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Host cells express a range of receptors that
act as microbial sensors. These receptors
sense microorganisms and transduce signals
that activate immune responses. Host cells
use several strategies to recognize specific
pathogen-associated molecular patterns
(PAMPs). Bacterial components, such

as peptidoglycan, bacterial flagellin, and
nucleic acid structures, are examples of
PAMPs. One family of cell surface pattern
recognition receptors (PRRs), named as
Toll-like receptors TLRs, recognize PAMPs
through an extracellular domain and initiate
inflammatory signaling pathways through an
intracellular domain. Sensing of the presence
of microbes or their factors in the cytosol

is mediated by NOD-like receptors (NLRs)
and leads to signaling cascades that mediate the production of inflammatory cytokines,
recruitment of phagocytic cells, and control of the acquired immune response. Most NLRs
assemble in large multiprotein complex called the inflammasome leading to the activation
of caspase-1. Caspase-1 is an inflammatory caspase that is required for the activation of
cytokines such as IL-1[3, IL-18 and IL-33. Caspase-1 can also induce a non-apoptotic form
of cell death named pyroptosis. Dysfunction of the inflammasome can lead to exacerbated
inflammation in several human conditions. On the other hand, the inflammasome response
maybe absent in certain conditions, hence allowing some intracellular infections to pass
unnoticed. In this issue, we will address several aspects of inflammasome activation and its
role in health and disease conditions.
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There is a clear need for interdisciplinary research and publica-
tions that bring together scientists who work on the inflamma-
some. This protein complex, termed the inflammasome and many
of its components are implicated in disease disorders, autoimmune,
and infectious diseases. The structure, activation, and regulation
of the inflammasome complex have been and are still studied in
increasing number of laboratories around the world. Our goal is to
provide an issue summarizing every fascinating aspect of inflamma-
some activation and modulation of the innate immune response to
microbial and to danger signals. This issue will bring the experts in
inflammasome research up to speed with the most recent findings.
However, several reviews are geared toward introducing the new
scientists to the inflammasome complex and to the fundamental
and essential information that will help them understand and even
pursue their studies in this direction. By looking at the two sides
of the coin, notably, some authors focused on the inflammasome
as a major participant in innate immunity and tackled the infec-
tious agents as modulators. Other authors considered the organ-
ism as the major player in the infected cell, while considering the
inflammasome a contributor to immune response and to the fate
of the pathogen.

The basics of the inflammasome and its essential functions in
the cell are reviewed in details by Dr. Lamkanfi. As an expert in cas-
pases and their activation, Dr. Lamkanfi presented the fundamental
information regarding the composition and the activation of the
inflammasome. He then supplied a nice overview on how bacterial
and viral pathogens prevent the activation of the inflammasome,
in most cases to their advantage. Dr. Saleh’s review explored deeper
aspects of the inflammasome during bacterial, viral, fungal, para-
sitic, and fungal infections. She provided a detailed description of
how pathogens interact with the inflammasome, avoid, or suppress
it. Then, Dr. Kanneganti polishes our knowledge about the inflam-
masome with her expert opinion on the major molecules involved
in the modulation of the inflammasome and on human diseases
impacted by the inflammasome.

Indeed, several biological pathways alter the inflammatory
response to infectious agents. One of the recently recognized path-
ways is autophagy. Dr. Munz elegantly described how autophagy
modulates inflammation and infection. He also provided infor-
mation on how the inflammasome controls autophagy. On the
other hand, microbe-focused reviews convince us that the pathogen
ironically manipulates, exploits and evade recognition, and innate
immune response by extraordinary tactics. Some organisms sur-
vive inside or outside enclosing vacuoles within eukaryotic cells
such as Listeria reviewed by Dr. Opitz. He focused his review on
the ability of this organism to differentially coordinate immune
responses whether inside or outside an enclosing vacuole. Bacteria
with increasing tendency to linger within enclosed vacuoles such
as Salmonella, possess a plethora of virulence factors employed to
modulate the innate immune response and inflammation is reviewed
by Dr. Franchi. Surprisingly, vacuole-residing organisms such as
Mycobacteria still modulate the inflammatory responses beyond
its well protected vacuole. Dr. Torrelles describes in details how
Mycobacteria perform this task. Dr. Gavrilin draws our attention
to the important differences in innate immune responses between
human and mice in response to Francisella. The review by Dr. Amer
on why humans are susceptible to Legionella while mice are resist-
ant further emphasizes this notion. This issue is embellished with
two original research articles describing new findings in Legionella
pathogenesis by Zamboni and Amer groups. Hope when the reader
reaches the end of this issue, he or she will be fascinated with the
interplay between the inflammasome and the pathogen.

