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Preface

Legionnaires’ disease is a potentially fatal pneumonia primarily affecting elderly
and immunocompromised persons. The disease is caused by the ubiquitous
environmental bacterium Legionella pneumophila, which was first identified more
than 35 years ago in the aftermath of a pneumonia epidemic that swept through a
convent of the American Legion in Philadelphia, USA. The water-borne bacteria
are inhaled via contaminated aerosols, resist degradation by alveolar macrophages,
and trigger a fulminant pneumonia. Direct inhalation represents the sole route of
infection with L. pneumophila; person-to-person transmission does not occur.

Macrophage resistance of L. pneumophila is a prerequisite for its virulence.
This trait has likely been acquired through long-standing evolutionary cross-talk
with free-living protozoa. Accordingly, the genome of L. pneumophila encodes a
number of eukaryotic-like genes presumably acquired by horizontal transkingdom
gene transfer. Thus, the adaptation of L. pneumophila to bactericidal protozoa did
select for virulence traits required for growth in mammalian cells. Many aspects of
pathogen—phagocyte interactions seem to be mechanistically conserved between
protozoan natural hosts and mammalian “accidental” target cells. Given these
similarities, protozoa such as Dictyostelium, Acanthamoeba, Hartmanella, or
Tetrahymena spp. are powerful models to dissect cell-autonomous aspects of
L. pneumophila infection.

The interactions of L. pneumophila with phagocytes are regulated by at least
four different two-component systems (PmrAB, CpxRA, LetAS, and LqsRS).
These networks involve and converge on small regulatory RNAs, as well as RNA-
binding proteins. L. pneumophila survives intracellularly in macrophages and
amoebae by forming a specific replication-permissive compartment, the Legio-
nella-containing vacuole (LCV). LCVs communicate with the endocytic, secre-
tory, and retrograde vesicle trafficking pathways, but do not fuse with lysosomes.
To gain insights into the composition of LCVs, intact pathogen vacuoles have
recently been purified and analyzed by proteomics.

L. pneumophila governs the formation of LCVs and other pathogen-host
interactions through distinct protein secretion systems, such as the Lsp type II
secretion system (T2SS) and the Icm/Dot type IV secretion system (T4SS).
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Whereas the Lsp T2SS secretes at least 25 proteins, the Icm/Dot T4SS translocates
the astonishing number of ~ 300 different “effector” proteins into host cells. The
function of most of these proteins is not understood, but they are thought to subvert
host signal transduction and vesicle trafficking pathways.

Some Icm/Dot substrates are exceptionally intriguing, since they catalyze novel
biochemical reactions. The eukaryotic small GTPase Rabl, which is implicated in
secretory vesicle trafficking, is targeted by no fewer than six different L. pneu-
mophila eftectors. Whereas SidM (alias DrrA) activates Rabl through its guanine
nucleotide exchange factor (GEF) activity, LepB functions as a Rabl GTPase
activating protein (GAP). Furthermore, SidM and AnkX covalently modify Rabl
by attaching an AMP or a phosphocholine moiety, respectively. The reverse
deadenylylation or dephosphocholination reactions are catalyzed by the effector
proteins SidD or Lem3. Finally, the Icm/Dot substrate LidA assists SidM by
binding with high affinity to activated Rabl.

Another interesting aspect of L. pneumophila host cell subversion is how
translocated effectors localize to the cytoplasmic face of LCVs. Whereas the Icm/
Dot substrate LegG1 is lipidated by the host prenylation machinery, the Rabl GEF
SidM and the ER interactor SidC anchor to LCVs through the phosphoinositide
(PD) lipid phosphatidylinositol-4-phosphate (PtdIns(4)P). In contrast, the Rabl
deadenylylase SidD as well as the Arfl GEF RalF, bind to the LCV membrane via
unknown receptors apparently without targeting lipids. The host cell lipid pattern
is directly modified by approximately 20 L. prneumophila T2SS or T4SS sub-
strates, which act as phospholipases or PI phosphatases, respectively, thereby
destroying host membranes and/or modulating host signaling pathways.

An important class of L. pneumophila effectors interferes with host cell
ubiquitination. Icm/Dot substrates such as LubX and AnkB are functional mimics
of eukaryotic E3 ubiquitin ligases that mark bacterial and host proteins for pro-
teasomal degradation or modification of activity. Moreover, cytotoxic L. pneu-
mophila glucosyltransferases modify the ribosome, thereby inhibiting protein
synthesis (Lgtl-3), or subvert endosomal vesicle trafficking (SetA). Finally,
L. pneumophila and host cell kinases, as well as the protein phosphorylation
pattern and corresponding signal transduction pathways define pathogen—host
interactions.

Whereas many aspects of L. pneumophila virulence can be satisfactorily ana-
lyzed using uni-cellular (protozoan) models, the study of inflammation and immune
responses relies on mouse models of Legionnaires$ disease, which faithfully mimick
human pathology. To this end, the A/J strain of mice proved instrumental, as
macrophages with this genetic background fail to restrict L. pneumophila repli-
cation. This is due to a Naip5 (alias Bircle) protein that does not recognize fla-
gellin, and consequently, does not trigger flagellin-dependent inflammasome
activation.

In summary, this book contributes to an in-depth understanding of Legion-
naire$ disease by comprising comprehensive reviews about different facets of
L. pneumophila pathogenesis. Topics covered include comparative phagocyte
infection, virulence gene regulation, biochemical functions of effector proteins,
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cellular pathogen—host interactions, as well as host responses and immunity
against L. pneumophila. Thus, this compilation provides a state-of-the-art over-
view of current insights into the molecular pathogenesis of an opportunistic but
potentially fatal bacterial respiratory pathogen.

Hubert Hilbi
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From Amoeba to Macrophages: Exploring
the Molecular Mechanisms of Legionella
pneumophila Infection in Both Hosts

Pedro Escoll, Monica Rolando, Laura Gomez-Valero
and Carmen Buchrieser

Abstract Legionella pneumophila is a Gram-negative bacterium and the causa-
tive agent of Legionnaires’ disease. It replicates within amoeba and infects acci-
dentally human macrophages. Several similarities are seen in the L. pneumophila-
infection cycle in both hosts, suggesting that the tools necessary for macrophage
infection may have evolved during co-evolution of L. pneumophila and amoeba.
The establishment of the Legionella-containing vacuole (LCV) within the host
cytoplasm requires the remodeling of the LCV surface and the hijacking of ves-
icles and organelles. Then L. pneumophila replicates in a safe intracellular niche in
amoeba and macrophages. In this review we will summarize the existing knowl-
edge of the L. pneumophila infection cycle in both hosts at the molecular level and
compare the factors involved within amoeba and macrophages. This knowledge
will be discussed in the light of recent findings from the Acanthamoeba castellanii
genome analyses suggesting the existence of a primitive immune-like system in
amoeba.
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1 Introduction

When Legionella pneumophila, a Gram-negative bacterium and the causative agent
of Legionnaires’ disease, is engulfed by free-living amoeba or lung alveolar mac-
rophages, complex pathogen-host interactions lead to its intracellular replication
within a sophisticated Legionella-containing vacuole (LCV) (Isberg et al. 2009).
Free-living amoeba in aquatic environments are the natural reservoir and protecting
niche for these bacteria (Lau and Ashbolt 2009), however, the development of
aerosolized systems, such as air conditioning systems, cooling towers or showers, has
allowed L. pneumophila to encounter also human alveolar macrophages when
Legionella-containing water droplets are inhaled (Lau and Ashbolt 2009).

L. pneumophila is a pathogen that infects and replicates within a wide range of
hosts (Table 1), including numerous amoeba species, ciliate protozoa and different
mammalian cells like macrophages and epithelial cells (Fields 1996; Lau and
Ashbolt 2009). L. pneumophila is responsible for one third of the cases of com-
munity-acquired pneumonia, with a mortality rate of 810 % (Falcé et al. 1991;
Lau and Ashbolt 2009), but most of the patients are able to effectively eliminate
the infection (Shin 2012). In fact, mainly immunocompromised and elderly person
have a high risk to develop a severe disease with respiratory failure, but in healthy
persons the innate immune response is thought to allow to control L. pneumophila
infection (Falcé et al. 1991; Shin 2012). Moreover, there are no cases of trans-
mission from humans to humans reported. Collectively these facts seems to
indicate that L. pneumophila is not well adapted to infect humans (Shin 2012).

At the cellular level, many similarities in the L. pneumophila-infection cycle in
amoeba and macrophages are observed: both hosts engulf L. pneumophila by
phagocytosis and the LCV is rapidly formed within the host cytoplasm avoiding
fusion with lysosomes. In both hosts the establishment of the LCV requires the
remodeling of the LCV surface by recruiting endoplasmic reticulum (ER) vesicles,
ribosomes and mitochondria (Isberg et al. 2009), thereby creating a “friendly and
safe” niche for replication. These common strategies used by L. pneumophila to
infect and replicate in amoeba and macrophages, combined with the lack of
reported transmission between humans, have led to the hypothesis that the inter-
action of L. pneumophila with amoeba has provided the selective pressure to
supply the bacteria with the factors allowing also successful replication within
accidentally encountered mammalian macrophages (Al-Quadan et al. 2012;
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Table 1 List of cells and organisms supporting intracellular replication of Legionella

pneumophila

Class Specie Type Reference
Unicellular Acanthamoeba Amoeba (Bozue and
organisms castellanii Johnson 1996)
Acanthamoeba Amoeba (Gao et al. 1997)
polyphaga
Acanthamoeba Amoeba (Breiman et al.
hatchetti 1990)
Naegleri fowleri Amoeba (Newsome et al.
1985)
Comandonia Amoeba (Breiman et al.
operculata 1990)
Hartmannella Amoeba (Breiman et al.
cantabrigiensis 1990)
Hartmannella Amoeba (King et al. 1991)
vermiformis
Paratetramitus Amoeba (Breiman et al.
jugosis 1990)
Vahlkampfia ustiana  Amoeba (Breiman et al.
1990)
Dictyostelium Social amoeba (Solomon et al.
discoideum 2000)
Tetrahymena Ciliated protozoa (Fields et al. 1986)
pyriformis
Tetrahymena Ciliated protozoa (Kikuhara et al.
thermophila 1994)
Experimental Mus musculus Mouse A/J strain (Fujio et al. 1992)
infection
Cavia porcellus Guinea pig Hartley strain (Fitzgeorge et al.
1983)
Macaca mulatta Rhesus monkey (Fitzgeorge et al.
1983)
Galleria mellonella  Honeycomb moth (Harding CR et al.
2012)
Caenorhabditis Roundworm (Brassinga 2013)
elegans
Cell lines Mus musculus RAW 264.7 (Macrophage) (Cirillo et al. 1994)

Primary cells

Mus musculus
Homo sapiens
Homo sapiens

Homo sapiens

Homo sapiens
Mus musculus

Homo sapiens

L1929 (Fibroblast)

THP-1 (Macrophage-like)
U-937 (Macrophage-like)
HeLa (Epithelial)

A549 (Epithelial)

Bone Marrow-derived
Macrophages (BMMs)

Monocyte-Derived Macrophages
(MDMs)

(Fernandez et al.
1989)

(Cirillo et al. 1994)

(Fields 1996)

(Garduno et al.
1998b)

(Gao et al. 1998)

(Kagan and Roy
2002)

(Hilbi et al. 2001)
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Cianciotto and Fields 1992; Franco et al. 2009; Newsome et al. 1985). Thus,
environmental amoeba are thought to be the “training grounds” where L. pneu-
mophila has acquired its capacity to replicate intracellularly also in mammalian
macrophages as both, free-living amoeba and human macrophages, are eukaryotic
cells that share conserved molecular pathways targeted by L. pneumophila
(Al-Quadan et al. 2012; Molmeret et al. 2005; Richards et al. 2013).

One of the most important L. pneumophila virulence factor is the Dot/Icm type
IVB secretion system (T4BSS) that translocates an exceptional high number of
nearly 300 effectors in the host cell allowing L. pneumophila to modulate many
signaling and metabolic pathways of the host to its benefit (Table 2)(Burstein et al.
2009; Campodonico et al. 2005; de Felipe et al. 2005, 2008; Heidtman et al. 2009;
Lifshitz et al. 2013; Shohdy et al. 2005; Zhu et al. 2011). In both, macrophages and
amoeba, the establishment of the LCV and the escape from lysosomal fusion
requires the quick translocation of these effectors to the host cytoplasm (Isberg
et al. 2009). The Dot/Icm secretion system, initially described in L. pneumophila,
is quite unique. A similar system with a considerable degree of sequence simili-
tarity is present only in the zoonotic pathogen Coxiella burnetii and in the
arthropod pathogen Rickettsiella grylli (Nagai and Kubori 2011). It is a multi-
protein apparatus encoded by a set of genes highly conserved among Legionella
species, called dot/icm (dot: defective in organelle trafficking; icm: intracellular
multiplication) (Berger and Isberg 1993; Brand et al. 1994). Most surprisingly,
about 10 % of L. pneumophila genome code for these translocated effectors
(Al-Quadan et al. 2012). Furthermore, many of them harbor eukaryotic domains
that mediate the interaction with host proteins and organelles to modulate its
functions (Cazalet et al. 2004; de Felipe et al. 2008; Hubber and Roy 2010; Nora
et al. 2009; Rolando and Buchrieser 2012). Mutants, like a dotA mutant, that lack a
functional T4BSS are unable to remodel the LCV and to escape from the phag-
osome-lysosome fusion (Berger et al. 1994; Tilney et al. 2001). Indeed, this
secretion machinery is essential for replication in both, amoeba and macrophages
(Segal and Shuman 1999). The crucial role of the Dot/Icm system and its trans-
located effectors for replication of L. pneumophila within amoeba and macro-
phages, suggests that its acquisition may have allowed Legionella to infect and
replicate in eukaryotic cells. Furthermore, its particular large repertoire of effectors
seems to be the basis for the broad host range of L. pneumophila.

The question whether L. pneumophila triggers and targets similar molecular
mechanisms subverting common cellular processes in macrophages and amoeba, is
intriguing and only partially solved. We will thus hereafter compare at the
molecular level some of the reported cellular processes exploited by L. pneumo-
phila during infection to draw a clear picture of the similarities and differences that
are known between these two hosts. We will put special focus on the Dot/Icm
T4BSS effectors as these are known to subvert cellular functions in both hosts and
are essential for a successful intracellular replication of L. pneumophila. An in
depth comparison may help to better understand the appearance of L. pneumophila
in human communities and will lead to new insights on the virulence strategies of
L. pneumophila when infecting human macrophages.
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Fig. 1 Host factors (green) and L. pneumophila effectors (red) involved in uptake and
intracellular replication of L. pneumophila in amoeba or macrophages. Host or L. pneumophila
molecules tested but not involved in the analyzed processes are presented in black. Only
molecules discussed in this chapter are shown. For a more complete list, please refer to Table 2

2 Molecular Pathways Activated Upon Attachment
and Phagocytosis of Legionella pneumophila

2.1 Legionella pneumophila Attachment to Host Cells

The attachment of L. pneumophila to the host cell surface can be considered as the
first step of the infection cycle. Bacterial factors identified till now that are
involved in the entry of L. pneumophila into host cells are RtxA, PilE;, EnhC,
MOMP, LadC and Lcl. RtxA and PilE; are involved in the attachment of the
extracellular bacteria to the amoeba surface (Fig. 1). RtxA appears to be involved
in the attachment and entry of L. pneumophila into Acanthamoeba castellanii but
the detailed mechanism of RtxA function remains still unknown (Cirillo et al.
2002). The pilE; gene, responsible for the expression of a long pili in L. pneu-
mophila, plays a role in the attachment of L. pneumophila to Acanthamoeba
polyphaga (Stone and Abu Kwaik 1998). Moreover, PilE; is similar to pili from
other Gram-negative bacteria which are involved in the adhesion of the bacteria to
the host cell surface (Strom and Lory 1993). The proteins RtxA and PilE; have
also been shown to mediate L. pneumophila attachment to human cells, as rtxA or
pilE; mutants displayed a diminished adherence and entry into human epithelial
and monocytic cell lines (Cirillo et al. 2000; Stone and Abu Kwaik 1998). EnhC
seems also important in the adherence of L. pneumophila to A. castellanii, and for
attachment and entry into human epithelial and monocytic cell lines (Cirillo et al.
2000). However, the role of EnhC in adherence seems controversial as these
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results were not confirmed later (Liu et al. 2008). In addition, other L. pneumophila
proteins implicated in adhesion to macrophages have been identified. These
include the major outer membrane protein (MOMP), a L. pneumophila collagen-
like protein named Lcl, and a putative L. pneumophila-specific adenylate cyclase
named LadC that is present in the bacterial inner membrane (Bellinger-Kawahara
and Horwitz 1990; Krinos et al. 1999; Newton et al. 2008; Vandersmissen et al.
2010). However, to our knowledge, the detailed functional role of these proteins in
the attachment of L. pneumophila to amoeba has not been reported.

