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The Nlrc4 inflammasome is triggered in response to contamination of the host cell cytoplasm
with bacterial flagellin, which induces pyroptosis, a form of cell death that accounts for restriction
of bacterial infections. Although induction of pyroptosis has been extensively investigated in
response to Salmonella typhimuriumand Legionella pneumophila, little is known regarding the
role of the inflalmmasome for restriction of non-pneumophila Legionéella species. Here, we used
five species of the Legionella genus to investigate the importance of the inflammasome for
restriction of bacterial infection in vivo. By infecting mice deficient for inflamnmasome components,
we demonstrated that caspase-1 and Nirc4, but not Asc, contribute to restriction of pulmonary
infection with L. micdadei, L. bozemanii, L. gratiana, and L. rubrilucens. L. longbeachae, a non-
flagellated bacterium that fails to trigger pyroptosis, was not restricted by the inflammasome
and induced death in the infected mice. In contrast to L. longbeachae, flagellin mutants of L.
pneumophiladid not induce mice death; therefore, besides bypassing the Nirc4 inflammasome,
L. longbeachae may employ additional virulence strategies to replicate in mammalian hosts.
Collectively, our data indicate that the Nirc4 inflammasome plays an important role in host
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protection against opportunistic pathogenic bacteria that express flagellin.
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INTRODUCTION

Innate immune cells employ germ line encoded pattern recognition
receptors (PRRs) that are important for recognition of pathogen-
associated molecular patterns (PAMPs), conserved structures
present in microbes and pathogens (Janeway and Medzhitov, 2002).
Extensively studied PRRs are the Toll-like receptors (TLRs), Rig-like
receptors (RLRs), and Nod-like receptors (NLRs); this trinity of
PRR plays an important role in recognition of bacterial, viruses,
fungi, and parasitic infections (Kawai and Akira, 2009; Schroder
and Tschopp, 2010). Whereas TLR are transmembrane proteins
that signal for expression of inflammatory genes via transcriptional
factors, the NLRs are cytosolic proteins that trigger diverse host
cell processes.

Activation of NLRs, such as Nod1 and Nod2 turns on signaling
cascades that culminate in activation of NF-xB and MAPK. Nod1
and Nod2 signaling requires the protein kinase Rip2, leading to
expression of inflammatory genes, such as those of cytokines and
chemokines (Franchi et al., 2008). Accordingly, mice deficient for
Nod/Rip2 signaling were defective for recruitment of additional
phagocytes for the sites of infection (Masumoto et al., 2006; Archer
etal.,2010; Berrington et al., 2010; Frutuoso et al., 2010; Silva et al.,
2010). Other members of the NLR family do not play an evident
role in regulation of gene expression. Instead, they participate in the
activation of the pro-caspase-1, which will lead to the formation of a
multimeric complex called inflammasome (Schroder and Tschopp,
2010). Several inflammasomes have been described, among them
the Nlrp3, Nlrc4, Nlrp1, and AMI2 inflammasomes (Pedra et al.,
2009; Schroder and Tschopp, 2010). Nlrp3 inflammasome is

possibly the most studied; it requires the adaptor protein Asc and
leads to a strong inflammatory response mediated by the secretion
of inflammatory cytokines, such as IL-1f and IL-18. The Nlrp3
inflammasome is triggered in response to diverse stimuli including
several crystals, skin irritants, microbial PAMPs, microbial toxins,
etc. (Schroder and Tschopp, 2010). The diverse range of stimulus
that are able to trigger the Nlrp3 inflammasome led to the statement
that Nlrp3 is a general sensor of host cell stress.