Received: 11 January 2011; accepted: 11 January 2011; published online: 26 January 2011.
Citation: Amer AO (2011) The inflammasome. Front. Microbio. 2:4. doi: 10.3389/
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CASPASE-1: AN INFLAMMATORY CYSTEINE PROTEASE
Caspases are evolutionary conserved cysteine proteases that cleave
their substrates behind aspartate residues (Lamkanfi et al., 2002).
Caspase-mediated substrate proteolysis results in activation or
inactivation of critical signaling cascades regulating programmed
cell death, differentiation, and cell proliferation (Lamkanfi et al.,
2006). Dysregulated activity of the founding father of mammalian
caspases, interleukin (IL)-1B-converting enzyme and later renamed
caspase-1, has been linked to inflammatory bowel diseases (Villani
et al., 2009; Allen et al., 2010; Dupaul-Chicoine et al., 2010; Zaki
etal.,2010a,b), gouty arthritis (Martinon et al., 2006), type II dia-
betes (Larsen et al., 2007), and less common autoinflammatory
disorders that are collectively referred to as cryopyrinopathies
(Lamkanfi and Kanneganti, 2010).

Caspase-1 modulates inflammatory and host defense responses
against microbial pathogens by processing the precursor forms of
the pro-inflammatory cytokines IL-1f3 and IL-18 into their bio-
logically active forms (Kuida et al., 1995; Li et al., 1995; Ghayur
et al., 1997; Gu et al., 1997). Caspase-1-mediated maturation of
IL-1B and IL-18 is critical for their secretion from activated mono-
cytes and macrophages. These related cytokines mediate critical
aspects of the local and systemic immune response to infection
including the induction of fever, transmigration of leukocytes into
sites of injury or infection, and activation and polarization of T
helper 1 (T 1) and T2 responses (Dinarello, 2009). In addition
to secreting IL-1f and IL-18, caspase-1 also mediates the release of
the damage-associated molecular pattern (DAMP) high mobility
group box 1 (HMGB1) from macrophages infected with the fac-
ultative intracellular pathogen Salmonella typhimurium (Lamkanfi
etal., 2010). Moreover, caspase-1 was shown to activate the execu-
tioner caspase-7 (Lamkanfi et al., 2008; Akhter et al., 2009), to

Activation of the inflammatory cysteine protease caspase-1 in inflammasome complexes plays
a critical role in the host response to microbial infections. Inflammasome activation induces
inflammation through secretion of the pro-inflammatory cytokines interleukin (IL)-1B and IL-18
and through extracellular release of the alarmin high mobility group box 1. Moreover, caspase-1
activation by inflammasomes counters bacterial replication and induces pyroptosis, a specialized
cell death program that removes infected immune cells as part of the host defense system.
It is thus not surprising that bacterial and viral pathogens evolved virulence factors targeting
inflamlmasome activation and activity. Here, we provide an overview of the distinct inflammasome
complexes that are activated in a pathogen-specific manner and discuss the diverse strategies
employed by viruses and bacteria to modulate inflammasome function.