The host-specific factors that are exploited by L. pneumophila for its attachment
to the eukaryotic cells seem to depend on the cell infected (macrophages or
amoeba). Among the amoebal surface molecules involved in L. pneumophila
attachment, a 170 kDa galactose/N-acetylgalactosamine-inhibitable lectin (Gal/
GalNAc) has been identified as an amoebal receptor for L. pneumophila adherence
to the protozoan species Hartmannella vermiformis (Venkataraman et al. 1997).
Interestingly, while the use of Gal or GalNAc sugars completely blocked adher-
ence of L. pneumophila to H. vermiformis, these sugars display just a weak effect,
if any, in the adherence to A. polyphaga, suggesting different mechanisms for the
attachment of L. pneumophila to different amoebal species (Harb et al. 1998).

In contrast, in macrophages, the attachment of L. pneumophila is mediated by
the complement receptors CR1 (CD35) and CR3 (CD18/CD11b) that are exposed
on the macrophage surface, as shown by the adherence of complement-coated
bacteria. Furthermore, monoclonal antibodies against either CR1 or CR3 receptors
inhibited L. pneumophila attachment (Payne and Horwitz 1987). However, the
presence of specific antibodies generated during the adaptative immune response
of the host, and a role of corresponding Fc-receptors for recognizing these anti-
bodies, seem to be necessary for the complement-mediated adherence of L.
pneumophila (Fields 1996; Husmann and Johnson 1992; Lau and Ashbolt 2009).
Non-complement-mediated adherence of L. pneumophila was also reported (Elliott
and Winn 1986; Falco et al. 1991; Gibson et al. 1994; Lau and Ashbolt 2009;
Rodgers and Gibson 1993). It might be responsible for the bacterial attachment to
macrophages at early stages of infection, before a specific antibody-mediated
response is mounted. However, the host cell receptor involved in the non-com-
plement-mediated attachment of L. pneumophila to macrophages remains
unknown. Finally, there seem to be a link between the L. pneumophila-proteins
MOMP and Lcl and the macrophage-receptors involved in the adhesion of the
bacteria to the host cell surface. MOMP, a porin (Gabay et al. 1985; Shin 2012),
binds specifically to the complement component C3b and C3bi (that further bind to
CR1 and CR3, respectively). It seems to be the main bacterial molecule implicated
in the complement-mediated attachment to macrophages (Bellinger-Kawahara and
Horwitz 1990; Falcé et al. 1991; Shin 2012). However, MOMP has also been
shown to play a role in the binding of L. prneumophila to U937 macrophage-like
cells in complement-independent assays (Krinos et al. 1999; Shin 2012). Fur-
thermore, Lcl has been shown to be implicated in adherence to A549 human
epithelial cells and U937 macrophage-like cells through the interaction with C1gR
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(CD93), another complement receptor (Isberg et al. 2009; Vandersmissen et al.
2010).

In summary, attachment of L. pneumophila to the host cell seems to be a host-
specific process. However, there is still an important lack of detailed knowledge
about the molecular mechanisms allowing attachment and uptake of L. pneumo-
phila, in particular for the interaction of L. pneumophila with its different amoebal
hosts.

2.2 Legionella pneumophila Phagocytosis by the Host Cell

After attachment to the host cell surface, L. prneumophila is phagocytosed by
macrophages trough a unique uptake process called “coiling phagocytosis”
(Horwitz 1984). Coiling phagocytosis, in contrast to the common symmetrical and
circumferential (zipper-like, “conventional”) uptake of pathogens, consists in the
asymmetrical engulfment of the bacteria by unilateral pseudopods encircling
extracellular bacterial prior to entry (Rittig et al. 1998). However, the functional
importance of this process in virulence and pathogen fate remains elusive as heat-
killed and formalin-fixed L. pneumophila are also engulfed by coiling phagocy-
tosis (Horwitz 1984). Moreover, uptake of other Legionella strains and species by
conventional phagocytosis has also been reported independently of their specific
virulence status (Al-Quadan et al. 2012; Elliott and Winn 1986; Molmeret et al.
2005; Rechnitzer and Blom 1989). It seems that differences regarding the bacterial
strain, as well as the mammalian phagocyte and the experimental methods used
may affect the uptake and may thus lead to the differences observed in how
Legionella is phagocytosed.

Importantly, uptake of L. pneumophila by A. castellanii is mediated by the same
coiling pseudopods as those seen in human macrophages (Bozue and Johnson
1996). In addition to occasional coiling phagocytosis, engulfment of L. prneumo-
phila by H. vermiformis occurs mainly by zipper-like conventional phagocytosis
(Abu Kwaik 1996), and uptake by D. discoideum seems to occur by macropino-
cytosis, a receptor-independent mechanism of endocytosis (Peracino et al. 2010).
Importantly, even if uptake of L. pneumophila occurs mainly by host-driven
phagocytosis, the Dot/Icm system enhances endocytic events in macrophage-like
cells as well as in A. castellanii (Hilbi et al. 2001; Khelef et al. 2001). Moreover,
Dot/Icm effectors translocated very early in the infection, like LaiA/SdeA, have
been suggested to play a role in adherence and uptake by macrophages (Bardill
et al. 2005; Chang et al. 2005).

At the molecular level, the formation of the nascent phagosome after
L. pneumophila phagocytosis by mammalian cells is strongly actin-dependent, as
treatment of cells with cytochalasin-D (an actin polymerization inhibitor (Flanagan
and Lin 1980)) impairs L. pneumophila uptake by macrophages (Charpentier et al.
2009; Elliott and Winn 1986; Hayashi et al. 2008; King et al. 1991; Welsh et al.
2004) and by lung epithelial cells (Prashar et al. 2012). In contrast several studies
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report that L. pneumophila phagocytosis by the amoeba H. vermiformis, A. cas-
tellanii and A. polyphaga is an actin-independent process as it is unaffected by
cytochalasin-D treatment (Harb et al. 1998; King et al. 1991; Koéhler et al. 2000;
Moftat and Tompkins 1992). However, Lu and coworkers, suggested that as these
groups did not demonstrate that cytochalasin-D causes depolymerization of actin
filaments in the amoebal hosts, they might have drawn a wrong conclusion, and
thus suggests that L. pneumophila uptake in amoeba might well be actin-dependent
(Lu and Clarke 2005). Furthermore, L. pneumophila uptake by the amoeba
D. discoideum was reported to be an actin-dependent process, that, surprisingly, is
insensitive to cytochalasin-D but sensitive to cytochalasin-A (Lu and Clarke 2005;
Peracino et al. 2010; Weber et al. 2006). Recently, a L. pneumophila Dot/
Icm-dependent translocated effector called VipA has been described as being an
actin nucleator that directly polymerizes microfilaments without the requirement
of additional proteins. However, although VipA alters host cell organelle traf-
ficking it is not essential for entry or replication in A. castellanii or THP-1 mac-
rophage-like cells (Franco et al. 2012).

In addition to actin, other proteins called coronins are conserved from amoeba
to mammals (Yan et al. 2005), and transient recruitment of coronin (in fact an
actin-binding protein) to the phagocytic cup has been shown in D. discoideum and
U937 macrophage-like cells after L. pneumophila infection at very early times,
disappearing then quickly from the nascent phagosome in both host cells (Hayashi
et al. 2008; Lu and Clarke 2005).

In summary, phagocytosis of L. pneumophila is a process that, despite some
differences at the cellular level, seems to be conserved at the molecular level
between macrophages and amoeba, as coronin and probably actin are implicated in
L. pneumophila phagocytosis by macrophages and amoeba (Fig. 1).

2.3 Molecular Pathways Immediately Activated After
Legionella pneumophila Uptake

After L. pneumophila uptake several host cell pathways are activated in response
to bacterial invasion. For example, the addition of a phosphate group to a tyrosine
residue on a protein is a key step in signal transduction. Indeed, tyrosine phos-
phorylation of host proteins is modulated in amoeba and macrophages after
L. pneumophila uptake differently. L. pneumophila attachment and invasion to
H. vermiformis were associated with a time-dependent tyrosine dephosphorylation
of multiple host cell proteins (including the 170 kDa Gal/GalNAc lectin involved
in attachment), while invasion of macrophages was reported to lead to tyrosine
phosphorylation of multiple host proteins trough a tyrosine kinase-mediated
pathway (Coxon et al. 1998; Venkataraman et al. 1997). Thus the activation of this
pathway does not seem to be conserved in these two hosts.
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Mitogen-activated protein kinase (MAPK) cascades have also been analyzed
after L. pneumophila uptake by human macrophages, showing that they are acti-
vated upon L. pneumophila infection (Welsh et al. 2004). MAPKs are serine/
threonine protein kinases that are key signaling proteins in eukaryotic cells. They
are conserved from amoeba to mammals. MAPK activation is an early and quick
signaling event in response to a wide variety of cellular stimuli, such as mitogens,
osmotic stress, heat shock, and microbial detection. They regulate a large number
of cellular activities, including gene expression, cellular differentiation and pro-
liferation, and cell survival and death (Shin 2012). Mammalian MAPKSs comprise
three types of kinases called p38, c-Jun N-terminal kinase (JNK) and extracellular
signal-regulated kinase (ERK) that are all phosphorylated by upstream kinases for
activation. Once activated they phosphorylate downstream proteins of the kinase
cascade. The only members of the MAPK pathway present in A. castellani and
D. discoideum are ERK proteins (Clarke et al. 2013; Li et al. 2009). Similar to
what is seen in human macrophages, ERK1 is phosphorylated rapidly after contact
with L. pneumophila during D. discoideum infection (Li et al. 2009). Human and
murine macrophages show a significantly increased level of phosphorylation and
MAPK activity after wild-type infection with L. pneumophila when compared to
the avirulent dotA mutant or to the E. coli controls (Shin et al. 2008). Moreover,
chemical inhibitors demonstrated the need of both the JNK and p38 signals for
intracellular growth of virulent L. pneumophila in human macrophages (Welsh
et al. 2004). Whether L. pneumophila can effectively modulate host MAPKs
signaling for its own benefit through translocated Dot/Icm-dependent effectors is
not known. However, it has been shown recently that L. pneumophila effectors that
inhibit host protein synthesis may account for MAPK activation in murine mac-
rophages. This might suggest that the regulation of host MAPKs after L. pneu-
mophila infection is an indirect consequence of subversion of other host cellular
processes (Fontana et al. 2012).

L. pneumophila also exploits phosphoinositide (PI) lipids during the estab-
lishment of the replicative vacuole. Phosphatidylinositol 3-kinases (PI(3)Ks), that
catalyzes the phosphorylation of the 3’ position on the inositol ring, has been
shown to regulate the early steps of phagosome maturation downstream of diverse
phagocytic receptors. This involves the activation and recruitment of multiple
small Rab and Rac guanosine-triphosphatases (GTPases) that modulate endosomal
trafficking and remodel the actin cytoskeleton, respectively (Thi and Reiner 2012).
The activity of PI(3)K has been linked to actin cytoskeleton rearrangements by a
PKC{-dependent pathway (Chou et al. 1998; Nakanishi et al. 1993; Uberall et al.
1999).

A role of PI3 K in the phagocytosis of avirulent L. pneumophila mutants by
macrophages, but not wild-type L. pneumophila was reported (Harada et al. 2012;
Khelef et al. 2001), whereas others saw a role of PI(3)K also after wild-type
L. pneumophila uptake (Charpentier et al. 2009; Peracino et al. 2010; Tachado
et al. 2008). To explain these conflicting results, the authors suggested that these
might be due to differences between the infected hosts cells used (human U937 and
murine J774 macrophage-like cell lines, respectively) (Harada et al. 2012;



From Amoeba to Macrophages 13

Tachado et al. 2008). However, recent findings showed the recruitment of class I
PI(3)K to the nascent phagosome after uptake of wild-type or the avirulent
L. pneumophila dotA mutant also by murine macrophages (Harada et al. 2012).
Class I PI(3)K mediates the production of PI(3,4,5)P; from PI(4,5)P,. Although
the recruitment of class I PI(3)K occurs after uptake of both, wild-type or avirulent
strains, PI(3)K activation and production of PI(3,4,5)P5 around the bacteria occurs
only after the phagocytosis of the avirulent dorA mutant (Harada et al. 2012),
suggesting a role of Dot/Icm translocated effectors for the lack of PI(3,4,5)P;
production by class I PI(3)K after uptake of wild-type L. pneumophila. A recent
study reported that the L. pneumophila translocated effector SidF functions as a
phosphoinositide 3-phosphatase that specifically hydrolyzes PI(3,4,5)P; to gener-
ate PI(4)P (Hsu et al. 2012), suggesting that it is implicated in this process.

The PI(3)K pathway has also been investigated in the amoeba D. discoideum
after L. pneumophila infection. A recent study reported that L. pneumophila uptake
by Dictyostelium is partially dependent on PI(3)K (Peracino et al. 2010). A second
study showed that inhibiting PI(3)K has only a modest if any effect on the uptake
of wild-type L. pneumophila by Dictyostelium (Weber et al. 2006). These results
suggest that this pathway is not conserved between macrophages and amoeba.
Furthermore, upon PI(3)K inactivation L. pneumophila growth was enhanced in
Dictyostelium, and PI(3)K activity was restricted to early infection. It is involved
mainly in intracellular replication and trafficking of wild-type L. pneumophila and
not in phagocytosis (Peracino et al. 2010; Weber et al. 2006) (See also Sect. 4.1.)

3 Evasion from the Endocytic Pathway and Avoidance
of Vacuole Acidification

A common feature of the infection of macrophages and amoeba by L. pneumophila
is its ability to evade the endocytic pathway and immediately following uptake to
prevent phagosome-lysosome fusion. Following phagocytosis, phagosomes con-
taining both inert particles and non-pathogenic bacteria follow an intracellular
pathway that mirrors the stages of the endosomal-lysosomal pathway known as
endocytic pathway. The internalized material is delivered to early endosomes that
follow endocytic maturation, with fusion/fission processes gradually transforming
the phagosome into a phagolysosome. Whereas the last sorting step takes place in
the late endosomes, lysosomes are generally believed to represent the end stage
(Gruenberg 2001; Vieira et al. 2002). The microenvironment of phagolysosomes is
acidic and filled with hydrolases that induce bacterial killing (Kornfeld and
Mellman 1989). A key feature of phagosome maturation is luminal acidification
mediated primarily by ATP-dependent proton transporters known as the vacuolar
H*-ATPases or v-ATPases (Forgac 2007).

Interestingly, L. pneumophila maintains a neutral luminal pH during infection,
particularly within the first about six hours after uptake (Horwitz 1983a; Sturgill-
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Koszycki and Swanson 2000). Whereas nascent phagosomes containing live
L. pneumophila keep a neutral pH, phagosomes containing heat killed L. pneu-
mophila or E. coli show an acidic pH. Blocking acidification and maturation of the
LCV by treating infected macrophages with the proton ATPase inhibitor bafilo-
mycin Al arrests bacterial replication (Sturgill-Koszycki and Swanson 2000).
During L. pneumophila replication, a significant proportion of the LCVs acquire
lysosomal characteristics. At about 18 h after infection, the vacuoles have an
acidic pH and have acquired endosomal markers like lysosomal-associated
membrane protein 1 (LAMP-1). Furthermore, replicating bacteria obtained from
macrophages, but not broth, are acid resistant (Sturgill-Koszycki and Swanson
2000). This led to the hypothesis that, although maintaining a proper phagosomal
pH is important at early stages of infection, final fusion of the replicating LCV
with the lysosomal compartment promotes, rather than inhibits, L. pneumophila
growth in macrophages (Swanson and Hammer 2000).

The importance of avoidance of vacuole acidification at early stages of infec-
tion is generally recognized, but almost nothing is known about the molecular
mechanisms involved (Xu et al. 2010). Recently, a L. pneumophila translocated
effector, SidK that targets a proton transporter has been identified. SidK interacts
with VatA, a key component of the proton pump, thus inhibiting ATP hydrolysis,
proton translocation and subsequently vacuole acidification. When delivered into
macrophages, SidK inhibits vacuole acidification and impairs the ability of the
cells to digest non-pathogenic E. coli (Xu et al. 2010).

In the amoeba D. discoideum, VatM (a transmembrane subunit of the v-ATP-
ase) is delivered to phagosomes containing the L. pneumophila icmT mutant that is
defective in the T4SS causing vacuole acidification, but phagosomes containing
wild-type L. pneumophila seem to avoid VatM recruitment and thus subsequent
acidification of the LCV (Chen 2004). However, later proteome studies found
VatM on isolated LCVs from PI(3)K-infected cells harboring wild-type L. pneu-
mophila (Shevchuk et al. 2009; Urwyler et al. 2009b). Although these differing
results have been reported, it seems that absence of v-ATPase activity at early
times of infection is a key feature for successful intracellular replication of
L. pneumophila within macrophages and amoeba. Thus, different host-specific
mechanisms may be acting: avoidance of v-ATPase recruitment to the LCV in
amoeba or regulation of v-ATPase activity in macrophages.