Regardless of the Nlrp3 inflammasome, the Nlrc4 inflammasome
is another platform that also plays important roles for induction
of inflammation and restriction of bacterial infection (Sutterwala
and Flavell, 2009). The Nlrc4 inflammasome may be composed by
another NLR called Naip5/Bircle and may not require the adap-
tor protein Asc (Zamboni et al., 2006; Lightfield et al., 2008; Case
et al., 2009). The Nlrc4 inflammasome was originally described
as important for caspase-1 activation and host response against
intracellular bacterial pathogens such as Salmonella enterica sero-
type Typhimurium (S. typhimurium) and Legionella pneumophila
(Mariathasan et al., 2004; Amer et al., 2006; Franchi et al., 2006;
Miao et al., 2006; Zamboni et al., 2006). It was shown that flagellin
from S. typhimurium and L. pneumophila was required and suf-
ficient to trigger the Nlrc4 inflammasome in macrophages (Franchi
et al., 2006; Miao et al., 2006; Lightfield et al., 2008; Silveira and
Zamboni, 2010; Whitfield et al., 2010). Furthermore, engage-
ment of the Nlrc4 inflammasome contributed to pore formation,
pyroptosis, and restriction of L. pneumophila replication both in
macrophages and in vivo (Amer et al., 2006; Zamboni et al., 2006;
Lightfield et al., 2008; Case et al., 2009; Miao et al., 2010; Silveira
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and Zamboni, 2010; Whitfield et al., 2010). Therefore, the Nlrc4
plays important role in recognition, response, and resolution of the
infection by flagellated pathogens. Although activation of the Nlrc4
inflammasome has being extensively investigated in response to
several bacteria, little is known about the role of the inflammasome
in restriction of the infection by opportunistic bacterial pathogens
such as non-pneumophila Legionella spp.

Besides L. pneumophila, a number of Legionella species are
found parasitizing ameba in freshwater environments, soil, and
man-made water distribution system. About 20 Legionella spe-
cies have being described as human pathogens based in isolation
from clinical material (Muder and Yu, 2002; Gobin et al., 2009a).
L. pneumophila may account to more than 90% of the human
infection by Legionella. However, this estimative may be biased
because appropriate diagnostic kits for non-pneumophila species
are not often used. It is estimated that non-pneumophila species,
such as L. longbeachae, L. micdadei, and L. bozemanii, account for
approximately 2-7% of the infections worldwide (Muder and Yu,
2002; Gobin etal., 2009a). Other species such as L. feeleii, L. dumof-
fii, L. wadsworthii, and L. anisa were not rarely reported, but their
frequency may increase with the development of more accurate kits
for diagnostic. We and others have previously demonstrated that
the flagellin expression is variable among non-pneumophila species
of Legionella (Cazalet et al., 2010; Kozak et al., 2010; Silveira and
Zamboni, 2010; Whitfield et al., 2010). Whereas species, such as L.
longbeachae and L. wadsworthii fail to express flagellin, some spe-
cies behave similarly to L. pneumophila: are flagellated and trigger
Nlrc4-dependent responses in macrophages (Cazalet et al., 2010;
Kozak etal.,2010; Silveira and Zamboni, 2010). Herein, we used four
flagellated Legionella spp. and the non-flagellated L. longbeachae
to assess the role of the inflammasome in restriction of bacterial
infection in vivo. We found that Nlrc4, but not Asc, accounts for
restriction of in vivo infection by the flagellated bacteria such as
L. micdadei, L. bozemanii, L. gratiana, and L. rubrilucens. In con-
trast, L. longbeachae bypasses the Nlrc4 inflammasome-mediated
growth restriction and may employ additional virulence strategies
to survive in mammalian hosts.

MATERIALS AND METHODS

BACTERIAL STRAINS

Bacterial strains used were L. gratiana (ATCC 49413), L. micda-
dei (ATCC 33218), L. bozemanii (ATCC 33217), L. rubrilucens
(ATCC 35304), and L. longbeachae (ATCC 33462). L. pneumophila
used were JR32 and isogenic mutant for the flagellin (flaA) gene
(Case et al., 2009). All bacteria grew in buffered charcoal-yeast
extract (CYE) agar [1% vyeast extract, 1% N-(2 acetamido)-2-
aminoethanesulfonic (ACES), pH 6.9, 3.3 mM L-cysteine, 0.33 mM
Fe(NO,),, 1.5% Bacto agar, and 0.2% activated charcoal] at 37°C
(Feeley et al., 1979). Before infection, bacteria were resuspended in
sterile water and diluted in PBS to an appropriate MOI according
to optical density (OD) at 600 nm.