Keywords: caspase-1, inflammasome, NOD-like receptors, pathogen, interleukin, pyroptosis, infection

inactivate glycolysis enzymes (Shao et al., 2007), and to induce
a specialized form of cell death known as “pyroptosis” in macro-
phages infected with the bacterial pathogens Shigella flexneri, S.
typhimurium, Pseudomonas aeruginosa, Legionella pneumophila,
Bacillus anthracis, Staphylococcus aureus, Listeria monocytogenes,
and Francisella tularensis (Lamkanfi and Dixit, 2010). In addition to
preventing pathogen replication in infected immune cells, pyropto-
sis may enhance host defense responses by presenting intracellular
microbial antigens to cells of the immune system (Lamkanfi and
Dixit, 2010; Miao et al., 2010).

CASPASE-1 ACTIVATION BY INFLAMMASOMES

Caspase-1 is produced as an inactive zymogen that is recruited and
activated by cytosolic multi-protein complexes known as inflam-
masomes (Lamkanfi and Dixit, 2009). These protein complexes
are assembled in cells of myeloid and epithelial origin upon rec-
ognition of DAMPs and pathogen-associated molecular patterns
in intracellular compartments, similar to the role of mammalian
Toll-like receptors at the cell surface and within endosomes (Kawai
and Akira, 2006). Inflammasomes contain members of the NOD-
like receptor (NLR) or the HIN-200 receptor family, namely the
NLRs Nlp1b, Nlrp3, and Nlrc4, or the HIN-200 protein absent in
melanoma (AIM2; Figure 1). These receptors are recruited into
the inflammasome in a pathogen-specific manner (Lamkanfi and
Dixit, 2009). Nlrp3 is required for caspase-1 activation in response
to microbial products with diverse molecular structures such
as LPS, peptidoglycan, and lipoteichoic acid, upon exposure to
microbial toxins and ionophores such as nigericin, endogenous
alarmins such as ATP, and in response to infection with bacterial
and fungal pathogens such as S. aureus, Streptococcus pneumoniae,
and Candida albicans, respectively (Kanneganti et al., 2006a,b;
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FIGURE 1| Modulation of inflammasomes by microbial pathogens.
Bacillus anthracis activates the NIrp1b inflammasome, whereas
Staphylococcus aureus, Streptococcus pneumonia, and Candida albicans
induce caspase-1 activation via NIrp3. Salmonella typhimurium, Shigella
flexneri, Legionella pneumophila, and Pseudomonas aeruginosa all make use of
a bacterial type Il or IV secretion system to inject effector proteins that are
recognized by the Nlirc4 inflammasome. Finally, Francisella tularensis induces
activation of the AIM2 inflammasome when genomic DNA of replicating
bacteria is detected in the cytosol of infected macrophages. Orthopoxviruses
interfere with inflammasome function at several steps. They produce pyrin-only
decoy proteins (vPOPs) that bind the inflammasome adaptor ASC to prevent
caspase-1 recruitment and inhibit caspase-1 activity directly with virally
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encoded serpins such as the cowpox serpin CrmA and its homologs encoded
by myxoma and vaccinia virus. Finally, orthopoxviruses evolved scavenger
receptors for secreted I1-1B (vIl-1BR) and IL-18 (vI-18BP) to prevent activation
of downstream signaling cascades. Influenza virus NS1 protein dampens
caspase-1 activation and secretion of IL-1f and IL-18 through a yet unknown
mechanism that requires its amino-terminal RNA-binding domain. The Yersinia
virulence factors YopE and YopT and the Pseudomonas effector ExoS inhibit
caspase-1 activation, possibly through an indirect mechanism involving
inhibition of Rho GTPase-mediated cytoskeletal changes. On the other hand,
the phospholipase A2 activity of Pseudomonas ExoU is required for inhibiting
caspase-1 activation, while Yersinia YopK prevents recognition of the bacterial
type Il secretion system.