In addition, also isolated vesicles shed from L. pneumophila, known as outer
membrane vesicles (OMVs), have been shown to cause a specific blockage of
phagosome-lysosome fusion in murine macrophages (Fernandez-Moreira et al.
2006). Moreover, isolation of non-vesicular lipopolysaccharide (LPS) from OMVs
suggested that LPS contributes to arrest the phagosome-lysosome fusion in A.
castellanii and human macrophages (Seeger et al. 2010). In agreement with the
results described above, this effect is more pronounced at 1 h than 5 h post-
infection (Seeger et al. 2010), highlighting the importance of the avoidance of
acidification at early time points of infection for both hosts.
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4 Remodeling of the LCV

Immediately after phagocytosis of L. pneumophila by a host cell the bacterium is
internalized into a compartment that escapes the endocytic pathway (Derré and
Isberg 2004; Horwitz 1983b; Horwitz and Maxfield 1984). The LCV membrane is
surrounded by mitochondria and small vesicles derived from the endoplasmic
reticulum (ER) (Horwitz 1983b; Tilney et al. 2001). Redecoration of the LCV with
ER-derived vesicles, host proteins and mitochondria precedes the recruitment of
ribosomes to the LCV, establishing then a remodeled LCV that permits intracel-
lular replication of L. pneumophila (Tilney et al. 2001). At the molecular level,
these events are highly similar in amoeba and macrophages, and similar proteins
are involved.

4.1 Recruitment of Secretory Vesicles, Endoplasmic
Reticulum and Polyubiquitinated Proteins

After uptake, the LCV membrane lacks plasma membrane or endocytic markers
and hijacks ER-derived vesicles (Horwitz 1983b; Tilney et al. 2001). This process
has been well described in macrophages, showing that the LCV intercepts early
secretory vesicles that transit between the ER and the Golgi, incorporate their
luminal content into the LCV and create in this way an ER-like organelle that
supports replication of L. pneumophila (Derré and Isberg 2004; Horwitz 1983b;
Kagan and Roy 2002; Tilney et al. 2001). In macrophages, the acquisition of
proteins involved in vesicle budding into the LCV, like ADP-ribosylation factor 1
(Arfl), Sec22b or Rabl, precedes the incorporation of resident ER proteins like
calnexin or glucose-6-phosphatase, suggesting that in macrophages the LCV fuses
with secretory vesicles exiting from the ER (Arasaki and Roy 2010; Derré and
Isberg 2004; Kagan and Roy 2002; Kagan et al. 2004; Robinson and Roy 2006). In
macrophages, recruitment of Rabl and Arfl to the LCV is mediated by the Dot/
Icm-dependent translocated effectors SidM/DrrA and RalF, respectively (Machner
and Isberg 2006; Murata et al. 2006; Nagai et al. 2002), but other Dot/Icm
translocated substrates also participate in the recruitment of ER vesicles. LidA
attaches to the cytoplasmic face of the LCV and synergizes with SidM/DrrA in the
recruitment of Rabl (Conover et al. 2003; Machner and Isberg 2006). The effector
SidC localizes also on the cytoplasmic face of the LCV (Luo and Isberg 2004). It
possesses a PI(4)P-binding domain, allowing its attachment to the LCV mem-
brane, and a N-terminal domain involved in the recruitment of ER vesicles to the
LCV (Ragaz et al. 2008). The discovery that L. pneumophila uses the host PI
metabolism for the attachment of effectors to the LCV membrane and the sub-
sequent recruitment of ER-derived vesicles allowed to explain the mechanism used
by other effectors to be attached. SidM/DrrA and LidA are also PI-binding proteins
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that attach in the same way to the LCV (Brombacher et al. 2009; Schoebel et al.
2010).

L. pneumophila also hijacks secretory vesicles and ER when infecting amoebal
hosts like H. vermiformis and D. discoideum (Abu Kwaik 1996; Fajardo et al.
2004; Lu and Clarke 2005; Urwyler et al. 2009b). ER-derived calnexin is attached
to the LCV of D. discoideum (Fajardo et al. 2004; Lu and Clarke 2005). Thus
magnetic-purified calnexin® LCVs were isolated from infected amoeba cells to
analyze the proteome of the LCV content, revealing the existence of 566 host
proteins including among others Arfl and Rabl, as well as other Rab GTPases
(Urwyler et al. 2009b). A second proteome analysis of the LCV, using cell frac-
tionation, two-dimensional gel electrophoresis and MALDI-TOF MS combined
with genomic data identified 157 phagosome host proteins (Shevchuk et al. 2009).
These results suggest a high degree of similarity in the infection between mac-
rophages and amoeba at this step. However, although SidM/DrrA has been shown
to be attached to the LCV in D. discoideum-infected cells (Brombacher et al.
2009), to our knowledge whether SidM/DrrA or RalF recruit host GTPases also in
amoeba has not been tested. Importantly, the PI(4)P-binding effector SidC was
found in the LCV of D. discoideum-infected cells, similarly to what was found in
murine RAW 264.7 macrophage-like cells, showing that anchoring of this effector
to a phosphatidylinositol-derived molecule in the LCV is a common mechanism
within both hosts, amoeba and murine macrophages (Ragaz et al. 2008; Weber
et al. 2000).

In addition to the recruitment of secretory vesicles and ER, L. pneumophila also
hijacks polyubiquitinated (polyUb) proteins that accumulate on the vacuole (Dorer
et al. 2006; Lomma et al. 2010; Price et al. 2011). The translocated effector AnkB
is partly responsible for the recruitment of ubiquitinated proteins. It encodes an
ankyrin and a F-box domain, which are necessary for the attachment of polyUb
host proteins to the LCV, and a CaaX motif that allows anchoring of the effector to
the LCV membrane through the action of a host farnesyltransferase (Ivanov et al.
2010; Lomma et al. 2010; Price et al. 2010b). Remarkably, AnkB/Lpp2082 of
L. pneumophila strain Paris lacks the CaaX motif. Thus the effector localizes to the
host cytoplasmic membrane (Lomma et al. 2010). Besides anchoring of polyUb
proteins on the LCV, it was suggested that the proteasomal degradation of ubig-
uitinated host proteins at the LCV leads to the increase of cellular levels of amino
acids, providing therewith a source of carbon and energy for the replicating bac-
teria (Price et al. 2011). Importantly, the function of AnkB recruiting polyUb
proteins into the LCV has been shown in amoeba and macrophages and the ankB
mutant is defective in intracellular replication within both hosts (Al-Quadan and
Kwaik 2011; Lomma et al. 2010; Price et al. 2011). Thus exploitation of the host
ubiquitination/proteasome machinery is a conserved strategy used by L. pneu-
mophila during infection of macrophages and amoeba.
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4.2 Recruitment of Mitochondria

One hour after infection the LCV is surrounded by smooth vesicles and the
majority of vacuoles is also surrounded by at least one mitochondrion close to the
vacuolar membrane (Horwitz 1983b). How L. pneumophila recruits mitochondria
and what the advantage is for the bacterium remains unknown. A role of trans-
located Dot/Icm effectors has been suggested for mitochondria recruitment to the
LCV, as dot/icm mutants deficient of a functional T4BSS do not recruit mito-
chondria (Berger et al. 1994; Chong et al. 2009; Tilney et al. 2001). Although
several Dot/Icm translocated effectors have been shown to be targeted to mito-
chondria, like LncP (Dolezal et al. 2012) or LegS2/Spl (Degtyar et al. 2009), what
may suggest that interaction with host mitochondria provides a certain benefit to
the pathogen, no Dot/Icm effector has been identified yet that has a role in
recruitment of mitochondria to the LCV. Interestingly, when testing mitochondria
recruitment in Drosophila melanogaster cells, the density of mitochondria near
vacuoles formed by infection with wild type L. pneumophila was not different
from that found in dotA mutant-infected cells during the first 4 h after infection
(Sun et al. 2013). The L. pneumophila chaperonin HtpB is upregulated upon
contact with host cells and accumulates in the lumen of the LCV during the course
of infection (Fernandez et al. 1996; Garduno et al. 1998a). It was reported that
HtpB alters mitochondrial trafficking of U937-derived macrophages (Chong et al.
2009), but HtpB is not a Dot/Icm translocated effector and remains in the LCV
lumen. Thus this chaperonin may not be responsible for the recruitment defect of
dot/icm mutants, but the existence of translocated effectors that, directly or indi-
rectly, participates in mitochondria recruitment to the LCV is expected.

Mitochondria recruitment around the LCV has also been reported after
L. pneumophila infection of the amoeba D. discoideum, N. fowleri and H. verm-
iformis (Abu Kwaik 1996; Francione et al. 2009; Newsome et al. 1985). Impor-
tantly, in D. discoideum genetically diseased for mitochondria by disruption of the
mitochondrial large ribosomal RNA gene rn/ or by antisense inhibition of
expression of an essential nuclear-encoded mitochondrial protein, enhanced
intracellular replication of L. pneumophila was observed. It was independent from
bacterial uptake but related to the fact that AMP-activated kinase (AMPK) is
chronically activated (Francione et al. 2009; Francione and Fisher 2011). Since
L. pneumophila infection upregulates the transcription of AMPK in D. discoideum
(Farbrother et al. 2006), and increased levels of AMPK activation correlate with
increased proliferation of L. pneumophila (Francione et al. 2009), it can be
hypothesized that L. pneumophila modulates mitochondrial function in D. dis-
coideum-infected cells to its benefit. Supporting this hypothesis, L. pneumophila
infection of D. discoideum results in dramatic decrease of mitochondrial RNAs
and in the specific cleavage of mitochondrial rRNA, suggesting that L. pneumo-
phila specifically disrupts mitochondrial protein synthesis in D. discoideum during
infection (Zhang and Kuspa 2009).
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4.3 Recruitment of Ribosomes and Rough Endoplasmic
Reticulum

Disappearance of the LCV-attached ER-derived vesicles and mitochondria has
been associated with the increased appearance of ribosomes on the LCV. After the
formation of this rough ER-like compartment, bacterial replication was observed
in macrophages (Horwitz 1983b; Tilney et al. 2001). Replication of L. prneumo-
phila within a ribosome-studded LCV has been reported in the amoeba H. vermi-
formis, N. fowleri and in the ciliated protozoa Tetrahymena pyriformis (Abu
Kwaik 1996; Fields et al. 1986; Newsome et al. 1985). Since 67 ribosomal
components were found to be associated with purified LCVs from Dictyostelium-
infected cells, it seems plausible that the recruitment of ribosomes to the LCV
occurs also in this amoebal species (Urwyler et al. 2009b).

Although recruitment of ribosomes to the LCV is a conserved infection feature
in macrophages and amoeba, and dot#/icm mutants lacking a functional T4BSS
translocation apparatus are unable to attract ribosomes around the vacuole (Berger
et al. 1994; Tilney et al. 2001), no Dot/Icm-dependent translocated effectors has
yet been described with a clear role in ribosome recruitment to the LCV. The
molecular mechanism of ribosome recruitment is unknown, however one could
speculate that the LCV becomes sufficiently ER-like during infection to recruit
ribosome spontaneously.

5 Modulation of Host Immune Processes

Although it is generally thought that amoeba lack an immune system, some
molecular pathways are starting to be discovered showing that amoeba may have a
primitive immune-like system that might help to discriminate between pathogenic
and non-pathogenic bacterial preys (Chen et al. 2007). In fact, MAPK activation
and subsequent regulation by dual-specific phosphatases (DUSPs), a well-known
pathway involved in the innate immune response elicited by macrophages and
triggered by L. pneumophila (Losick and Isberg 2006), participate also in the
amoebal response to L. pneumophila. This pathway appears to be directly involved
in the modulation of certain immune-like genes like TirA, a protein with simi-
larities to mammalian Toll-like receptors (TLRs) that allows Dictyostelium to
survive killing by L. pneumophila (Chen et al. 2007; Li et al. 2009). TLRs are
eukaryotic pattern-recognition receptors (PRRs) activated by microbial-associated
molecules that trigger conserved signaling cascades leading to the modulation of
inflammatory host responses dependent on microbial pathogenicity (Shin 2012;
Takeda et al. 2003). Discovery of the TLR-like protein TirA and its function in
protecting Dictyostelium from L. pneumophila infection led to search for primitive
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immune processes that may allow amoeba to deal with pathogenic bacteria
(Cosson and Soldati 2008). Certain structural components of L. pneumophila are
TLR ligands: in murine macrophages LPS and flagellin activate TLR2 and TLRS,
respectively (Akamine et al. 2005; Girard et al. 2003; Hawn et al. 2006, 2007). In
addition, L. pneumophila can be sensed also by cytoplasmic PRRs known as Nod-
like receptors (NLRs), that activate subsequently the inflammasome platform and
the secretion of the proinflammatory cytokine Interleukin-1f (IL-1f) in murine
macrophages (Lightfield et al. 2008; Pereira et al. 2011; Zamboni et al. 2006; Zhao
et al. 2011). A role of NLRs sensing of L. pneumophila has also been suggested in
infection of human macrophages (Vinzing et al. 2008).

Although no genes coding homologues of TirA have been found in amoebal
hosts, like the recently sequenced amoeba A. castellanii (Clarke et al. 2013), other
genes coding proteins with homology to known PRRs are present (Cosson and
Soldati 2008). Here we have undertaken an in silico search in all unicellular
L. pneumophila hosts whose genome has been completely sequenced (D. dis-
coideum, A. castellanii, N. gruberi and the ciliated protozoa T. thermophila) to
analyze which conserved domains of proteins involved in mammalian immune
processes are present in these organisms. Indeed, as shown in Table 3 some of the
conserved domains can also be found in unicellular Legionella-hosts.

The CD36 domain, a motif present in mammalian Scavenger receptor class B
member 1 (SCARB1) and protein acts as a PRR for bacterial components in
humans and mice is present in unicellular L. pneumophila-hosts (Baranova et al.
2008; Hoebe et al. 2005). In addition, a large number of proteins containing the
LBP_BPI_CETP domain can be found in A. castellanii and other protists
(Table 3). Since the LBP_BPI_CETP motif is involved in the recognition of LPS
from the outer membrane of Gram-negative bacteria in mammalian PRRs (Krasity
et al. 2011), this large number of proteins in unicellular Legionella-hosts might
highlight that these organisms are well equipped to recognize bacterial pathogens.
On the other hand, L. pneumophila seems to be able to modulate its own pro-
duction of bacterial products that stimulate PRRs, to alter host cell recognition by
mammalian cells (Liu et al. 2008, 2012). Moreover, the Dot/Icm translocated
effector SdhA actively promotes the stability of the LCV to hide the replicating
bacteria from cytosolic host defenses, as disruption of the vacuole membrane
during intracellular replication in macrophages is fatal to both the host cell and the
bacterium (Creasey and Isberg 2012). Therefore it seems that L. pneumophila has
developed diverse strategies to counteract the recognition processes not only in
macrophages, but also in their natural amoebal hosts.

In order to control intracellular proliferation of pathogenic bacteria, macro-
phages modulate intracellular iron homoeostasis, thus depriving the phagosome of
the iron flux needed for bacterial replication. Natural resistance-associated mac-
rophage protein 1 (Nrampl) is a proton/divalent cation antiporter that has a well-
established, unique role in innate resistance to intraphagosomal pathogens in
human and mice. Iron is a key requirement for growth of L. pneumophila. Thus
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patients with iron overload as well as smokers whose lungs also contain elevated
iron levels are at increased risk for Legionnaires’ disease (Cianciotto 2007).
Expression of Nrampl is reported to be restricted to monocyte/macrophage cells
(Alter-Koltunoff et al. 2008). However, a homologue of Nrampl is present in
D. discoideum and it was shown to protect cells from L. pneumophila infection by
regulating the iron flux into the phagosome (Peracino et al. 2006, 2010). In
addition, other homologues of Nrampl have been identified recently in A. cas-
tellanii (Clarke et al. 2013) and in T. thermophila (Table 3). Our results suggest
that a high degree of conservation of this innate immune process between mac-
rophages and different amoeba species exists. Since L. pneumophila uses multiple
pathways for iron acquisition (Cianciotto 2007), perhaps the variety in these
mechanisms counteracts at some degree the conserved antimicrobial mechanism of
Nrampl in a wide range of susceptible hosts.