MICE AND /N VIVOINFECTIONS

Mice were bred and maintained in the Animal Facility of the
University of Sdo Paulo at Ribeirdo Preto. C57BL/6 mice were
from institutional animal facility and caspase-17~, Nlrc4™~, and

Asc™™ mice were previously described (Kuida et al., 1995; Lara-
Tejero et al., 2006). Mice deficient for Nlrc4 or Caspase-1 were
backcrossed to BL/6 mice for eight (caspase-1 and Nlrc4) or nine
(Asc) generations. For in vivo infections, male or female mice from
10 to 14 weeks of age were anesthetized with 2,2,2-tribromoethanol
(Sigma) by intraperitoneal administration followed by intranasal
(i.n.) inoculation of 40 ul of PBS containing the bacteria at the
indicated MOI. Mice were euthanized at the indicated time points
for determination of CFU per lung. The lungs were harvested and
homogenized in 10 ml of sterile water for 30 s using a tissue homog-
enizer (Fisher Scientific). Lung homogenates were diluted in water,
plated on CYE agar plates and incubated at 37°C for determina-
tion of CFU. The limit of the detection of the assay was 10> CFU/
lung. Survival rates were determined by daily examination of the
infected animals. The mice protocols were previously approved
by the institutional ethics committee for animal care and research
(CETEA-FMRP/USP).

Statistical analysis

Statistical significance was calculated using the unpaired Student’s
t-test or one-way ANOVA, followed by multiple comparisons
according to Tukey’s procedure using GraphPad Prism v5 for
Windows (GraphPad Software). The Kaplan—Meier method was
used to compare survival curves. Differences were considered sta-
tistically significant if the P value was <0.05, indicated with an
asterisk in the figures.

RESULTS

CASPASE-1 CONTRIBUTES FOR RESTRICTION OF PULMONARY
INFECTION WITH LEGIONELLA spp. THAT TRIGGER PYROPTOSIS

We have previously demonstrated that similarly to L. pneumophila,
other Legionella species such as L. micdadei, L. bozemanii, L. gra-
tiana, and L. rubrilucens express flagellin and trigger pyroptosis
in macrophages (Silveira and Zamboni, 2010). To investigate
whether the inflammasome contributes to growth restriction
of these species in a murine model of pulmonary infection, we
infected C57BL/6 and caspase-17~mice with L. micdadei, L. boze-
manii, L. gratiana, and L. rubrilucens and measured the CFU
in the lungs 4, 48, and 96 h after infection. By comparing mice
infected for 4, 48, and 96 h, we found that whereas wild-type
mice restricted bacterial growth, the caspase-1-deficient mice
showed impaired restriction of bacterial replication in the mice
lungs (Figure 1).

Nirc4, BUT NOT Asc, CONTRIBUTES FOR GROWTH RESTRICTION OF
LEGIONELLA spp. THAT TRIGGER PYROPTOSIS

To investigate which inflammasome was responsible for caspase-1
-dependent restriction of infection with L. micdadei, L. bozemanii,
L. gratiana, and L. rubrilucens, we infected mice deficient for Nlrc4
or Asc and measured the CFU in the lungs 48 h after infection.
We found that, for these four species, mice deficient for Nlrc4
restricted pulmonary infection less effectively than wild-type and
mice deficient for Asc (Figure 2). These results indicate that the
Nlrc4 inflammasome, but not an inflammasome-dependent on the
adaptor protein Asc, contributed for growth restriction of flagel-
lated Legionella species that trigger pyroptosis. Although statistically
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FIGURE 1 | Caspase-1 contributes for restriction of in vivo infection with
L. micdadei, L. bozemanii, L. gratiana, and L. rubrilucens. C57BL/6 (closed
circles) and caspase-1-- (open circles) mice were infected intranasally with

1.0 x 10° Legionella spp. per mouse. (A) L. micdadei. (B) L. bozemanii. (C) L.
gratiana. (D) L. rubrilucens. Mice were sacrificed 4, 48, and 96 h after infection
and dilutions of the lung homogenates were added to CYE agar plates for CFU
determination. Each dot represents a single animal and the horizontal lines
represent the average. Six to 10 mice were used per group. Data are
representative of those found in four independent experiments. An asterisk
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FIGURE 2 | Nirc4, but not Asc, contributes for restriction of in vivo
infection with L. micdadei, L. bozemanii, L. gratiana, and L. rubrilucens.
C57BL/6 (closed circles), Nirc4- (open circles), and Asc- (closed squares)
mice were infected intranasally with 1.0 x 10° Legionella spp. per mouse. (A)
L. micdadei. (B) L. bozemanii. (C) L. gratiana. (D) L. rubrilucens. Mice were
sacrificed 4 or 48 h after infection and dilutions of the lung homogenates were
added to CYE agar plates for CFU determination. Each dot represents a single
animal and the horizontal lines represent the average. Three to 10 mice were
used per group. Data are representative of those found in three independent
experiments. An asterisk indicates a P value of <0.05.