Mariathasan et al., 2006; Sutterwala et al., 2006; McNeela et al.,
2010). In addition, the DAMPs monosodium urate and calcium
pyrophosphate dehydrate crystals also activate the Nlrp3 inflam-
masome, suggesting a role for this inflammasome in the etiology of
goutyarthritis and pseudogout (Martinon et al., 2006). By contrast,
the Nlrc4 inflammasome is activated in macrophages infected with
intracellular pathogens such as S. typhimurium, L. pneumophila,
P. aeruginosa, and S. flexneri as illustrated by the observation that
caspase-1 activation is largely abolished in Ipaf deficient macro-
phages infected with these intracellular pathogens (Mariathasan
etal.,2004; Amer et al., 2006; Franchi et al., 2006, 2007; Miao et al.,
2006, 2008; Lamkanfi et al., 2007a; Sutterwala et al., 2007; Suzuki
et al.,, 2007). In contrast, B. anthracis Lethal Toxin (LT) triggers
activation of the Nlrp1b inflammasome in mouse macrophages and
mutations in the NIrp1bgene were identified as the key susceptibil-
ity locus for Anthrax LT-induced macrophage death (Boyden and
Dietrich, 2006). Finally, additional inflammasome complexes such
as the recently identified AIM2 inflammasome, are responsible for

activation of caspase-1 in macrophages infected with E tularensis,
L. monocytogenes and in response to DNA viruses such as cytome-
galovirus and vaccinia virus (Fernandes-Alnemri et al., 2010; Jones
et al., 2010; Rathinam et al., 2010; Sauer et al., 2010).

CASPASE-1 INHIBITION BY ORTHOPOXVIRUS-ENCODED
SERPINS

Given the central role inflammasomes play in modulating repli-
cation and dissemination of microbial pathogens, certain viruses
and bacteria have evolved mechanisms to counter the induction
of caspase-1 activation and activity. One mechanism by which
microbial pathogens interfere with inflammasome functions is by
directly targeting the enzymatic activity of caspase-1. The cow-
pox virus protein Cytokine response modifier A (CrmA) and its
homologs in orthopoxviruses such as vaccinia, ectromelia, and
rabbitpox virus probably represent the best characterized exam-
ples of this class of inflammasome inhibitors (Dobbelstein and
Shenk, 1996; Macen et al., 1996; Turner et al., 2000; Best, 2008).
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Although classified as serine protease inhibitors (serpins), these
virus-encoded proteins function as pseudosubstrate inhibitors of
caspase-1 (Ray et al., 1992; Komiyama et al., 1994; Best, 2008).
They form covalent bonds with the active site cysteine after being
processed by caspase-1, thus blocking its enzymatic activity. Indeed,
CrmA inhibits caspase-1 activity with a K of 0.01 nM, rendering
it one of the most effective inhibitors known for this protease.
Notably, CrmA shares 54% amino acid identity with the human
serpin PI-9 (Sprecher et al., 1995) and has two homologs in rodents
(Sun et al., 1997). Although the reactive loop aspartate residue
where caspase-mediated processing occurs in CrmA is mutated to
glutamate in PI-9 (Annand et al., 1999), the latter serpin is capa-
ble of inhibiting caspases as illustrated by the observation that
it prevents caspase-1-mediated processing of IL-1f and IL-18 in
vascular smooth muscle cells (Young et al., 2000). Importantly, in
addition to blocking caspase-1 activation, CrmA and its homologs
inhibit the protease activity of the apoptotic initiators caspases-8
and -10 as well (Dobbelstein and Shenk, 1996; Macen et al., 1996;
Turner et al., 2000; Best, 2008). Thus, poxviruses have devised a
way to simultaneously interfere with inflammatory and apoptotic
signaling cascades. Serpin-mediated caspase-1 inhibition prevents
secretion of IL-1P and IL-18 and delays the induction of effective
host defense responses. Moreover, by preventing programmed cell
death of infected host cells, poxviruses can replicate in intracellular
niches and spread to adjacent cells before being recognized by cells
of the host’s immune system.