Finally, other immune pathways that have a well-established importance in
L. pneumophila-infection in macrophages are not conserved in amoeba. These are
for example caspase-mediated apoptosis and the NF-kB pathway. Caspases are a
family of cysteine proteases that play essential roles in apoptosis and inflammation
that are activated after infection of mammalian cells by L. pneumophila. Whereas
caspase-1 is involved in the maturation of IL-1f to its immunologically active
form, caspase-3 and caspase-7 play a role in the activation of apoptosis in mac-
rophages (Amer 2010). It has been suggested that a delicate balance of apoptotic
signals facilitates intracellular replication of L. pneumophila in murine macro-
phages. The requirement of the Dot/Icm system to modulate apoptotic processes in
macrophages seems to suggest that L. pneumophila is adaptated to exploit caspase-
activation and to delay apoptosis until replication within the host cell has been
started (Amer 2010). However, where this adaptation took place remains
unknown, because although homologues to the mammalian caspase domain can be
found in Dictyostelium and Acanthamoeba proteins (Table 3), their function in
amoeba seems not related to programmed cell death (Roisin-Bouffay et al. 2004).

NF-kB is a transcription factor that controls gene expression of multiple cel-
lular processes including inflammation, innate immunity and apoptosis. Tran-
scriptional profiling demonstrates that L. pneumophila infection of macrophages
upregulates a number of pro-inflammatory proteins, many of which are targets of
the NF-xkB pathway, and also certain NF-xB-controlled anti-apoptotic genes,
rendering infected macrophages resistant to apoptotic stimuli (Abu-Zant et al.
2007; Bartfeld et al. 2009; Losick and Isberg 2006; Shin et al. 2008). Among the
Dot/Icm translocated effectors, LegK1 and LnaB are capable of activating an anti-
apoptotic and protective NF-xB response (Ge et al. 2009; Losick and Isberg 2006).
The recently discovered presence of NF-xB-related domains in the unicellular
holozoan Capsaspora owczarzaki (Sebé-Pedrés et al. 2011) suggest that the NF-
kB system evolved about 1000 million years ago. The amoebozoa branch sepa-
rated earlier, and proteins harboring NF-xB-related domains are indeed not present
in the unicellular Legionella-hosts that we analyzed (Table 3).
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6 Bacterial Egress

When the infection cycle is completed and the host cell is spent, the bacterial
progeny egresses from the host cell. Although several mutants showing defective
egress from amoebal and mammalian cells have been identified (Alli et al. 2000;
Gao and Kwaik 2000), how L. pneumophila exits the host cell after intracellular
replication is not well understood. Formation of a cytolysin/egress pore required
for host cell lysis has been proposed in U937-macrophage-like cells and in
A. polyphaga (Alli et al. 2000; Gao and Kwaik 2000). In addition, the T4BSS-
dependent effectors LepA and LepB seem to be involved in a non-lytic process that
allows L. pneumophila to egress from amoeba, but not from macrophages (Chen
2004).

7 Conclusions and Future Perspectives

Many cellular processes observed during L. pneumophila infection in amoeba are
similar to what can be seen in infection of mammalian macrophages (Fig. 1).
L. pneumophila establishes a safe, intracellular niche within both hosts, the LCV.
It evades the endocytic pathway and the subsequent phagosome-lysosome fusion,
delays its acidification and allows intracellular replication of L. pneumophila. The
Dot/Icm T4BSS and their translocated effectors are essential in macrophages and
amoeba for establishing this LCV and for modulating host cellular processes to
allow successful intracellular replication (Segal and Shuman 1999). However,
from over 300 identified T4BSS translocated effectors, just a few have a known
function. Moreover, among those with a known role in infection, their function in
amoeba remains largely unstudied (Fig. 1 and Table 2). Processes subverted by L.
pneumophila using highly similar strategies in macrophages and amoeba are the
remodeling of the LCV, the use of the host’s PI metabolism to anchor effectors in
the LCV, acquisition of host secretory vesicles containing Arfl and Rabl and
converting the LCV in an ER-derived niche for replication (Brombacher et al.
2009; Ingmundson et al. 2007; Urwyler et al. 2009a; Weber et al. 2006). Impor-
tantly, the effector SidC has been shown to play the same role in macrophages and
amoeba (Ragaz et al. 2008; Weber et al. 2006). The benefit for the bacterium to
replicate in an ER-like vacuole remains unknown, but it may be related to immune
evasion in macrophages (Roy et al. 2006). Furthermore, the attachment of poly-Ub
proteins to the LCV is highly conserved in macrophages and amoeba (Al-Quadan
and Kwaik 2011; Lomma et al. 2010; Price et al. 2011). Other processes like
phagocytosis or avoidance of phagosome acidification share only some common
features in both hosts. Finally, the molecules implicated in the attachment to the
host cell surface seem to be host-specific and some pathways like caspase-medi-
ated apoptosis and activation of the NF-xB pathway are different in amoeba and
macrophages. Interestingly, some of the features of L. pneumophila infection, can



24 P. Escoll et al.

also be observed during the infection of other pathogens, like the manipulation of
the phagosome maturation to form ER-rich vacuoles by Brucella (Campbell-
Valois et al. 2012; Celli et al. 2003; Roy et al. 2006) or the evasion of phagosome-
lysosome fusion triggered by Mycobacterium tuberculosis in human macrophages
(Sturgill-Koszycki et al. 1994). A more in depth analysis and comparison at the
molecular level of the shared processes in both evolutionary distant hosts might
also help to better understand virulence of other intracellular pathogens that
develop similar molecular strategies to infect human cells and for those which
make transient association with amoeba, like many Mycobacterium spp., Franci-
sella tularensis, or Escherichia coli O157.

Taken together, it is likely that the strategies used by L. pneumophila to infect
human macrophages evolved mainly during its evolution within free-living pro-
tozoa, but we cannot exclude that the interaction with other susceptible hosts,
closer to higher eukaryotes than amoeba, has also shaped the Legionella-host
interactions. The broad host range of L. pneumophila might be due to the many
different effectors this bacterium has acquired during evolution probably during
interaction with distant hosts, helping it now to infect even humans. In fact, L.
pneumophila can colonize and persist within the digestive tract of the nematode
Caenorhabditis elegans (Brassinga et al. 2010), it has been identified in a phy-
logenetic analysis of microbial communities in the gastrointestinal tract of Pan-
aque nigrolineatus, a tropical herbivorous freshwater fish (McDonald et al. 2012)
and it can also naturally cause pneumonia in cattle (Fabbi et al. 1998). Thus, it is
tempting to assume, that the large repertoire of T4BSS effectors contain also
certain that might function either in amoeba or macrophages. Finally, the recent
discovery of a primitive immune-like system in amoeba (Chen et al. 2007; Cosson
and Soldati 2008) may suggest that some of the shared strategies used by
L. pneumophila to infect macrophages and amoeba are a general strategy of
intracellular pathogen to hide and evade from the eukaryotic host defense
machinery.
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The Legionella pneumophila
Two-Component Regulatory Systems
that Participate in the Regulation

of Iem/Dot Effectors

Gil Segal

Abstract Legionella pneumophila, the causative agent of Legionnaires’ disease,
actively manipulates intracellular processes to establish a replication niche inside
their host cells. The establishment of its replication niche requires a functional
Icm/Dot type IV secretion system which translocates about 300 effector proteins
into the host cells during infection. This enormous number of effectors should be
coordinated at the level of gene expression, in order to be expressed and trans-
located at the correct time and appropriate amounts. One of the predominant ways
in bacteria to regulate virulence gene expression is by the use of two-component
systems (TCSs). To date, four TCSs have been shown to be involved in the
regulation of Icm/Dot effector-encoding genes: The PmrAB and CpxRA TCSs that
directly control, and the LetAS and LqsRS TCSs that indirectly control the level of
expression of effector-encoding genes. According to our current knowledge, these
four TCSs control the expression of about 70 effector-encoding genes. The
regulation by different TCSs divides the effectors into groups of co-regulated
effector-encoding genes that are probably co-expressed at a similar time during
infection and might perform related functions. In addition, examples of interplay
between these TCSs were already reported indicating that they form part of a
regulatory network that orchestrates the expression of L. prneumophila effector-
encoding genes during infection.
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1 Introduction

Legionella pneumophila is an opportunistic human pathogen that multiplies within
alveolar macrophages and causes a severe pneumonia known as Legionnaires’
disease. In order to establish a replicative niche inside eukaryotic cells, L. pneu-
mophila modulates host cell functions by the delivery of about 300 effector pro-
teins through the Icm/Dot Type-IV secretion system (reviewed in Ensminger and
Isberg 2009; Franco et al. 2009; Gomez-Valero et al. 2011; Shin and Roy 2008).
The numerous effectors that take part in the establishment of the L. pneumophila
containing vacuole (LCV); the many host cell pathways manipulated by L. pneu-
mophila effectors (Dorer et al. 2006; O’Connor et al. 2012) and the stepwise
process that occurs during the establishment of the LCV inside host cells (Horwitz
1983a); suggest that the effectors translocated by the Icm/Dot secretion system will
most likely be regulated at the level of gene expression, in order to coordinate a
successful infection (other levels of regulation of effectors translocation such as
the recognition by components of the secretion complex and chaperons probably
contribute to this stepwise process as well).

Two-component systems (TCSs) are widespread signal transduction devices in
bacteria that enable them to respond to environmental stimuli mainly via changes
in gene expression. These systems are used by many pathogenic bacteria that
utilize multiple TCSs in order to control the expression of their virulence genes
(Fass and Groisman 2009; Gooderham and Hancock 2009; Gotoh et al. 2010; Vogt
and Raivio 2012). The TCSs are classically composed of a membrane-integrated
sensor histidine kinase and a cytoplasmic transcriptional regulator containing an
N-terminal receiver domain and a C-terminal DNA binding domain (helix-turn-
helix domain). Generally, stimuli detected by the sensor histidine kinase lead to its
autophosphorylation. Then, the phosphoryl group from the histidine residue is
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transferred to an aspartic acid residue in the receiver domain of the response
regulator, thus leading to its activation (Jung et al. 2012; Laub and Goulian 2007).

To date, four TCSs have been found to regulate the expression of L. pneu-
mophila effector-encoding genes (Table 1 and Fig. 1): (i) the CpxRA TCS was
shown to directly activate or repress the expression of 12 effector-encoding genes
and several icm/dot genes (Altman and Segal 2008; Gal-Mor and Segal 2003a); (ii)
the PmrAB TCS was shown to directly activate the expression of 43 effector-
encoding genes (Al-Khodor et al. 2009; Zusman et al. 2007); (iii) the LetAS TCS
was shown to indirectly regulate the expression of four effector-encoding genes
(Rasis and Segal 2009; Shi et al. 2006) and (iv) the LqsRS TCS that was shown to
indirectly regulate the expression of 12 effector-encoding genes (Tiaden et al.
2010; Tiaden et al. 2007).

These four TCSs, the different functions mediated by the effectors they regulate
and the interplay between them are the focus of this chapter.

2 The CpxR-CpxA Two-Component System

The L. pneumophila CpxR-CpxA TCS consists of the CpxR response regulator and
the CpxA sensor histidine kinase (Gal-Mor and Segal 2003a). The CpxRA TCS
has been studied in many bacteria, where CpxA was shown to sense misfolded
proteins in the bacterial envelope and to activate (phosphorylate) CpxR. Phos-
phorylated CpxR was shown to regulate pilus assembly, adherence, and biofilm
formation (Hunke et al. 2012; Vogt and Raivio 2012). Moreover, CpxR was shown
to be required for host cell invasion in several species, including patho-
genic Escherichia coli and Salmonella enterica (Humphreys et al. 2004; Neve-
sinjac and Raivio 2005).

The involvement of the CpxRA TCS in L. pneumophila virulence was first
identified in a genetic screen looking for a direct regulator of the icmR gene
(Gal-Mor and Segal 2003a). Later, by using bioinformatic approaches aimed at
identifying additional genes that harbor the CpxR regulatory element
(GTAAAnnnnnnGWAAA, W indicates T or A) this system was shown to par-
ticipate in the regulation of two additional icm/dot genes (icmV and icmW), the
lvgA gene and 11 effector-encoding genes (Altman and Segal 2008). The L.
pneumophila CpxRA TCS was found to activate the expression of all the icm/dot
genes it regulates, as well as five effector-encoding genes, and to repress the
expression of six other effector-encoding genes (Altman and Segal 2008). How-
ever, deletion mutants in the genes coding for CpxR as well as CpxA were found
to have no intracellular growth phenotype when examined in different host cells
(Gal-Mor and Segal 2003a). The environmental stimuli that activate the L.
pneumophila CpxA sensor kinase have not been discovered yet, but since CpxR-
activated effectors were shown to translocate into host cells early during infection
(see below), the Cpx A activation might be related to L. pneumophila attachment to
host cells like in the case of E. coli (Nevesinjac and Raivio 2005).
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Fig. 1 Model of the TCSs that control the expression of the L. pneumophila Icm/Dot effector-
encoding genes. The four TCSs (CpxRA, PmrAB, LetAS and LqsRS) and the components of the
LetAS-RsmYZ-CsrA regulatory cascade as well as LqsA which is part of the Lgs system are
schematically illustrated. The environmental signals sensed by CpxA and PmrB are currently not
known, and the phosphorylation of these components is expected to be activated by transfer of the
phosphate group to their cognate response regulators CpxR and PmrA respectively, which then
directly activate or repress the transcription of their target effector-encoding genes. During
stationary phase, the LetAS TCS activates the expression of the SRNAs RsmY and RsmZ that
thus sequester CsrA from its target mRNAs and relieve the CsrA post-transcriptional repression.
The csrA gene was also shown to be under the regulation of the PmrA transcriptional regulator
and LqsR was shown to be repressed by CsrA. The quorum sensing system Lgs is being activated
by binding of LAI-1 (Legionella auto inducer-1, generated by LgsA) to LgsS that thus activates
the LgsR response regulator by phosphorylation. LqsR does not contain any DNA binding
domain and it affects gene expression in an unknown way. The number of effector-encoding
genes which were shown to be regulated by each of these TCSs is indicated in brackets. Solid
lines and dashed lines indicate direct and indirect regulation, respectively. Solid arrows and T-
shaped symbols indicate activation and repression, respectively

The function of most of the effectors regulated by the CpxRA TCS is currently
not known. Two of the effectors that were found to be repressed by CpxR (LegA10
and LegAll) (Altman and Segal 2008) contain an Ankyrin domain (Table 2),
which probably indicates that they interact with yet unknown host proteins. One
effector (SidM/DrrA) that was shown to be strongly activated by CpxR (Altman
and Segal 2008) was studied intensively. SidM/DrrA was found to recruit the host
cell factor Rabl to the LCV, it was shown to function as a guanine nucleotide
exchange factor (GEF) for Rabl as well as a GDP dissociation inhibitor (GDI)
displacement factor (GDF) for Rabl (Machner and Isberg 2006; Machner and
Isberg 2007; Neunuebel et al. 2011). Besides these activities the amino-terminal
domain of SidM/DrrA was shown to AMPylate Rabl, leading to its covalent
modification. The AMPylation by SidM/DrrA limits the access of GTPase acti-
vating proteins (GAPs), thereby keeping Rabl constitutively active (Muller et al.
2010; Murata et al. 2006). Interestingly, it was found that another effector-
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encoding gene sidD, which is located adjacent to sidM/drrA, harbors the opposite
enzymatic activity and it functions as a deAMPylator for Rabl (Neunuebel et al.
2011; Tan and Luo 2011). Examination of the effect of CpxR on the expression of
sidD revealed that CpxR represses the level of expression of sidD as opposed to its
activation of the level of expression of sidM/drrA (Zusman and Segal, unpublished
results). The connection between the regulation and function of these two effectors
will be discussed in Sect. 6.1.

3 The PmrA-PmrB Two-Component System

The L. pneumophila PmrA-PmrB TCS consists of the PmrA response regulator
and the PmrB sensor histidine kinase (Zusman et al. 2007). The PmrAB TCS was
studied extensively in Salmonella enterica serovar Typhimurium where it func-
tions as the major regulator of lipopolysaccharide modification genes (Gunn 2008).
The PmrA regulator was shown to be activated when its cognate sensor PmrB
detects mildly acidic pH (Perez and Groisman 2007) or the presence of Fe’*
(Wosten et al. 2000). The S. enterica PmrAB TCS was found to be active when the
bacteria are inside macrophages and during infection of mice (Merighi et al. 2005).