(Figure 3A). This information is consistent with previous reports
showing that L. longbeachae is lethal for mice (Asare et al., 2007;
Gobin et al., 2009b). To further evaluate the role of caspase-1
in mouse resistance, we performed infections in wild-type and
caspase-17~ mice with different amounts of L. longbeachae and
evaluated the survival of the infected animals. We found that infec-
tions with 10° bacteria per mice is sub-lethal and induce mice death
at variable rates (from 0 to approximately 60%). In contrast, infec-
tions with 10° or 107 L. longbeachae per mice induced death in 100%
of the mice in less than 10 days after infection (Figures 3B-D).
Importantly, in all the MOI used, caspase-17/~ mice died similarly
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FIGURE 3 | Caspase-1 does not influence pulmonary infection by L.
longbeachae. C57BL/6 (closed circles) and caspase-17- (opened circles) mice
were infected intranasally with Legionella longbeachae for determination of
CFU in the lungs (A) and mice survival (B-D). (A) Mice were sacrificed after 4
or 48 h after infection and dilutions of the lung homogenates were added to
CYE agar plates for CFU determination. Each dot represents a single animal
and the horizontal lines represent the average. Six to 10 mice were used per
group. (B-D) Survival of mice inoculated with 10° (B); 10° (C); or 107 (D) L.
longbeachae per mice over a period of 10 days. Ten mice were used per group.
Data are representative of those found in four independent experiments. An
asterisk indicates a Pvalue of <0.05.
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to the wild-type mice, indicating that caspase-1 may not play an
important role for host resistance against L. longbeachae infection
(Figures 3B-D).

BYPASSING THE INFLAMMASOME IS NOT SUFFICIENT TO INDUCE MICE

DEATH IN RESPONSE TO LEG/IONELLA INFECTION

Activation of the inflammasome is an important host defense
against pulmonary infections by pathogenic bacteria including L.
pneumophila (Amer et al., 2006; Molofsky et al., 2006; Zamboni
et al., 2006; Miao et al., 2010). Since L. longbeachae bypasses the
inflammasome activation and is lethal for mice, we investigated
whether failure to trigger the Nlrc4 inflammasome is sufficient
to Legionella to induce mice death. To test this hypothesis, we
infected C57BL/6 mice with different MOIs of L. longbeachae
and compared to infections using L. pneumophila and isogenic
mutants for flagellin (flaA). Flagellin mutants were used because
they are known to bypass Nlrc4-mediated growth restriction and
are virulent for mice infections as the CFU numbers in the lungs
increased over the first 48 h of mice infection (Amer et al., 2006;
Molofsky et al., 2006; Ren et al., 2006; Case et al., 2009; Silveira
and Zamboni, 2010). We found that whereas infections with L.
longbeachae induced death of mice at MOIs higher than 107, flaA
mutants and wild-type L. pneumophila did not induce mice death
(Figure 4). These data suggests that bypassing the Nlrc4 inflam-
masome is not sufficient to induce mice death. Therefore, L. long-
beachae may employ additional virulence strategies to multiply
in mammalian hosts.

DISCUSSION

The inflammasomes are important platforms that account for rec-
ognition and restriction of the infection by pathogenic microbes.
Herein, we show that the inflammasome accounts for restriction
of pulmonary infection of four species of non-pneumophila
Legionella: L. micdadei, L. bozemanii, L. gratiana, and L. rubrilu-
cens (Figure 1). Among the non-pneumophila Legionella that cause
infection in humans, the most prevalent species are L. longbeachae,
L. micdadei, and L. bozemanii, accounting for 2—7% of the infections
worldwide (Muder and Yu, 2002). In this context, the demonstra-
tion that the Nlrc4 inflammasome accounts for restriction of in vivo
infection by these species contributes to our understanding of the
mechanisms by which host immune responses restrict infections
by frequent pneumonia-causing bacteria such as L. micdadei and
L. bozemanii.