The critical role of CrmA and other serpins in poxvirus virulence
is demonstrated by the observation that CrmA deficiency reduced
the lesion size and numbers on the chorio-allantoic membrane of
developing chick embryos (Ray et al., 1992; Palumbo et al., 1994).
Moreover, deletion of CrmA attenuated virulence in intranasally
and intracranially infected Balb/c and C57BL/6 mice (Thompson
et al., 1993; Palumbo et al., 1994; MacNeill et al., 2009). Similarly,
deletion of the CrmA homolog Serp2 in myxoma virus causes a
dramatic reduction in viral titers in infected rabbits (Messud-Petit
etal., 1998). By contrast, vaccinia virus mutants lacking the CrmA
homologs SPI-1 and SPI-2 did not display changes in virulence in
intranasally infected Balb/c mice (Kettle et al., 1995). This may be
explained by the observation that vaccinia virus encodes a scav-
enger receptor called virus-encoded IL-1f receptor (vIL-1BR) that
neutralizes secreted IL-1P (Kettle et al., 1997). In addition, vaccinia,
ectromelia, and cowpox viruses encode soluble IL-18-binding pro-
teins (vIL-18BPs) that prevent activation of inflammatory path-
ways downstream of the IL-18 receptor (Smith et al., 2000). Thus,
orthopoxviruses make use of serpins to inhibit caspase-1 activity
and modulate signaling downstream of caspase-1 through scaven-
ger receptors to increase virulence.

INHIBITION OF INFLAMMASOME ASSEMBLY BY
ORTHOPOXVIRUS DECOY PROTEINS

In addition to modulating inflammasome signaling at the level of
caspase-1 and its substrates, orthopoxviruses devised mechanisms
to prevent activation of this inflammatory protease altogether.
Indeed, Myxoma virus and Shope Fibroma virus encode pyrin-
only decoy molecules that interfere with inflammasome assembly
to inhibit caspase-1 activation (Johnston et al., 2005; Dorfleutner
et al., 2007). In this regard, the myxoma virus M013L and Shope

Fibroma virus SO013L pyrin-only proteins (POPs) resemble the
POPs and caspase recruitment domain (CARD)-only proteins
encoded in the human genome (Lamkanfi et al., 2007b; Stehlik
and Dorfleutner, 2007). The human CARD-only proteins COP,
INCA, ICEBERG, and CASP12, all bind the caspase-1 CARD to
prevent activation of caspase-1 and the subsequent generation of
IL-1P (Druilhe et al., 2001; Lee et al., 2001; Lamkanfi et al., 2004a,b;
Saleh et al., 2006). In contrast, human cPOP1 and cPOP2, and
viral POPs interact with the pyrin domain of the inflammasome
adaptor protein ASC and pyrin motifs found in certain NLRs to
prevent recruitment and activation of caspase-1 by inflammasomes
(Stehlik and Dorfleutner, 2007). The relevance of vPOPs during
infection is provided by the observation that deletion of the gene
encoding myxoma virus MO13L results in decreased viremia as a
result of increased inflammatory responses and attenuated viral
replication during myxomatosis (Johnston et al., 2005). Thus, the
diverse mechanisms orthopoxviruses evolved to prevent and inter-
fere with caspase-1 signaling suggest that inflammasomes play a
critical role in the host response against these pathogens.