The involvement of the PmrAB TCS in L. pneumophila virulence was first
identified in a bioinformatic analysis of several L. pneumophila effector-encoding
genes that were found to contain a conserved regulatory element at their upstream
regulatory region. This regulatory element consists of a tandem repeat sequence
(cTTAATAatT, lower case letters indicate less conserved nucleotides) with a spacer
of two nucleotides (Zusman et al. 2007). Bioinformatic and literature searches of
bacterial regulatory elements and regulatory factors revealed that a very similar
sequence to the one described above has been previously identified in S. enterica,
and it was shown to be recognized by the PmrA response regulator (Marchal et al.
2004; Wosten and Groisman 1999). Later, the L. pneumophila PmrAB TCS was
found to activate the expression of many L. pneumophila effector-encoding genes
(Al-Khodor et al. 2009; Zusman et al. 2007) and the identification of the PmrA
regulatory element in the upstream regulatory region of many hypothetical pro-
teins led to their validation as novel effector-encoding genes (Burstein et al. 2009;
Zusman et al. 2007). In line with these results, the gene encoding for PmrA was
shown to be required for intracellular growth of L. pneumophila in amoeba
(Zusman et al. 2007). The environmental stimuli that activate the L. pneumophila
PmrB sensor kinase are not known, but since L. pneumophila was shown to inhibit
phagosome-lysosome fusion early during infection (Horwitz 1983b), PmrB acti-
vation might be related to the pH levels of the LCV, like in the case of S. enterica
(Perez and Groisman 2007). Currently, the L. pneumophila PmrAB regulon con-
sists of 43 effector-encoding genes, it is the largest effectors regulon, and it
includes about 15 % of the known L. pneumophila effectors.

Of the large number of effectors that were shown to be regulated by the PmrAB
TCS, the function of 11 effectors was uncovered (Table 2), and related functions
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among these effectors might indicate for the time during infection when the
PmrAB TCS activates the expression of its target effectors. Two groups of PmrAB
regulated effectors with related functions arise: (i) Three effectors (Sidl, SidL, and
Lgt3) were found to interact with components of the eukaryotic translation elon-
gation machinery (eEF1A and eEF1B), interactions which lead to inhibition of
host protein synthesis (Belyi et al. 2008; Fontana et al. 2011; Hurtado-Guerrero
et al. 2010; Shen et al. 2009). Lgt3 was shown to function as a glucosyltransferase
of eEF1A and the way by which the two other effectors (Sidl and SidL) inhibit
translation elongation is currently not known. Two additional effectors (Lgtl—
Lpgl1368 and Lgt2/LegC8—Lpg2862) were shown to function as glucos-
yltransferases of eEF1A (Belyi et al. 2008; Hurtado-Guerrero et al. 2010), but
there is no information regarding their regulation. (ii) Three effectors (SdhA, SidF,
and LegAU13/AnkB) seem to be involved in maintenance of the LCV in the host
cell. Two of these effectors (SdhA and SidF) were shown to have anti-apoptotic
activities (Banga et al. 2007; Laguna et al. 2006). SdhA was shown to actively
stabilize the integrity of the LCV during intracellular replication (Creasey and
Isberg 2012; Ge et al. 2012) and SidF was shown to contribute to apoptosis
resistance of L. pneumophila-infected cells by specifically interacting with two
proapoptotic members of the Bcl2 protein family (Banga et al. 2007). Beside these
two effectors, the effector LegAU13/AnkB that harbors an ankyrin domain and an
F-box motif, was shown to generate polyubiquitinated proteins on the LCV, and
degradation of these proteins supply amino acids required for bacterial growth
(Price et al. 2011). It is important to note that these three effectors (SdhA, SidF,
and LegAU13/AnkB) are expected to perform their function after the establish-
ment of the LCV (about 6 h post infection), when the bacteria grow exponentially
inside the LCV (Horwitz 1983a). This result was indeed found with the effector
SidI (described above) which was found to be expressed during exponential phase
when examined in vitro (Shen et al. 2009). An additional PmrAB regulated
effector with a known function is LepB which was shown to function as a GAP for
Rabl, and was found to translocate into host cells and to perform its function
several hours post-infection (Neunuebel et al. 2011) (see Sec. 6.1).

4 The LetA-LetS Two-Component System

The L. pneumophila LetA-LetS TCS consists of the LetA response regulator and
the LetS sensor histidine kinase (Hammer et al. 2002). The LetAS TCS was found
to be present in several y-proteobacteria, in many of which it bears different names
such as the Pseudomonas aeruginosa—GacS-GacA, E. coli—BarA-UvrY, S. ent-
erica—BarA-SirA, and Vibrio cholerae—VarS-VarA. In most pathogenic bacteria
that harbor this TCS was shown to be involved in virulence gene expression
(Lapouge et al. 2008).

The involvement of the LetAS TCS in L. pneumophila virulence was first
identified in a genetic screen looking for mutants that express the flagellin gene
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poorly (Hammer et al. 2002). Later, the signal transduction pathway from LetS to
individual effector-encoding genes was found to comprise a regulatory cascade
(Hovel-Miner et al. 2009; Rasis and Segal 2009; Sahr et al. 2009). During sta-
tionary phase LetS activates LetA by a four-step phosphorelay (Edwards et al.
2010). Activated (phosphorylated) LetA positively regulates the transcription of
two small regulatory RNAs, RsmY, and RsmZ, which act in a redundant fashion to
jointly antagonize CsrA, a small RNA-binding protein that negatively regulates the
expression of effectors-encoding genes (Hovel-Miner et al. 2009; Rasis and Segal
2009; Sahr et al. 2009). Sequestration of CsrA by RsmY and RsmZ leads to de-
repression of CsrA-repressed mRNAs (Rasis and Segal 2009). A deletion mutant
of LetA was found to be defective for intracellular growth of L. pneumophila in
amoeba (Gal-Mor and Segal 2003b; Hammer et al. 2002; Lynch et al. 2003), and
the gene encoding for CsrA was found to be essential for L. pneumophila, how-
ever, mutants containing a reduced level of this regulator were shown to be
attenuated for intracellular multiplication in amoeba (Forsbach-Birk et al. 2004;
Molofsky and Swanson 2003). In addition, the expression of the gene encoding for
CsrA was shown to be activated by the PmrA response regulator described above
(Rasis and Segal 2009). The current number of effector-encoding genes regulated
by the LetAS-RsmYZ-CsrA regulatory cascade is rather small and includes only
four effector-encoding genes (Rasis and Segal 2009; Shi et al. 2006), however, it is
highly likely that additional L. pneumophila effectors will be found to be regulated
by the LetAS-RsmYZ-CsrA regulatory cascade. The level of expression of addi-
tional effector-encoding genes was found to be affected by a deletion of letA or letS
(Edwards et al. 2010; Shi et al. 2006), but it is not known if these effectors are
regulated by the regulatory cascade described above.

Functional analyses of the four effectors regulated by the LetAS-RsmYZ-CsrA
regulatory cascade were already performed and all these effectors were found to be
involved in vesicular trafficking (Table 2). RalF, which was the first effector
identified in L. pneumophila, functions as a GEF for Arfl (ADP ribosylation
factor) and it was shown to localize on the LCV early during infection (Nagai et al.
2002). The VipA effector was found to bind actin in vitro and directly polymerize
actin microfilaments. During macrophage infection, VipA was found to be asso-
ciated with actin patches and early endosomes indicating for its role in modulating
organelle trafficking (Franco et al. 2012). The paralogous effectors YIfA and Y1fB
were also shown to be involved in vesicular trafficking and they were found within
large structures that colocalized with anti-KDEL antibodies in mammalian cells
(Campodonico et al. 2005; de Felipe et al. 2008). All the effectors known to be
regulated by the LetAS-RsmYZ-CsrA regulatory cascade were found to be
involved in vesicular trafficking that takes place during the establishment of the
LCV. This result might indicate that effectors which are expressed at the end of an
infection cycle (the equivalent of stationary phase) are translocated into host cells
and perform their function early during the next infection cycle, when the bacteria
actively modulate organelle trafficking.
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5 The LqgsR-LgsS Two-Component System

The L. pneumophila LqsR-LgsS TCS consists of the LqsR response regulator and
the LgsS sensor histidine kinase (Spirig et al. 2008). The prototype of this system
is the V. cholerae CqsAS (Cholerae quorum sensing) quorum sensing system
which includes an autoinducer synthase (CqsA) and its cognate sensor (CgsS)
(Miller et al. 2002). The CqsA and CgsS quorum sensing system in Vibrio pro-
motes cell density-dependent regulation of virulence and biofilm formation (Miller
et al. 2002; Henke and Bassler 2004).

The Lgs system was first identified in L. pneumophila by a bioinformatic
analysis of the L. pneumophila genome with the aim of identifying a homologous
system to the CqsAS system from V. cholerae and the corresponding L. pneu-
mophila proteins were termed LqsA and LqgsS (Legionella quorum sensing)
(Tiaden et al. 2007). In L. pneumophila, a gene encoding for a putative response
regulator (that lacks a DNA binding motif) is located between IgsA and IgsS, and
this gene was termed IgsR. The autoinducer synthase LqsA was shown to catalyze
the production of the diffusible signaling molecule 3-hydroxypentadecan-4-one
(Legionella auto inducer-1—LAI-1, Fig. 1) that is presumably recognized by the
sensor kinase LgsS, which in turn probably activates LqsR (Spirig et al. 2008;
Tiaden et al. 2010). Recently an ‘orphan’ homologue of LgsS termed LqgsT was
identified which probably also respond to LAI-1 (Kessler et al. 2013). DNA
microarray experiments revealed that LqsR affects the expression of genes
involved in virulence including 12 effector-encoding genes (Tiaden et al. 2007). In
addition, a transcriptome analysis of the AlgsA, AlgsS, and AlgsT mutants indi-
cated that the level of expression of several other effector-encoding genes was
changed in these mutants (Kessler et al. 2013; Tiaden et al. 2010). The expression
of LgsR itself was found to require the RpoS sigma factor, and it was also found to
be dependent to a smaller extent on the response regulator LetA (Tiaden et al.
2007). Moreover, the production of LgsR was found to be regulated at a post-
transcriptional level by the SRNAs RsmY and RsmZ and by CsrA (Sahr et al.
2009). These results indicate that the Lqgs system is involved in the regulation of
gene expression during stationary phase, similarly to the LetAS TCS. However,
since the LqsR response regulator lacks any known DNA binding motif it is
currently not known how it affects gene expression.

The function of two effectors whose level of expression was changed by the Lgs
system was determined (Table 2). The effector AnkX was found to catalyze the
transfer of phosphocholine to Rabl, which like SidM/DrrA contributes to the
activation of Rabl on the LCV (Goody et al. 2012; Mukherjee et al. 2011; Pan
et al. 2008; Tan et al. 2011). The function of the effector SidK was also uncovered
and it was found to specifically target the host v-ATPase, a multisubunit complex
responsible for organelle acidification in eukaryotic cells. SidK was found to
specifically interact with VatA, a key component of the proton pump and this
binding was shown to result with inhibition of ATP hydrolysis and proton trans-
location (Xu et al. 2010). The functions mediated by these two effectors are
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expected to be required early during infection which correlates well with their
activation during stationary phase, similarly to effectors regulated by the LetAS
TCS.

6 Interplay Between Different TCSs in The Regulation
of L. pneumophila Effectors

The pioneering work performed during the early 1980 s by Marcus Horwitz
demonstrated that the establishment of the LCV in host cells is a sequential pro-
cess that includes several steps, a process which was more carefully described later
on (Horwitz 1983a, b; Kagan and Roy 2002; Robinson and Roy 2006; Tilney et al.
2001). It is clear today that this stepwise process, which occurs similarly in both
human macrophages and amoeba (Abu Kwaik 1996), is mediated by the numerous
effectors translocated via the Icm/Dot secretion system (Gomez-Valero et al. 2011;
Isberg et al. 2009; Segal et al. 2005). One way to accomplish these stepwise events
that occur on the LCV is to translocate different sets of effectors in a timely
fashion. The different sets of effectors might be regulated at the level of gene
expression which should result with sequential expression and translocation of
different sets of effectors which are likely to perform their functions group after
group. Since the current knowledge about the regulatory factors that control the
expression of effector-encoding genes is rather limited (the regulatory factors that
control the expression of more than 200 effectors are not known) it is impossible to
build a complete picture about L. pneumophila effectors regulation in relation to
their function during infection. However, the interplay between different TCSs in
relation to the function of different effectors during infection starts to uncover.

6.1 Effectors Manipulating Rabl are Regulated by Both
the CpxRA and the PmrAB TCSs

One of the best studied host factors manipulated by L. pneumophila is Rabl. Six
effectors (SidM/DrrA, SidD, AnkX, Lem3, LidA, and LepB) were shown to target
this host factor (reviewed in Neunuebel and Machner 2012), and the regulation of
the genes encoding for some of these effectors is already known. The effector
SidM/DrrA was found to activate Rabl by functioning as a Rab1-GEF (Machner
and Isberg 2006; Murata et al. 2006) and as an AMPylator for Rabl early during
infection (Muller et al. 2010; Neunuebel et al. 2011), and it was shown before to be
activated by CpxR at the level of transcription (Altman and Segal 2008). SidD
(which is located adjacent to sidM/drrA) was shown to deAMPylate Rabl, thus
counteracting the activity of SidM/DrrA (Neunuebel et al. 2011; Tan and Luo
2011), and it was found to be repressed by CpxR at the level of transcription
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(Zusman and Segal, unpublished results). In addition, LepB that functions as a
Rab1-GAP (Ingmundson et al. 2007) was shown to be activated by PmrA (Zusman
et al. 2007). Examination of the localization of these three effectors on the LCV
during the first hours post-infection indicated that SidM/DrrA was localized first to
the LCV, during the time when the LCV is being established, while SidD and
LepB were found on the LCV several hours post-infection (Neunuebel et al. 2011),
at the end of the LCV establishment. Thus, effectors activated by CpxR (SidM/
DrrA) seem to be translocated very early during infection and to contribute to the
LCV establishment, and effectors repressed by CpxR (SidD) as well as effectors
activated by PmrA (LepB) are probably translocated into host cells several hours
post-infection. This observation also fits the function of several other PmrA
activated effectors (SdhA, SidF, and LegAU13/AnkB) which are likely to perform
their function when the bacteria grow exponentially in the LCV.

6.2 The Regulatory Switch Between the PmrAB
and the LetAS Regulated Effectors

Another type of interplay between regulators is the direct regulation of one reg-
ulator by another regulator. This type of regulation was found between the PmrAB
TCS and the CsrA translational repressor, which is a part of the LetAS-RsmYZ-
CsrA regulatory cascade (Rasis and Segal 2009). The direct activation of the CsrA
encoding gene by PmrA suggests a regulatory switch between two groups of
effectors. At the same time when the expression of the effector-encoding genes
which are under the regulation of the PmrAB TCS will be activated, the expression
of the CsrA-encoding gene will be activated as well, consequently this activation
should lead to an increase in the amount of the CsrA post-transcriptional repressor
in the bacterial cell that in turn will lead to repression of the group of effector-
encoding genes that are under the repression of CsrA. Moreover, the function of
the post-transcriptional repressor CsrA was found to be dependent on the LetAS
TCS which is activated during stationary phase (Rasis and Segal 2009; Shi et al.
2006) and the PmrA regulated effectors seem to be expressed during exponential
phase (Shen et al. 2009). Thus, the likely scenario is that PmrA activates the
expression of its target effector-encoding genes during exponential phase at
the same time when the level of the SRNAs RsmY and RsmZ anti-repressors in the
bacterial cell is low, and then the increase in the amount of the CsrA repressor by
PmrA will most likely result with a strong reduction in the level of expression of
the effectors repressed by CsrA (Fig. 2). Thus, this interplay between two regu-
lators of effector-encoding genes should result with two apparent groups of
effectors: One group of effectors which are activated by the PmrAB TCS and are
expressed during exponential phase and the second group of effectors which are
de-repressed by the LetAS TCS and are expressed during stationary phase.
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Fig. 2 The interplay between effectors regulated by PmrAB TCS and the LetAS-RsmYZ-CsrA
regulatory cascade in relation to growth phase. The activation by the PmrA response regulator
might occur during exponential or stationary phase of growth, when the LetAS-RsmYZ-CsrA
regulatory cascade is inactivated or activated, respectively. If the PmrAB TCS activation occurs
at stationary phase when the level of expression of the small SRNAs RsmY and RsmZ is very
high, the activation of the level of expression of the gene encoding for CsrA by PmrA will be
sequestered by the two sRNAs (left side). If the PmrAB TCS activation occurs at exponential
phase (which is more likely, see text) when the level of expression of the small SRNAs RsmY and
RsmZ is very low, the activation of the level of expression of the gene encoding for CsrA by
PmrA will result with a reduction in the level of expression of effectors regulated by the LetAS-
RsmYZ-CsrA regulatory cascade at the same time when effectors directly regulated by PmrA will
be activated (right side). This interplay between these two regulatory systems will lead to a
regulatory switch between the effectors regulated by the two systems. The regulatory components
which are present and active at each growth phase are marked in black, the regulatory
components which are absent or inactive are marked in grey

6.3 Effectors Directly Regulated by Both the CpxRA
and PmrAB TCSs

An additional type of interplay between regulators is the direct regulation of a
single effector by multiple TCSs. This situation was described thus far for three
effectors (Ceg7, Cegl8, and Ceg33) which were shown to be directly regulated by
both the CpxRA and the PmrAB TCSs (Altman and Segal 2008). The joint reg-
ulation by these TCSs includes two possible scenarios since CpxR was shown to
function as a repressor or as an activator of effector-encoding genes and PmrA was
shown to function only as an activator. Ceg07 and Cegl8 were found to be
repressed by CpxR and activated by PmrA, and Ceg33 was found to be activated
by both of these TCSs. Taking into account that these TCSs probably respond to
different environmental stimuli (currently there is no information regarding the
environmental stimuli that activate the CpxA or PmrB sensor histidine kinases)
this type of regulation will result with effectors that will be expressed under
conditions that activate both TCSs as well as with effectors that will be repressed
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under a certain condition and activated under another condition. Considering all
the results described above showing that SidM/DrrA (activated by CpxR) was
found early on the LCV and LepB and SidD (activated by PmrA and repressed by
CpxR, respectively) were found later on the LCV, the joint regulation by these
TCSs should result with effectors that will be translocated both early and late into
the host cells (effectors activated by both TCSs), and with effectors that will be
translocated only late into the host cells (effectors repressed by the CpxRA TCS
and activated by the PmrAB TCS).