It is worth noting that from the 52 species of the genus Legionella,
only four species are prevalent causative agents of human infection
(Gobin et al., 2009a). In this scenario, it is possible that the Nlrc4
inflammasome represents an important line of defense during
pulmonary infection with these flagellated species of Legionella.
Interestingly, although only L. pneumophila, L. longbeachae, L. boze-
manii, and L. micdadei are frequent causative agents of pulmonary
infections in humans, more than 25 species have been reported to
induce disease in immunocompromised individuals (Gobin et al.,
2009a). In this context, it is important to investigate whether the
immunocompromised individuals that develop disease caused by
infrequent Legionella spp. are defective for any component of the
Nlrc4 inflammasome.

We have previously demonstrated that L. micdadei, L. boze-
manii, L. gratiana, and L. rubrilucens express flagellin and trigger
pyroptosis in isolated macrophages (Silveira and Zamboni, 2010).
These previous observations are in agreement with the data pre-
sented here showing an important role of Nlrc4 inflammasome for
restriction of pulmonary infection by these bacteria. Importantly,
the Asc-containing inflammasome played no role in restriction
of the infection by Legionella spp. (Figure 2). These data support
the hypothesis that Nlrc4 and Asc proteins participate in distinct
inflammasome (Case et al., 2009). However, this is still a contro-
versial issue since macrophages from Asc”~ mouse are defective for
caspase-1 activation, processing, and secretion of IL-1 in response
to L. pneumophila infection (Zamboni et al., 2006; Case et al.,
2009). These features had lead to the speculation that Asc protein
does participate in the Nlrc4 inflammasome (Pedra et al., 2009).
Alternatively, it is possible that Nlrc4 participates in the assembly
of two distinct inflammasomes in response to L. pneumophila: one
independent of Asc (which would be responsible for Legionella
spp. growth restriction, pore formation, and pyroptosis) and one
dependent on Asc (that would be required for robust caspase-1
activation and IL-1 secretion). In this context, further experi-
ments may elucidate the complex interaction of Asc and Nlrc4 in
the assembly of the pathogen-induced inflammasomes.

As opposed to flagellated Legionella spp., L. longbeachae does
not encode genes for flagellum biosynthesis and thus does not
express flagellin (Cazalet et al., 2010; Kozak et al., 2010; Silveira
and Zamboni, 2010). Accordingly, experiments performed with
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FIGURE 4 | Legionella longbeachae, but not flaA mutants of L.
pneumophila, is lethal for mice. (A) C57BL/6 mice were inoculated with 10°
(diamonds); 108 (triangles); or 107 (squares) L. longbeachae (L. long.) per
mouse and the survival was monitored over a period of 10 days. (B) C57BL/6
mice were inoculated 10%, 10, or 107 CFUs of wild-type Legionella
pneumophila (WT L.p.) or with flagellin mutants L. pneumophila (flaA). The
survival was monitored over a period of 10 days. Ten mice were used per each
group. Data are representative of those found in four independent

experiments.
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L. longbeachae indicated that this bacterium does not trigger
caspase-1 activation and fails to trigger pore formation and
pyroptosis (Asare et al., 2007; Silveira and Zamboni, 2010).
Here, we demonstrated that the inflammasome proteins might
not substantially account for restriction of the infection by
L. longbeachae in vivo (Figure 3). Importantly, L. longbeachae
were lethal for mice infections in vivo, a feature not observed for
other Legionella spp. (Alli et al., 2003; Asare et al., 2007; Gobin
et al., 2009b). This feature has lead to speculation that L. long-
beachae is highly virulent in mouse models because it bypasses
the inflammasome-mediated growth restriction. To address
this hypothesis we compared mortality curves of mice infected
with L. longbeachae and L. pneumophila mutants for flaA, a gene
that encodes flagellin. Although flaA mutants bypassed Nlrc4-
dependent growth restriction, the flaA mutants failed to trigger
death in infected mice even at high infection doses (Figure 4).
These data suggests that bypassing the inflammasome is not
sufficient to induce mouse mortality upon infection with viru-
lent strains of L. pneumophila. Therefore, our data support the
idea that L. longbeachae employ additional virulence strategies

besides bypassing the activation of the Nlrc4 inflammasome. In
this context, the recent elucidation of L. longbeachae genome
revealed that the bacteria contain genes predicted to encode pro-
teins for capsule formation and several genes encoding proteins
with predicted eukaryotic-like motifs that are not shared with L.
pneumophila (Cazalet etal., 2010; Kozak et al., 2010). We envisage
that in the next few years, investigation of these putative virulence
genes might reveal novel molecular mechanisms that explain
the high virulence of L. longbeachae in mammalian models of
experimental infection.
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