INHIBITION OF INFLAMMASOME SIGNALING BY INFLUENZA
VIRUS

Viral modulation of inflammasome signaling is not limited to the
orthopoxviruses described above. Interestingly, Influenza virus uses
an unrelated mechanism to prevent caspase-1 activation and inter-
fere with inflammasome signaling. Human influenza A/PR/8/34
(H1IN1) virus was shown to inhibit production of IL-1f and IL-18
through inhibition of caspase-1 maturation in infected macro-
phages (Stasakova et al., 2005). Mutant viruses lacking the influenza
NS1 gene were incapable of preventing caspase-1 activation and
triggered secretion of significantly increased levels of IL-1p and
IL-18 from infected host cells. These mutant viruses were attenu-
ated in vitro, but it is unclear whether caspase-1 activation is solely
responsible for this phenotype. Regardless, structure—function
studies demonstrated that the amino-terminal RNA-binding/
dimerization domain of NS1 is essential for inhibition of caspase-1
activation and the secretion of mature IL-13 and IL-18, whereas
the carboxy-terminal effector domain was not required (Stasakova
etal.,2005). Although the molecular mechanism by which influenza
NS1 inhibits caspase-1 activation has not been uncovered, NS1 may
interfere with a critical step involved in inflammasome assembly.
Further study in this direction may unveil interesting new mecha-
nisms by which viruses target inflammasomes.

NEGATIVE REGULATION OF INFLAMMASOME ACTIVATION BY
BACTERIAL VIRULENCE FACTORS

In addition to the viruses described above, several Gram-positive
and —Gram-negative bacterial pathogens have been demonstrated to
interfere with inflammasome activation. Enteropathogenic Yersinia
enterocolitica bacteria employ a set of intriguing mechanisms to
prevent caspase-1 activation and secretion of IL-1B and IL-18
(Schotte et al., 2004). This Gram-negative pathogen makes use of
a specialized type III secretion system to inject virulence factors
called Yop proteins directly into the host cell cytosol. Among these
effector proteins, YopE and YopT were shown to inhibit caspase-1
activation and the subsequent secretion of mature IL-1P (Schotte
etal.,2004). These Yop proteins are known to target Rho GTPases,
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which are critical for cytoskeletal reorganization and phagocytosis.
YopE accelerates GTP hydrolysis in order to keep Rho GTPase fam-
ily members in the inactive GDP-bound state. By contrast, YopT
is as a cysteine protease that inactivates Rho GTPases by removing
the C-terminal prenyl membrane anchor that attaches them to
the plasma membrane. Experiments with dominant-negative pro-
teins and chemical inhibitors of the Rho GTPase Racl suggested a
critical role for this Rho GTPase in inflammasome assembly and
caspase-1 activation (Schotte et al., 2004). In addition to YopE and
YopT, the Yersinia pseudotuberculosis effector protein YopK prevents
recognition of the bacterial type III secretion system by the Nlrp3
and Nlrc4 inflammasomes in order to promote bacterial survival
in host macrophages (Brodsky et al., 2010). Together, these find-
ings suggest that Yersinia spp. may prevent caspase-1 activation by
inflammasomes by interfering with Rho GTPases and by masking
the type III secretion system. However, the precise molecular chain
of events by which Yop effector proteins affect inflammasome acti-
vation requires further analysis. L. pneumophila, the causative agent
of Legionnaire’s disease, uses a different strategy to inhibit caspase-1
activation in human phagocytes. This pathogen downregulates
transcription of the inflammasome adaptor ASC to interfere with
caspase-1-mediated restriction of bacterial replication in human
monocytes (Abdelaziz etal., 2010). P. aeruginosaisolates expressing
the virulence factor exoenzyme U (ExoU) represent another exam-
ple of Gram-negative pathogens interfering with inflammasome
activation. Notably, Pseudomonas ExoU phospholipase A2 activity
was shown to be required for inhibiting the Nlrc4 inflammasome-
driven secretion of IL-1f and IL-18 from infected macrophages
(Sutterwala etal., 2007). ExoS is another Pseudomonas effector pro-
tein demonstrated to interfere with inflammasome-induced IL-1f3

production. This virulence factor utilized its ADP-ribosyl trans-
ferase activity to inhibit caspase-1 activation (Galle et al., 2008).
Also Gram-positive pathogens have evolved mechanisms to inter-
fere with inflammasome function. For instance, Mycobacterium
tuberculosis expresses a putative Zn** metalloprotease named Zmp1
that prevents inflammasome activation and IL-1f secretion (Master
et al., 2008). Zmpl-mediated inhibition of caspase-1 activation
was demonstrated to enhance bacterial survival in infected mac-
rophages and to increase bacterial burdens in the lungs of aerosol-
infected mice (Master et al., 2008).

