. Because cell proliferation is the result of cell cycle
progression, we examined the ability of L. pneumophila to prevent division of actively
dividing D. discoideum cells. The results of these experiments were summarized in
Chapter 5 (Figure 5.11 and 5.12).
Also, in Chapter 5 we showed that L. pneumophila intracellular growth is reduced
in cells present at S-phase. Previous studies indicated that entry and exit into S-phase
occurs extremely rapidly (Muramoto and Chubb, 2008). As D. discoideum progresses
rapidly through the cell cycle with no clear movement through S phase, we could not
determine
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Figure A2. 1 Dictyostelium discoideum AX4 cells can be synchronized by the
temperature shift method.
Exponentially growing cells in HL5 media were diluted to 1 x106 cells/mL and incubated
at 11.5oC with shaking (180rpm). After 20hrs, the temperature was shifted to 22oC and
AX4 cells were left in HL5 (top panel) or switched to MB (bottom panel) medium. At the
indicated times after temperature shift, cells were fixed in 70% ethanol and stained with
Propidium Iodide to determine DNA content inside the cells by flow cytometry.
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when synchronized cells entered S-phase. Thus, in order to be able to identify cells
present in S-phase, we measured levels of DNA synthesis.. D. discoideum cells
synchronized by the temperature shift method were incubated with the thymidine analogs
EdU (5-ethynyl-2’-deoxyurudune) or BrdU, individually, and the levels of incorporated
analog were measured by flow cytometry (in Chapter 2, MATERIALS AND
METHODS).
Based on EdU and BrdU incorporation studies, Dictyostelium cells in HL5 media
start undergoing DNA synthesis between 2 and 8 hours after the cells have been released
from synchronization (Figure A2. 2A and B). Therefore, we examined the growth of L.
pneumophila to within D. discoideum cells during this time period. D. discoideum cells in
HL5 were synchronized by temperature shift, followed by challenge with L. pneumophila
in MB media at 2 or 8hrs after the change of temperature. Surprisingly, the intracellular
bacterial yield was comparable within cells challenged at various times after temperature
shift (Figure A2. 2C). Due to the slow progression of D. discoideum cells in MB media,
we believe that L. pneumophila is able to grow within these cells because once in MB the
cells are growth inhibited. Therefore, because the medium seems to ensure the host cells
are maintained in a state that favors replication of L. pneumophila, this prevents us from
determining if amoebal S-phase is a restrictive stage for bacterial replication.
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Figure A2. 2 Identification and infection of AX4 Dictyostelium cells undergoing Sphase.
Dictyostelium cells were synchronized in HL5 by the temperature shift method. (A)
10mM EdU was added to cells at time of temperature shift and at the indicated times after
addition, cells were fixed and stained with propidium iodide to determine cell cycle
profile (histogram) or permeabilized and incubated with AlexFluor-647 containing an
azide moiety to determine the amount of EdU incorporated into the cells. (B) 1mM BrdU
was added to cells at time of temperature shift followed by incubation with DNase I at
various times after. Incorporated BrdU was detected by α-BrdU antibody, followed by
conjugation to goat α-mouse- Alexa Fluor-488 and flow cytometry analyses. (C) D.
discoideum cells synchronized by the temperature shift method were challenged with L.
pneumophila ahpC+/ahpC::lux at various times after temperature shift.
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A2.2 Acanthamoebae castellanii cell proliferation dynamics upon L. pneumophila
infection
L. pneumophila has acquired genes that allow the bacterium to replicate within
hosts that are potentially unrelated to each other, such as bone-marrow derived
macrophages, D. discoideum and A. castellanii (O'Connor et al., 2011). In the
environment, Acanthamoeba castellanii is one of the natural reservoirs of the bacterium
(Taylor et al., 2009). Therefore, we decided to examine if the ability of the bacterium to
prevent cell proliferation was conserved among different natural hosts. Similarly to cell
proliferation studies in D. discoideum cells, A. castellanii trophozoites were stained with
the membrane permeable Cell Proliferation Dye eFluor® 450 and challenged with L.
pneumophila. In uninfected A. castellanii trophozoites, a reduction in the
fluorescence/cell can be observed over a 24hr period, consistent with cell proliferation
(Figure A2. 3A). A. castellanii trophozoites harboring wild-type Legionella retained a
higher amount of fluorescence/cell after 24 hrs when compared to uninfected
trophozoites from the same sample, consistent with slow proliferation of the infected
cells (Figure A2. 3B). Interestingly, trophozoites harboring a defective T4SS mutant
(Lp01 dotO-) retained higher amounts of fluorescence/cell after 24 hrs, when compared to
uninfected cells within the same population (Figure A2. 3B). However, the levels of
fluorescence/cell of the trophozoites containing the T4SS mutant were clearly lower than
the levels seen within cells harboring wild-type bacteria (Figure A2. 3C). These results
suggest that L. pneumophila can prevent cell proliferation of A. castellanii trophozoites.
Nonetheless, a more comprehensive analysis should be done exploring this further.
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Figure A2. 3 Proliferation of Acanthamoeba castellanii trophozoites during L.
pneumophila infection
A) A. castellanii trophozoites were incubated with 10uM Cell Proliferation Dye eFluor®
450 for 30 minutes at 2x106 cells/well of 6-well plate in Ac buffer at 37oC protected from
light. Cells were washed with cold 1%BSA/PBS to remove excess dye and incubated in
Ac buffer. Various times after staining the amount of dye remaining within the cells was
measured by flow cytometry B) Cells were treated as in A and challenged in Ac buffer
with L. pneumophila expressing GFP for 24hrs. At various points after challenge the
amount of dye within cells was measured by flow cytometry. DMSO, denotes
fluorescence of cells with no dye, T0 denotes cell proliferation dye fluorescence at time of
bacterial challenge. C) Overlap representation A. castellanii GFP + trophozoites
containing wild-type L. pneumophila or T4SS defective mutant (Lp01 dotO-). DMSO,
denotes fluorescence of cells with no dye, T0 denotes cell proliferation dye fluorescence at
time of bacterial challenge.
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