7 Conclusions

The study of the regulation of the numerous effectors translocated into host cells
by L. pneumophila already uncovered four TCSs that participate in this process.
However, the ways by which the majority of the effector-encoding genes are
regulated is largely unknown. Further study of these TCSs and the environmental
stimuli that activate them as well as identification of additional TCSs and other
regulators of gene expression that coordinate the regulation of the L. pneumophila
effector-encoding genes will deepen our understanding on the ways by which such
a multicomponent pathogenesis system is controlled at the level of gene expression
in order to result with a successful infection.
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Abstract Legionella pneumophila is a water-borne pathogen that causes a severe
lung infection in humans. It is able to replicate inside amoeba in the water envi-
ronment, and inside lung macrophages in humans. Efficient regulation of gene
expression is critical for responding to the conditions that L. pneumophila
encounters and for intracellular multiplication in host cells. In the last two decades,
many reports have contributed to our understanding of the critical importance of
small regulatory RNAs (sRNAs) in the regulatory network of bacterial species.
This report presents the current state of knowledge about the SRNAs expressed by
L. pneumophila and discusses a few regulatory pathways in which sRNAs should
be involved in this pathogen.
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1 Introduction

A mysterious bout of illness amongst veterans during a meeting of the American
Legion in 1976 shed light on a new pathogen causing, what is known today as,
Legionellosis (Fraser et al. 1977). This umbrella term combines Legionnaires’
disease (LD), a serious form of potentially life-threatening pneumonia and Pontiac
fever, a milder flu-like illness (Fraser et al. 1977). There are over 50 species
and >70 serogroups of this Gram-negative bacterium, but the most common eti-
ological agent of Legionellosis is Legionella pneumophila serogroup 1, contrib-
uting to >85 % of disease (Jarraud et al. 2013; Reimer et al. 2010; Yu et al. 2002).
The mortality rate ranges from 5 to 20 %, increasing to almost 50 % in some
nosocomial outbreaks (Benin et al. 2002; Gomez-Valero et al. 2011; Marston et al.
1994; Swanson and Hammer 2000).

In the environment, Legionella is mainly an intracellular pathogen of amoeba
but can also replicate in ciliate protozoans (Fields 1996). Upon entry into humans
through inhalation of aerosols, L. pneumophila can infect and replicate inside
human alveolar macrophages and potentially cause LD in susceptible individuals
(Butler and Breiman 1998). The bacterium enters human macrophages through
coiling phagocytosis after which it is found in a modified phagosome called a
Legionella Containing Vacuole (LCV) (Horwitz 1983a). L. pneumophila prevents
phagosome-lysosome fusion (Horwitz 1983b). Nascent LCVs are progressively
associated with vesicles originating from the host endoplasmic reticulum, and
replication of the pathogen is observed approximately 8 h postinfection (Horwitz
1983a). Motile bacteria are then released through host cell lysis (Fields et al.
2002). This cycle of infection and replication inside host cells is highly dependent
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on the Type-IVb (T4bSS) and Type-II (T2SS) secretion systems encoded by the
dot/icm (defective in organelle trafficking/intracellular multiplication) and Isp
(Legionella Type-II secretory pathway) genes respectively (reviewed in (Albert-
Weissenberger et al. 2007; Vogel and Isberg 1999). Combined, T4bSS and T2SS
translocate more than 300 effector proteins to the host cell cytoplasm. These
effectors modify cell trafficking and ensure a safe replicative niche for the bacteria
inside the LCV (Gomez-Valero et al. 2011; Heidtman et al. 2009).

It is believed that L. pneumophila displays a biphasic life style, switching
between a replicative phase, during infection of host cells, and a transmissive
phase, when the resources inside the cells are exhausted and infection of a new cell
is needed (Molofsky and Swanson 2004). The replicative phase is characterized by
exponential growth and repression of motility, and is mimicked by exponential
growth in rich broth. On the other hand, bacteria in the transmissive phase become
motile and express cytotoxicity-related traits, similar to what is seen when bacteria
reach the postexponential phase in rich broth.

Apart from growing intracellularly in protozoans, L. pneumophila exists in
three other states in the environment, namely the viable-but-non-culturable
(VBNC) persistent state, the biofilm-associated sessile state, and the free-living
planktonic state (Hussong et al. 1987; Rogers and Keevil 1992). All four states
occur in natural and man-made water systems with optimal growth temperatures
recorded between 25 and 37 °C (Ohno et al. 2003). Human infections are mainly a
result of exposure to contaminated aerosols generated from man-made water
reservoirs, such as air-conditioning systems, humidifiers, cooling towers, water
heating systems, and even showers (Blatt et al. 1993; Hanrahan et al. 1987;
Yiallouros et al. 2013). The widespread use of these systems greatly increases the
chance of contracting Legionellosis. In order to survive and replicate in the water
environment, L. pneumophila must adapt to various stresses, such as starvation and
predation. Then, when it is aerosolized and transported to the human lungs, it must
adapt to yet another, new set of conditions and stresses. Adaptation to these
conditions requires changes in gene expression. In L. pneumophila, these changes
are regulated by elements such as two-component systems (LetA/S, PmrA/B, and
CpxR/A), sigma factors (RpoS), and RNA-binding proteins (CsrA) to name a few
(Altman and Segal 2008; Gal-Mor and Segal 2003; Hovel-Miner et al. 2009;
Molofsky and Swanson 2003b; Zusman et al. 2007). These regulators are critical
for the switch between the replicative and transmissive phases. Small regulatory
RNAs (sRNAs) are also major players of gene regulation in bacteria (Waters and
Storz 2009). Moreover, this regulation by sRNA is likely faster and more cost-
effective than regulation by polypeptides (Altuvia et al. 1997). In this review, we
will discuss recent advances in the identification and characterization of sSRNAs
that were found in L. pneumophila and we will review a few examples of sSRNAs
involved in regulatory systems of other bacteria that might also be present in
L. pneumophila.
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2 Small Regulatory RNAs

Bacteria have an intrinsic ability to respond to changes in the environment, and
regulatory networks encoded in the bacterial genome control such responses. Some
important players in these networks are regulatory RNA molecules such as
riboswitches and SRNAs (Waters and Storz 2009). Regulatory RNA molecules can
control transcription, translation, and the stability of their target mRNAs and thus,
influence genetic programs (Waters and Storz 2009). Regulatory RNA molecules
were identified in bacteria prior to the discovery of the first microRNAs (miRNAs)
and short interfering RNAs (siRNAs) in eukaryotes (Waters and Storz 2009).

Early work reported sSRNA molecules associated with the control of replication
of the ColEl plasmid and transposition of Tnl0 (Simons and Kleckner 1983;
Stougaard et al. 1981). However, these early examples of SRNA were encoded on
mobile genetic elements, and the first true bacterial SRNA encoded on the chro-
mosome was only reported in 1984. This sSRNA, MicF, was discovered in Esch-
erichia coli and was shown to inhibit translation of the major outer membrane
porin OmpF by a mechanism involving direct interaction with its target mRNA
(Mizuno et al. 1984). Subsequent to these developments, several SRNAs were
identified in the genome of E. coli by 2D PAGE (Wassarman et al. 1999). Shortly
thereafter, the functions of some of these SRNAs were characterized and homologs
were found in other bacterial species (Wassarman et al. 1999). Since then, pre-
dictive bioinformatic tools have been used to find putative regulatory RNAs.
Bacterial genome sequencing, multilayered computational searches, deep
sequencing, and tiled microarrays with full genome coverage have facilitated the
discovery of more regulatory RNAs in several other bacteria and revealed a
widespread and significant role for SRNAs in the regulation of gene expression
(Waters and Storz 2009).

Small RNAs are short RNA molecules that are approximately 80 to 500
nucleotides in length (Waters and Storz 2009). They can be transcribed from their
own promoter or can be produced through the processing of a larger transcript
(Waters and Storz 2009). Most sRNAs do not encode proteins, but a few
exceptions have been described, including SgrS, expressed by E. coli, and
RNAIII, expressed by Staphylococcus aureus (Novick and Geisinger 2008;
Wadler and Vanderpool 2007). sRNAs are involved in a series of regulatory
functions in processes, such as stress response, virulence, and competence
(Papenfort and Vogel 2010; Waters and Storz 2009; Yamamoto et al. 2011). The
widespread use of these molecules in bacteria to regulate gene expression is
probably due to their reduced metabolic cost and faster rate of regulation com-
pared to protein regulators (Beisel and Storz 2010). Depending on the nature of
their targets, SRNAs can be grouped into two functional categories: base-pairing
and protein-binding sRNAs.
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2.1 Base-Pairing Small RNAs

Base-pairing SRNAs are the most common type of SRNAs (Faucher and Shuman
2011). They are short but highly structured RNA molecules complementary to
their target mRNA strands to a certain extent, and they contribute to the control of
gene expression by acting as posttranscriptional regulators (Brantl 2007). They
carry out this role through several mechanisms of action that require hybridization
of the SRNA to its target mRNA. They can up-regulate the expression of a gene
either by increasing the stability of the target or by inducing a modification in the
secondary structure of the mRNA to expose the ribosomal binding site (RBS)
(Waters and Storz 2009). Alternatively, they can down-regulate the expression of a
gene either by inducing the decay of the target, or by inhibiting translation by
blocking access of the ribosome either by binding directly to the RBS or by
inducing a change in the secondary structure that efficiently hides the RBS
(Lalaouna et al. 2013; Waters and Storz 2009). Moreover, this class of sSRNAs
represents a way to regulate products encoded on polycistronic mRNA indepen-
dently from one another (Balasubramanian and Vanderpool 2013).

2.1.1 Cis-Encoded sRNAs

Base-pairing sSRNAs can be encoded on the complementary strand of their target,
in which case they are referred to as cis-encoded sRNAs (Brantl 2007). These
share extensive sequence complementarity, but do not necessarily form long RNA
duplexes with their target mRNA (Brantl 2007). Here, it is important to consider
that an mRNA consists of 5” and 3’ untranslated sequences (UTR), and a central
coding region. Cis-encoded sRNAs antisense to either one of these regions could
lead to posttranscriptional regulation of a target mRNA. However, additional
experimental evidence is necessary to better understand the effects of the cis-
encoded sRNA on its target gene(s) and the mechanisms involved. Jager et al.
(2012) published evidence that cis-encoded sSRNAs could mediate regulation of
gene expression in trans and that the interaction of the SRNA with the cis-encoded
and the trans-encoded targets occurs by means of two distinct domains.

2.1.2 Trans-Encoded sRNAs

In contrast to cis-encoded sRNAs, trans-encoded sRNAs are found outside the
coding sequence of their target genes. Consequently, the level of homology
between the SRNA and its target is usually low, and the hybridization of the SRNA
to the mRNA occurs via short, imperfectly homologous sequences. Therefore,
trans-encoded sRNAs often require the RNA-binding protein Hfq to interact with
their target, contrary to cis-encoded sRNAs that usually do not require Hfq
assistance (Waters and Storz 2009). It is also not uncommon for trans-encoded
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sRNAs to regulate the expression of many different mRNAs. In E. coli, the SRNA
RyhB controls the expression of approximately 56 genes in response to changes in
iron homeostasis (Massé et al. 2005).

2.1.3 Role of the RNA-Binding Protein Hfq

Hfq was first described as E. coli host factor I required for bacteriophage Qf
replication (Franze de Fernandez et al. 1968). It acts as a global regulator impli-
cated in posttranscriptional regulation in many bacteria. In the last decade, elu-
cidating the role of Hfq in sSRNA-mediated gene regulation has been an area of
intense research. Phenotypes due to Hfq deficiency have been studied in many
bacteria, including pathogens such as E. coli (Tsui et al. 1994), Salmonella
typhimurium (Sittka et al. 2007), and Vibrio cholerae (Ding et al. 2004). As a
result, Hfq has been implicated in the regulation of growth, stress response,
virulence, and biofilm formation (reviewed in Sobrero and Valverde 2012).

Hfq plays a central role in some bacterial SRNA pathways while being dis-
pensable for others. For example, Helicobacter pylori expresses hundreds of
sRNAs, but no Hfq homolog has been identified yet, suggesting that Hfq is dis-
pensable for SRNA-mediated regulation in this bacterium (Sharma et al. 2010).
However, in the case of E. coli and V. cholerae, some sRNAs require Hfq for
effective regulation of their targets, while others carry out their respective func-
tions without Hfq mediation (Lenz et al. 2004; Song et al. 2008; Zhang et al.
2003). According to the postulates of Jousselin et al. (2009), Hfq dependency is
positively correlated with a high GC content in the bacterial genome, but is
inversely proportional to the length of the interacting sequence between the SRNA
and its target mRNA. Finally, the presence of a C-terminal extension in the Hfq
sequence, which forms the mRNA interaction surface, is predictive of the
involvement of Hfq in sRNA-mediated regulation. While the GC content in
L. pneumophila is low (38 %), the C-terminal region of Hfq is similar to that of
V. cholera where Hfq is required for some, but not all SRNA-mRNA interactions
(Lenz et al. 2004; Song et al. 2008; Zhang et al. 2003). As discussed in detail in
our previous publication (Faucher and Shuman 2011), the L. pneumophila Hfq
protein might be required for precise SRNA-mRNA interactions in some regula-
tory pathways, including iron homeostasis (McNealy et al. 2005) described in Sect.
4.3. The following paragraphs will review what is known about Hfq in the model
organism E. coli to help readers appreciate the known mechanism by which Hfq
affects gene expression and to guide further analysis of its implication in
L. pneumophila gene regulation.

Hfq acts as a posttranscriptional regulator by stabilizing the SRNA and facili-
tating its interaction with mRNA targets (Geissmann and Touati 2004; Gottesman
2004). This results in the efficient regulation of various genes (Gottesman et al.
2006; Gottesman and Storz 2010). Structural studies in E. coli revealed that Hfq
belongs to a large family of Sm and Sm-like proteins characterized by an RNA-
binding activity and formation of a homohexameric ring (Mgller et al. 2002;
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Schumacher et al. 2002; Zhang et al. 2002). Analysis of the RNA-binding site
showed that mRNA sequences containing uridine residues bind to the proximal
face of the Hfq protein, and that adenine-rich sequences bind to its distal face
(Link et al. 2009). This structure suggests that Hfq could potentially bind two RNA
molecules simultaneously, effectively enhancing molecular interaction by drawing
complementary RNA sequences close together (Link et al. 2009).

Recently, Hwang et al. (2011) investigated how Hfq achieves both “annealing”
and “unwinding” functions for two different RNA substrates. To gain insight into
efficient annealing of an SRNA to the proximal binding site of Hfq, the SRNA
DsrA, and its target mRNA rpoS were investigated. Hfg-dependent base pairing of
DsrA with the leader sequence of rpoS enhances the translation of the latter by
exposing the RBS and the start codon (Lease and Woodson 2004). In spite of the
ring-shaped structure of Hfq hexamers that provide multiple binding surfaces both
in distal and proximal positions, DsrA and rpoS compete for the same proximal
sites. This competition makes the interaction between Hfq and RNA dynamic, and
increases the binding efficiency by placing the two RNAs in close proximity
(Soper et al. 2010), or by promoting structural remodeling of one of the RNA
partners to match the structure of the other (Maki et al. 2010). What remains
unclear is the order of binding, and if this particular mechanism is specific for
sRNA-mRNA pairs. Further investigation will be of interest to see if these models
can also be used to explain SRNA-mediated, negative regulation of gene expres-
sion. Moreover, whether Hfq directly affects ribosome binding to the mRNA, or
whether it influences the action of ribonucleases subsequent to base pairing of the
sRNA is still a matter of debate.