CONCLUSIONS AND PERSPECTIVES

Caspase-1 activation by inflammasomes is a critical component
of the host response to microbial pathogens. It induces secretion
of HMGBI, IL-1B, and IL-18 and triggers pyroptosis of infected
host cells in order to eliminate the infectious agent. It may thus be
beneficial to microbial pathogens to prevent inflammasome assem-
bly, to inhibit caspase-1 activation and activity and to interfere
with downstream signaling cascades using decoy receptors. Studies
showed that orthopoxviruses, influenza HIN1 virus and a variety
of bacterial pathogens all evolved unique mechanisms to hijack the
inflammasome machinery. Future studies will undoubtedly shed
light on new and intriguing mechanisms by which bacterial and
viral pathogens aim to silence the inflammasome.
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The inflammasomes are large multi-protein complexes scaffolded by cytosolic pattern recognition
receptors (PRRs) that form an important part of the innate immune system. They are activated
following the recognition of microbial-associated molecular patterns or host-derived danger
signals (dangerassociated molecular patterns) by PRRs. This recognition results in the recruitment
and activation of the pro-inflammatory protease caspase-1, which cleaves its preferred substrates
pro-interleukin-1p (Il-1B) and pro-Il-18 into their mature biologically active cytokine forms. Through
processing of a number of other cellular substrates, caspase-1 is also required for the release
of "alarmins” and the induction and execution of an inflammatory form of cell death termed
pyroptosis. A growing spectrum of inflammasomes have been identified in the host defense
against a variety of pathogens. Reciprocally, pathogens have evolved effector strategies to
antagonize the inflammasome pathway. In this review we discuss recent developments in
the understanding of inflammasome-mediated recognition of bacterial, viral, parasitic, and
fungal infections and the beneficial or detrimental effects of inflammasome signaling in host

resistance.
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INTRODUCTION

The innate immune system plays a primary role in the rapid rec-
ognition and elimination of invading microorganisms, through
different processes such as phagocytosis and the induction of
inflammation. It is also vital in priming and activating the adap-
tive immune system, which provides long-lasting immunity.
Host cells, including among others cells of the myeloid and epi-
thelial lineages, express a number of germline-encoded pattern
recognition receptors (PRRs) that recognize conserved protein,
lipid, polysaccharide, or nucleic acid motifs and activate differ-
ent inflammatory and antimicrobial pathways. PRRs include, but
are not limited to, trans-membrane Toll-like receptors (TLRs),
C-type lectin receptors (CLRs), cytosolic Nod-like receptors
(NLRs), retinoic acid inducible gene-I (RIG-I)-like helicases
and HIN200 proteins (O’Neill and Bowie, 2010; Takeuchi and
Akira, 2010). These receptors also sense and respond to endog-
enous, host-derived, danger signals that are released in response
to stress, tissue injury or cell death (Bianchi, 2007; Medzhitov,
2008; Schroder and Tschopp, 2010).

To date, over 20 human NLRs have been identified. NLRs
are related to disease resistance R proteins in plants (Belkhadir
et al., 2004) and to apoptosis protease-activating factor 1 (Apafl;
Proell et al., 2008). They share with these proteins a tripartite
structure consisting of an N-terminal protein—protein interac-
tion module [which is either a pyrin domain (PYD), a caspase
recruitment domain (CARD), or a baculovirus IAP repeat (BIR)],
a central nucleotide binding and oligomerization domain (NOD
or NAHCT) and a C-terminal agonist-sensing domain, which in
NLRs is a series of leucine-rich repeats (LRRs), as found in TLRs.