The example of DsrA discussed above serves as a model for positive regulation.
A general model for negative, Hfq-mediated sSRNA regulation was also described
in which the sRNA binds the translation initiation region of its target mRNA
(nucleotides —20 to +19 relative to the initiation codon) by pairing with the RBS
sequence and/or the start codon, resulting in direct competition with the translation
initiating 30S ribosomal subunit, and rapid degradation of the mRNA (Beyer et al.
1994; Huttenhofer and Noller 1994). One of the best characterized Hfg-associated
sRNAs that fit this model is RyhB which is expressed under iron starvation (Massé
and Gottesman 2002) and regulates many mRNAs encoding nonessential iron
proteins (reviewed in Sect. 4.3). In recent years, many cases of SRNAs binding
outside the translation initiation region of mRNAs have been reported with dif-
ferent binding mechanisms in each case. Desnoyers and Massé (2012) showed a
second regulatory mechanism involving Hfq and the sSRNA Spot42, which binds
the 5’ UTR of its target mRNA sdhC and recruits Hfq to the translation initiation
region. In this manner, the SRNA recruits Hfq to interfere with ribosome binding.
This model of regulation was the first of its kind, proposing a novel mechanism
where the sSRNA is not the main effector, but rather an intermediary factor for the
recruitment of Hfq, which directly modulates translation initiation.
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2.2 Protein-Binding Small RNA

While base-pairing SRNAs modulate gene expression by interacting directly with
mRNA molecules, protein-binding sRNAs influence gene expression by binding
protein regulators of transcription (Waters and Storz 2009). To date, there are only
two sRNAs known to regulate gene expression through interaction with proteins:
CsrB and 6S RNA homologs. Both of these are encoded in intergenic regions.

2.2.1 CsrA-CsrB System

The CsrA regulation system was first discovered in E. coli where it controls the
gene expression related to carbon metabolism (Romeo et al. 1993). This system
includes three major components: CsrA, CsrB, and CsrC. CsrA is a protein with
sequence homology to several other RNA-binding proteins (Romeo et al. 1993). It
binds to mRNAs containing a CsrA binding site (a GGA motif) at, or close to the
ribosomal binding site and prevents translation (Baker et al. 2002; Wang et al.
2005). In some cases, CsrA binds farther upstream from the RBS, in the 5’
untranslated region of its target, thus negatively affecting mRNA stability and/or
translation rate (Babitzke and Romeo 2007; Baker et al. 2002; Romeo 1998; Wang
et al. 2005).

The activation of genes repressed by CsrA occurs through a two-component
system named BarA/UvrY (Lapouge et al. 2008; Lucchetti-Miganeh et al. 2008)
(Kay et al. 2006; Valverde et al. 2003; Weilbacher et al. 2003). Upon activation,
the response regulator UvrY binds to specific DNA elements located in the pro-
moter regions of the SRNAs CsrB and CsrC, and strongly activates their expres-
sion. Both CsrB and CsrC contain multiple GGA motifs and when expressed, they
bind to and sequester multiple CsrA molecules, and subsequently relieve the target
mRNAs from CsrA regulation (reviewed in Lapouge et al. 2008; Lucchetti-Mi-
ganeh et al. 2008). CsrB-like sRNAs are widely distributed among bacterial
species including Legionella (reviewed in Sect. 3.2), and it is common to find
multiple homologs per organism, and in some cases, multiple CsrA-like proteins as
well (reviewed in Sonnleitner and Haas 2011).

2.2.2 6S RNA

In 2000, Wassarman and colleagues reported, for the first time, the function of the
6S RNA identified almost 40 years earlier (Wassarman and Storz 2000). 6S RNA
binds to the ¢’ and the f/f’ subunits of RNA polymerase (RNAP) and inhibits
transcription from ¢’ °-dependent promoters containing a weak -35 element and an
extended -10 element (Cavanagh et al. 2008; Klocko and Wassarman 2009;
Wassarman 2007). By binding preferentially to the ¢’°-RNAP holoenzyme, 6S
RNA is able to affect the overall balance between different RNAP holoenzymes,
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and therefore adjust transcriptional programs on a global scale. Interestingly, this
sRNA is widespread in bacteria, and so it is tempting to speculate that 6S RNA
represents an essential bacterial element for efficient switching between different
transcriptomic programs (Barrick 2005; Trotochaud and Wassarman 2005).

3 Small RNAs Expressed By Legionella pneumophila

3.1 Identification of sSRNAs Expressed By L. pneumophila

Different approaches have been used to identify sSRNAs expressed by L. pneu-
mophila. First, an in silico approach was used to identify intergenic SRNAs by
searching for the presence of Rho-independent terminators in intergenic regions
(Faucher et al. 2010). Although 143 sRNAs were predicted in this study, micro-
array experiments showed that only a subset is actively transcribed. Out of the
expressed sRNAs, six were confirmed by Northern blot and rapid amplification of
cDNA ends (RACE), including a 6S RNA homolog, which will be discussed
below. RNA sequencing was used to identify sSRNAs expressed by the Philadel-
phia-1 strain during exponential (E) and postexponential (PE) growth in AYE (rich
nutrient broth) and during infection of amoeba (Weissenmayer et al. 2011). A
second group has used the same method to identify SRNAs expressed by the Paris
strain during the E and PE phases in AYE (Sahr et al. 2012). Sahr et al. (2012)
published an extensive analysis regarding the conservation of SRNAs between the
Philadelphia-1 (Chien et al. 2004) and Paris (Cazalet et al. 2004) strains, and the
reader is referred to this publication for a complete list of sSRNAs identified in
L. pneumophila. While the Philadelphia-1 report identifies a mere 33 cis-encoded
sRNAs, the Paris study reports 622. This discrepancy is likely due to different
methodologies used by the respective teams, which would have affected the signal,
and therefore the number of transcripts that show a signal above the detection
threshold, rather than a biological cause. It is beyond the scope of this review to
list all the sRNAs identified to date, especially since most of them are still
uncharacterized. More interestingly, transcription start sites (TSS) were identified
in the Paris strain, which provide clues as to the architecture of the operons of
L. pneumophila, and may help distinguish between sRNAs originating from pri-
mary transcripts and those that are produced through the cleavage of longer
transcripts. To date, only a few sSRNAs have been studied in detail and those will
be discussed below (Table 1).

3.2 RsmX/Y/Z and CsrA

When L. pneumophila infects a host cell, switching off survival and transmission
genes, and turning on genes important for intracellular replication become
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Fig. 1 Regulation of gene expression by RsmX/Y/Z. In the absence of RsmX/Y/Z, CsrA is able
to bind to GGA motifs in hairpin loops in the 5° UTR region of its target mRNAs (left). This
binding affects the stability and/or translation of the mRNA, therefore affecting gene expression.
Upon sensing an, as yet unidentified, signal, the LetS sensor is autophosphorylated and activates
the LetA regulator by phosphorylation (right). Then, LetA activates transcription of the sSRNAs
RsmX/Y/Z. These sSRNAs possess multiple CsrA-binding domains, which bind and sequester the
protein thereby reliving regulation of the mRNA targets by CsrA

essential. This is accomplished partly by a regulatory cascade composed of the
two-component system LetA/S and CsrA, which relieve repression of several
postexponential phase traits, as well as virulence factors necessary for intracellular
growth in amoeba (Bachman and Swanson 2004; Gal-Mor and Segal 2003;
Hammer et al. 2002; Lynch et al. 2003; Shi et al. 2006) and in macrophages (Byrne
and Swanson 1998). LetA/S are homologs of the BarA/UvrY system that controls
the expression of the SRNAs CsrB/C in E. coli (see Sect. 2.2.1). In 2006, CsrB
homologs were predicted in L. pneumophila by the in silico approach that iden-
tified intergenic regions enriched for the GGA motif, characteristic of the E. coli
CsrB (Kulkarni et al. 2006). The two homologs found in L. pneumophila were
named RsmY/Z because of their small size and architectural resemblance to the
RsmY/Z CsrB homologs expressed by P. aeruginosa (Lapouge et al. 2008). It was
later confirmed that RsmY/Z were the missing regulatory determinants between
the LetA/S two-component system and CsrA in L. pneumophila (Rasis and Segal
2009; Sahr et al. 2009). Importantly, they are crucial for the expression of some
virulence determinants, and for the switch between the replicative and transmis-
sive phases of the bacterium.

Upon detection of a yet unidentified signal, LetA/S activates the expression of
rsmY/Z. LetA binds directly to a conserved consensus sequence upstream of rsmY/
Z to induce their expression in the postexponential phase (Sahr et al. 2009). The
two sRNAs then bind to CsrA and prevent it from interacting with target mRNAs
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leading to the expression of transmissive phase traits (Fig. 1). Some Icm/Dot
effector genes (ralF, sidC, sdeA, sdeC, sidF, sdhB, legC7, legC2, and vipA) are
regulated by LetA/S in an RsmY/Z-dependant manner (Rasis and Segal 2009; Sahr
et al. 2009).

In addition, the virulence regulator RpoS also controls the expression of these
two sRNAs by regulating the expression of letS (Hovel-Miner et al. 2009; Rasis
and Segal 2009). Pitre et al. (2013) recently showed that RpoS induces expression
of the integration host factor (i#f) in postexponential phase, which in turn induces
expression of rsmY/Z. Therefore, RpoS influences the expression of rsmY/Z by
controlling the transcription of both /etS and ihf.

Deep RNA sequencing of the L. pneumophila Paris strain revealed the presence
of another SRNA harboring a promoter containing a sequence very similar to the
LetA binding site of rsmY/Z (Sahr et al. 2012). The presence of repeated GGA
motifs in stem-loop regions of its predicted secondary structure suggested that it
could be a third CsrB homolog, RsmX. Similar to rsmY/Z, expression analyses
revealed high expression of rsmX in postexponential phase and expression studies
in letA and rpoS deletion mutants demonstrated that it is indeed controlled by the
same regulators as rsmY/Z (Sahr et al. 2012). Taken together, these observations
indicate that this new sSRNA may be part of the LetA/S-CsrA regulatory cascade.
Furthermore, RsmX is necessary for full virulence of L. pneumophila (Sahr et al.
2012). While LetA/S positively regulates motility, through control of flagella
expression (Fettes et al. 2001; Forsbach-Birk et al. 2004; Molofsky and Swanson
2003a) this regulation is surprisingly independent of RsmY/Z (Sahr et al. 2009)
and RsmX (Sahr et al. 2012), which suggests a direct regulation of flagella for-
mation by LetA/S.

RsmX is absent from the L. pneumophila Philadelphia-1 strain and L. long-
beachae, but it is present and highly conserved in the Corby, Lens, and Lorraine
strains. The presence of a third CsrB homolog is reminiscent of the system found
in P. fluorescence where three homologs, RsmX/Y/Z, regulate CsrA activity, but
only RsmY/Z are highly conserved among the different strains (Kay et al. 2005),
while RsmX is somewhat dispensable. The evolutionary benefit of possessing a
third homolog still needs to be addressed.

3.3 6S RNA

L. pneumophila 6S RNA was identified based on its expression pattern and pre-
dicted secondary structure which is similar to the E. coli 6S RNA, and by its
capacity to bind to L. pneumophila RNAP (Fig. 2) (Faucher et al. 2010). The
holoenzyme to which it binds preferentially is still unknown, but there is evidence
that 6S RNA and RpoS regulate a distinct transcriptomic program in L. pneu-
mophila (Faucher et al. 2010). A 6S RNA deficient strain was shown to have a
defect in intracellular multiplication (ICM) in A. castellanii and cultured human
macrophages. The mutant was also unable to compete against the wild-type strain
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Fig. 2 Regulation of gene expression by 6S RNA. This model is based on the 6S RNA of E. coli.
During exponential growth, a specific type of holoenzyme (RNAP 1, orange) is produced and is
responsible for the bulk of transcription. Upon reaching postexponential phase, 6S RNA is
expressed and binds to specific holoenzyme(s), in this case RNAP 1, which is then blocked from
binding to promoters. In postexponential phase, alternative sigma factors are also expressed
which lead to the formation of alternative holoenzymes (RNAP 2, green) insensitive to the action
of 6S RNA, and therefore able to bind to their specific promoters. Many different RNAP
holoenzymes, with different sigma subunits, can be produced, but the identity of the specific
holoenzyme to which 6S RNA binds in L. pneumophila is currently unknown

during infection of macrophages and A. castellanii. Therefore, 6S RNA is likely
indispensable for optimal intracellular growth in nonclinical environments, such as
cooling towers, where many strains can be found, competing for the same, limited
resources. By optimizing the switch between distinct transcriptional programs, 6S
RNA improves the fitness and competitiveness of the strains that possess it.

Analysis of the transcriptomic impact of losing the 6S RNA in L. pneumophila
revealed that it promotes expression of 127 genes in postexponential phase
including Icm/Dot genes and those involved in the transport of small molecules,
replication and DNA repair, and amino acids and fatty acids metabolic pathways
(Faucher et al. 2010). This observation suggests that the 6S RNA mutant is
nutritionally disadvantaged during ICM, which affects its growth rate and its
ability to compete against the wild type for host cells (Faucher et al. 2010).

A second 6S RNA, named 652 RNA was identified in the Philadelphia-1 strain
along with an antisense transcript (Weissenmayer et al. 2011) while only the sense
transcript was detected in the Paris strain (Sahr et al. 2012). Binding of 6S2 RNA
to RNAP was not investigated, and its function and identity as a 6S RNA homolog
were based solely on similarity of its predicted structure to the 6S RNA of E. coli
(Weissenmayer et al. 2011). Whether or not the putative 6S2 RNA truly operates
as a homolog needs to be assessed experimentally.
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3.4 Other sRNAs

There are a few cis-encoded sRNAs identified in L. pneumophila that are worth
mentioning because they are encoded antisense to interesting targets, or because
they have been linked to a phenotype. LprO018 was first reported in the Phila-
delphia-1 strain as a shorter (236 nucleotide long) transcript, but the report
investigating SRNAs in the Paris strain suggests that it is fused with the upstream
Lpr0019 sRNA (Sahr et al. 2012; Weissenmayer et al. 2011). The resulting
transcript is a 978 nucleotide long sSRNA that is antisense to comA (Ipg0626), a
putative determinant of competence, and to I[pg0627 and Ipg0628, both of which
encode subunits of the type IV pilus previously associated with competence (Stone
and Abu Kwaik 1999). Therefore, Lpr0018 could also be involved in the regula-
tion of competence. However, no experimental evidence to support this idea exists
yet. Similarly, there are two sRNAs (Lpr0003 and Lpr0004) that are encoded
antisense to an Icm/Dot effector, LegA10, and may regulate its expression
(Weissenmayer et al. 2011). In the Paris strain, these two sSRNAs use the same TSS
and are probably expressed as a single SRNA (Sahr et al. 2012). The apparent
discrepancy regarding separate or combined transcription of the sSRNAs between
the two studies for LprO003/Lpr0004 and Lpr0018/Lpr0019 is hard to reconcile.
One possibility is that Weissenmayer et al. (2011) might have identified a cleavage
product mediated by an endonuclease cut of the SRNA-mRNA duplexes that
presumably could affect expression of the target gene.

Lppnc0584 is encoded antisense to phoA (Ipp2499, Ipg2432) and overlaps the
gene by 37 nucleotides at the 3° end (Sahr et al. 2012). Its deletion resulted in a
slight ICM defect in A. castellanii, but the underlying mechanism resulting in the
observed defect was not investigated (Sahr et al. 2012). This sSRNA is not con-
served in the Philadelphia-1 strain (Sahr et al. 2012). Another cis-encoded sSRNA
(Lppnc0223) is regulated by RpoS and LetA, two important regulators of virulence
in L. pneumophila (Sahr et al. 2012). However, deletion of Lppnc0223 did not
result in any intracellular growth defect.

There are many trans-encoded sSRNAs expressed by L. pneumophila, but only a
few of them have been studied to some extent. The Ipr0035 gene overlaps the attR
site of pLP45, a mobile genetic element encoding the [vA/lvr type IV secretion
system (T4SS) (Segal et al. 1999). The mutant strain for [pr0035 was defective for
internalization by host cells, and also showed reduced ability to grow within
macrophages (Jayakumar et al. 2012). Moreover, deletion of [pr0035 also removed
the direct repeat of the affR site and locked pLP45 in the chromosome. Comple-
mentation studies showed that the phenotypes observed were due to the deletion of
Ipr0035, and were unrelated to the resulting inhibition of pLP45 excision
(Jayakumar et al. 2012). The inability to enter host cells was effectively com-
plemented by overexpression of Ipgi228 or Ipgl229, two genes encoded at
the right end of pLP45, adjacent to Ipr0035 but transcribed divergently from the
sRNA. Lpr0035 seems to regulate expression of these two genes, but the
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Fig. 3 Genes regulated by Hfq during postexponential phase in L. pneumophila. The data were
retrieved from our previous publication (Trigui et al. 2013). The wild-type and Afg mutant strains
were grown to postexponential phase and RNA was extracted, labeled, and hybridized to whole-
genome microarrays. (a) Hierarchical clustering of genes showing a ratio to control value of + 2
fold and a P < 0.005. The normalized signal intensity is shown. The cluster of genes induced in
the Aifg mutant is shown by a vertical red line. A vertical green line shows the cluster of genes that
is repressed. The expression ratio of selected genes is shown: (b) Icm/Dot effectors (c¢) regulators
and (d) genes regulated by RyhB in E. coli

mechanism by which it does so remains to be identified (Jayakumar et al. 2012).
The intracellular growth defect, however, was not complemented by overexpres-
sion of Ipgl228, Ipgl229, or the Ivh/lvr type IV secretion system. Therefore, the
sRNA is likely a regulator of another virulence determinant that is yet to be
identified. It is also unknown whether Hfq is required for Lpr0035 mediated
regulation. Notably, the strong ICM defect of the /prO035 mutant is contrasting
with the slight ICM defect of the hfg mutant (McNealy et al. 2005) and so, it is
unlikely that Hfq is essential for the efficient regulation of target mRNA by
Lpr0035.

Deletion of yet another trans-encoded sRNA, Lppnc405, resulted in a slight
ICM defect (Sahr et al. 2012). However, its target was not identified in the study.
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3.5 Hfg-Regulated Genes

Since Hfq is sometimes required for SRNA-mediated regulation of gene expres-
sion, we recently analyzed the transcriptomic impact of Hfq during the postex-
ponential phase (Trigui et al. 2013). The complete dataset is available from the
GEO database (http://www.ncbi.nlm.nih.gov/geo/) under the accession number
GSE42905. Under this condition, Hfq deficiency resulted in the induction of 138
genes and repression of 357 genes. Some Icm/Dot effector genes, including vipA,
lem6, legLCS8, ralF, and ceg29, showed reduced expression in the Afg mutant strain
(Fig. 3b). In addition, many virulence regulator genes, including csrA, rpoS, pmrB,
and letA are significantly downregulated in the Afg mutant strain (Fig. 3c). This
positive regulation of csrA and rpoS expression by Hfq was previously reported
(McNealy et al. 2005). Additionally, it was shown that LetA is a positive regulator
of Hfq (McNealy et al. 2005), and our results suggest that a positive feedback loop
exists where Hfq also positively regulates lefA expression. Our data clearly show a
strong interaction between Hfq and major virulence regulators; however, the hfg
mutant strain only shows minor defects in ICM (McNealy et al. 2005). This
discrepancy could be due to differences in the transcriptomic program between the
postexponential phase and during ICM, where the latter condition could alleviate
the negative impact of Hfq deficiency.

Surprisingly, a large genomic region bordered by Ipg0973 and Ipg1070, partly
overlapping with the previously identified “efflux island” was overexpressed in the
hfg mutant. This region represents a mobile genetic element whose excision is
repressed by Hfq. We also showed that the overexpression of the genes encoded
within it is genetically linked with excision of the element. Regulation of excision
by Hfq could be due to a direct effect on the stability of a gene necessary for
excision, such as the integrase (Ipg/070) or an indirect effect through an sRNA
(Trigui et al. 2013).

4 Legionella pneumophila Regulatory Systems
That May Contain sSRNAs

There are a number of regulatory systems in model bacterial species, such as
E. coli, that are known for their use of sSRNAs. Since these same regulatory
pathways are found in L. pneumophila, it is highly possible that the corresponding
sRNAs are also present. It is not trivial to find functionally equivalent sSRNAs,
since the sequence is often poorly conserved across species. For example, the
presence of CsrB homologs in L. pneumophila was suspected long before their
identification, but none were ever found by BLAST analysis. Similarly, both PrrF
and RyhB are regulated by FUR and control expression of similar genes in
P. aeruginosa and E. coli respectively; however, there is no sequence homology
between them (Wilderman et al. 2004). This suggests that functionally equivalent
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sRNAs found in different species are not necessarily evolutionarily related, and
that they may arise independently to fulfill a useful function (Waters and Storz
2009). Therefore, it should not be surprising that none of the SRNAs identified in
L. pneumophila were readily identified as homologous to well-known sRNAs. In
the following three sections, we will be reviewing a few regulatory pathways
found in other bacteria that use SRNA-mediated regulation and for which an SRNA
is likely to be found in L. pneumophila as well. These include the OxyR and Fur
regulatory pathways, and the many sRNAs that regulate RpoS.

4.1 OxyR System and Oxidative Stress

OxyS is a 109 nucleotide SRNA regulated by the global oxidative stress response
regulator OxyR (Altuvia et al. 1997; Kullik et al. 1995; Storz et al. 1990). Its
regulon and mode of action are best characterized in E. coli. It is a trans encoded,
posttranscriptional regulator of up to 40 genes (Altuvia et al. 1997). The expres-
sion of oxyS is increased in response to both exogenous and endogenous reactive
oxygen species (ROS) and thus, expression is growth phase dependent under
noninducing conditions (Gonzalez-Fecha and Demple 1999; Zheng et al. 2001).
An antimutator effect observed in mutant studies was specifically attributed to
OxyS-dependent regulation of DNA repair systems (Altuvia et al. 1997). The best
understood genes under OxyS control in E. coli are fhlA and rpoS. Their regulation
has been shown to require the chaperone protein Hfq (Zhang et al. 2002). OxyS
negatively regulates both of these genes (Franch and Gerdes 2000) and does so
slightly differently.

In E. coli, fhlA codes for a positive transcriptional regulator that controls the
expression of the formatehydrogen lyase complex (Altuvia et al. 1997; Sankar
et al. 1988; Schlensog and Bock 1990). This protein complex uses metal cofactors
that are thought to promote extended cellular damage in the presence of H,O,.
Therefore, when exogenous oxidative stress, producing additional H,O,, is pres-
ent, OxyS inhibits the formation of the complex by repressing translation of the
fhIA mRNA (Altuvia et al. 1998). At least two binding sites are used by OxyS in
fhIA regulation: one blocking the RBS, and a second in the downstream coding
region (Altuvia et al. 1998; Salim and Feig 2010). Earlier investigations confirmed
that OxyS has 3’ stem-loop structures denoted a, b, and ¢ from 5’ to 3’ respec-
tively, and that stem-loop c at the 3” end of OxyS was essential for binding the
RBS sequence (Altuvia et al. 1998). Subsequently, Hfq involvement was dis-
covered at the second OxyS-binding site, inside the coding sequence of fhlA (Salim
and Feig 2010). This latter site may play a more significant role in Hfg-mediated
stabilization of the mRNA-sRNA-Protein complex, while the 3’ stem-loop ¢ of
OxyS may facilitate direct SRNA-mRNA interaction. The RNA duplex formation
is initiated with a kissing complex of stem loops between the SRNA and its target,
followed by more stable RNA-RNA pairing (Argaman and Altuvia 2000). The end
result is a translational block of the fh/A mRNA.
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The second OxyS target, rpoS, is a well-studied alternative sigma factor
characteristically activated in stationary phase and in response to an assortment of
stresses in E. coli (Reviewed in Battesti et al. 2011). Compared to fhiA, rpoS
regulation is a much more complex process, involving mRNA binding competition
with DsrA, RprA (see Sect. 4.2) and the newly identified ArcZ, three rpoS-acti-
vating SRNAs (Majdalani et al. 1998; Mandin and Gottesman 2010; Sledjeski et al.
1996). In addition to the requirement of stem-loop c, deletion experiments by
Altuvia et al. (1998) demonstrated that the 27-nucleotide linker region between the
stem-loops b and c is also essential for OxyS binding to rpoS. Moreover, ribo-
nucleases seem to have a bearing on the sSRNA’s stability (Basineni et al. 2009).
Massé et al. (2003) hypothesize that OxyS is degraded upon binding with its
mRNA target (Altuvia et al. 1997). In this model, the RNA duplex between OxyS
and its target initiates degradation of both RNAs. Hfq binding is thought to protect
free OxyS from the RNase E-mediated degradasome until its interaction with the
target mRNA (Massé et al. 2003). Since the chaperone protein is required by the
rpoS upregulating sSRNAs, Hfq sequestration by OxyS (depleting the chaperones
available for rpoS activation) is also thought to be part of the mechanism by which
rpoS is repressed. While this apparent protective role of Hfq, and OxyS turnover
by RNase E has been confirmed, the implication of other ribonucleases in the
OxyS regulatory pathway is yet to be fully elucidated (Basineni et al. 2009). And
so, further studies are required to fully understand the elaborate and seemingly
tightly regulated relationship of rpoS regulation by OxysS.

The L. pneumophila OxyR homolog was identified as a regulator of ahpC2D, an
alkyl hydroperoxide reductase, and was shown to partially complement an E. coli
oxyR mutation (Leblanc et al. 2008). While no OxyS homolog has been identified
in L. pneumophila thus far, the sSRNAs LprA and LprB are regulated by OxyR
(Faucher et al. 2010). Like OxyS, LprA is upregulated in response to exogenous
H,0, during the exponential phase, but the size of LprA versus that of the E. coli
OxyS are quite different (Faucher et al. 2010). Moreover, I[prA was originally
annotated as an ORF of unknown function in the Paris strain and the identification
of the TSS by RNA-seq seems to indicate that it encodes a protein and thus, its
current status as an SRNA is uncertain (Sahr et al. 2012). On the other hand,
Ipr0042 is expressed antisense to the 5’ end of IprA and could regulate expression
of the ORF encoded within it (Weissenmayer et al. 2011). As is the case with IprA,
expression of IprB is also induced by exogenous H,O, during the exponential
growth phase, but is repressed upon reaching the postexponential phase. But unlike
the case of IprA, OxyR seems to act as a negative regulator of IprB during
exponential growth in the absence of exogenous oxidative stress. These last two
observations are contradictory to the regulation of oxyS in E. coli and argue against
LprB being an OxyS homolog. Moreover, LprB is not highly conserved in the
Paris strain. Nevertheless, it is conceivable that OxyS would have an equivalent in
L. pneumophila, since it possesses an OxyR homolog (Leblanc et al. 2008).
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4.2 RpoS-Regulating sRNA

RpoS, the transcriptional regulatory sigma factor that responds to stress and is
essential in the stationary phase, is subject to complex regulations on multiple
levels, including transcription, translation, and proteolysis. In E. coli, translation of
rpoS is regulated by sRNAs that depend upon the 5° UTR of the rpoS mRNA.
While the most frequent outcome of SRNA-mRNA pairings is negative regulation
of the target mRNA, (Massé et al. 2003; Morita et al. 2005; Udekwu et al. 2005)
the outcome of this particular pairing with rpoS results in a positive regulation.
This translational upregulation is dependent upon the RNA chaperone Hfq and the
two, main regulatory sRNAs, DsrA and RprA (Majdalani et al. 2001). DsrA and
RprA stimulate the translation of rpoS by base pairing with the 5° UTR.
Expression of these SRNAs increases both the accumulation and the half-life of
their target mRNA (Updegrove and Wartell 2011).

DsrA is necessary for activation of rpoS translation in response to low tem-
perature and osmotic shock (Majdalani et al. 2001), while RprA increases
expression of rpoS both in response to osmotic shock (Majdalani et al. 2002) and
cell envelope stress (Garcia-Calderon et al. 2005; Majdalani et al. 2002). Mu-
Cullen et al. (2010) suggest that the major effect of DsrA on rpoS mRNA accu-
mulation and efficient translation is in overcoming RNase E-dependent
degradation of the latter. rpoS mRNA is also subject to degradation by an addi-
tional pathway mediated by RNase III, which, in contrast to the RNase E-mediated
pathway, occurs both in the presence or absence of DsrA or RprA. Unlike RNaseE,
the role of RNase III is to reduce the translation of rpoS even when the SRNAs are
acting to stimulate translation (McCullen et al. 2010). The essential aspects of the
efficient interaction between DsrA, rpoS and Hfq, and the mechanistic steps of
both RNA annealing and unwinding in real time have been reported (Hwang et al.
2011). Annealing of DsrA to the rpoS mRNA occurs through three successive,
distinct steps: (i) transient unproductive binding events, (ii) partial annealing, and
(iii) full annealing. Although the competition of the two RNAs for the same
binding site on Hfq resulted in many unproductive formations of transient ternary
complexes, the annealing rate in the presence of Hfq was still higher than in its
absence. Hwang et al. (2011) reported that when rpoS and DsrA fragments were
engineered to use different RNA-binding sites on Hfq, the annealing efficiency was
dramatically decreased suggesting that proximity of the SRNA and mRNA is key
to producing an efficient, fruitful interaction between the two. In L. pneumophila,
RpoS is involved in the regulation of virulence and stress response (Abu-Zant et al.
2006; Hales and Shuman 1999; Hovel-Miner et al. 2009). It is likely that some
of the sSRNAs that have already been identified are functional homologs of DsrA
and RprA; however, a BLAST search did not readily identified homologs in the
L. pneumophila genomes.
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4.3 Fur and Iron Uptake

Fur is a central regulator of iron uptake and the synthesis of iron-containing
proteins in bacteria (reviewed in Massé et al. 2007). In E. coli, the latter function is
mediated, in part, through the negative regulation of the SRNA, RyhB. When the
intracellular concentration of iron is high, Fur is activated and inhibits expression
of the iron-uptake genes and ryhB. In contrast, inactivation of Fur by low con-
centrations of iron leads to the expression of iron-uptake genes and ryhB, which in
turn inhibits the translation of iron-containing proteins, such as sdhCDAB and
sodB (Massé and Gottesman 2002). The interaction of RyhB with its target mRNA
is dependent upon Hfq (Massé et al. 2003). This posttranscriptional regulation
allows the cell to preserve sufficient intracellular iron for essential cellular func-
tions (Jacques et al. 2006; Massé et al. 2005; Salvail et al. 2010). In L. pneumo-
phila, Fur was identified through complementation of an E. coli fur mutant
(Hickey and Cianciotto 1994). Then, it was shown that Fur regulates expression of
frgA, a gene with homology to the aerobactin synthetase of E. coli (Hickey and
Cianciotto 1997). Another locus important for iron assimilation, encoding iraAB,
was subsequently identified but its regulation by Fur has not been investigated
(Viswanathan et al. 2000). Interestingly, both the frgA and the iraAB loci are
necessary for intracellular multiplication. The presence of a Fur homolog, as well
as an iron-uptake system and iron-containing proteins in L. pneumophila suggest
that this bacterium most likely possesses a functional homolog of the SRNA RyhB.
Unsurprisingly, no homolog of RyhB was found in L. preumophila by BLAST but
its presence is further supported by the fact that the ifg mutant of L. pneumophila
is defective for growth in low-iron medium (McNealy et al. 2005). McNealy et al.
(2005) also demonstrated Hfq-dependent regulation of fur expression. Our analysis
of the transcriptome of the Afg mutant strain revealed that expression of the E. coli
RyhB targets, sdhCDAB and sodB, in L. pneumophila are Hfq-dependent (Fig. 3d),
which suggests a similar regulatory system for those genes in both bacteria (Trigui
et al. 2013). Further experiments are required to identify the regulatory pathways
involved in iron homeostasis in L. pneumophila.

5 Future Perspective

In the past 3 years, three studies have reported the identification of a large number
of SRNAs expressed by L. pneumophila. Those that have been characterized the
most, including 6S RNA and RsmX/Y/Z, are involved in the regulation of ICM-
related genes, and their deletion results in strong ICM defects (Table 1). None-
theless, there are still fundamental questions that have yet to be answered about the
activation, binding interactions, and function of these sRNAs. For example, 6S
RNA was shown to bind L. pneumophila RNAP, but it is still unclear if it has any
preference for specific holoenzymes, and if so, to what extent. Cavanagh et al.
(2008) showed that only some ¢’ -dependent promoters are sensitive to the action
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of 6S RNA. The identification of TSS and consensus sequences for RpoD (¢7°)-
and RpoS-dependent promoters in the Paris strain could help understand the
regulatory details of 6S RNA (Sahr et al. 2012). Moreover, the dissection of the
regulons of these SRNAs has the potential to lead us to new genetic determinants
of virulence and other processes such as competence and response to extreme
environmental conditions, including oxidative stress. Now that we have identified
a substantial amount of SRNAs expressed by L. pneumophila, the most interesting
discoveries are yet to come. How these sSRNAs work, how they regulate gene
expression and influence the expression of virulence determinants and other traits
in L. pneumophila are questions that need to be answered. The best strategy to
reach this goal is to study the phenotype of mutant and overexpressor strains, since
sRNAs can be either positive or negative regulators. Once a phenotype is estab-
lished, it becomes easier to pinpoint the targets of the sRNAs. A variety of
approaches can be used for this purpose, including in silico prediction, genome-
wide transcriptomic approaches, 2D-gel analysis, and co-precipitation of the
sRNA with the target (Faucher and Shuman 2011).
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