The first identified NLRs, NOD1, and NOD2, were determined
to recognize bacterial peptidoglycan moieties (Chamaillard et al.,
2003; Girardin etal., 2003; Inohara et al., 2003) and trigger inflam-
mation by activating NF-xB and MAP kinase (MAPK) pathways
(Shaw et al., 2008). Further study of the NLR family revealed that
some members are capable of forming multi-protein complexes,
termed inflammasomes that recruit pro-caspase-1 and induce its
“activation by proximity,” either directly or through adaptor pro-
teins such as apoptosis-associated speck-like protein containing a
CARD (ASC; Martinon et al., 2002).

Multiple inflammasomes have been characterized, including
those scaffolded by the NLR family members NLRP1, NLRP3,
NLRC4, NAIP5 and the more recently described AIM2 and RIG-I
inflammasomes that are stimulated by cytosolic DNA and viral
RNA, respectively. The adaptor protein ASC is required for the
recruitment of caspase-1 to the NLRP3, AIM2, and RIG-T inflamma-
somes while its role in the NLRP1, NLRC4, and NIAP5-associated
complexes is less clear. Following inflammasome stimulation, the
cellular pool of ASC coalesces into a large structure called the
pyroptosome, which is the site of caspase-1 activation. Dependent
on the associated PRR, inflammasomes are activated by a variety
of signals and may have redundant functions during infection.
Dysregulation and/or genetic mutations or variations in genes
encoding inflammasome components have been linked to genetic
disorders in humans, including a continuum of autoinflammatory
syndromes ranging from familial cold urticaria and Muckle—Wells
syndrome to neonatal onset multisystem inflammatory disease,
Crohn’s disease, sepsis as well as susceptibility to infection with
certain pathogens (Rodrigue-Gervais and Saleh, 2010).

www.frontiersin.org

February 2011 | Volume 2 | Article 15 | 11


http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/cellular_and_infection_microbiology/10.3389/fmicb.2011.00015/abstract
http://www.frontiersin.org/cellular_and_infection_microbiology/10.3389/fmicb.2011.00015/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=23744&d=1&sname=AlexSkeldon&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=15933&d=1&sname=MayaSaleh&name=Science

Skeldon and Saleh

Inflammasomes in host resistance

Caspase-1 processes a number of cellular substrates, which is a
prerequisite to the induction of an inflammatory response. Most
notably, caspase-1 converts pro-IL-1B and pro-IL-18 into their
mature biologically active cytokine forms (Thornberry etal., 1992;
Ghayuretal., 1997; Guetal., 1997). Moreover, caspase-1 is required
for the release of a number of pro-inflammatory molecules, which
are not necessarily caspase-1 substrates, including IL-1o. (Keller
et al., 2008). In addition to its pro-inflammatory effects, exces-
sive activation of caspase-1 leads to a form of cell death called
pyroptosis, with characteristics of both apoptosis and necrosis (Fink
and Cookson, 2005; Labbe and Saleh, 2008). Among the different
caspase-1 substrates, we have shown that it cleaves a number of
glycolysis enzymes (Shao et al., 2007), which is possibly a primary
mechanism to execute cell death. Moreover, caspase-1 has been
shown to cleave and activate the pro-apoptotic executioner caspase,
caspase-7 (Lamkanfi et al., 2008), suggesting that this enzyme might
provide a secondary amplification loop during pyroptosis.

INFLAMMASOME REGULATION

Because of the paramount effects of caspase-1 during infection and
inflammation, regulation of the inflammasome pathway is tightly
controlled through a number of checkpoints (Figure 1). Firstly,
inflammasome activation depends on a two-step process, whereby
signal 1 “primes” the inflammasome via transcriptional induction
of inflammasome components and cytokine proforms (usually
mediated by NF-xB downstream of PRRs or cytokine receptors)
and signal 2, which “activates” the inflammasome.

In addition to this bi-modal mechanism of activation, the
inflammasome is kept in check via a number of positive and nega-
tive regulators (Figure 1). For instance, murine caspase-11 and its
closest human homolog caspase-5 (Lin et al., 2000) are required
for caspase-1 activation in some contexts (Wang et al., 1998),
presumably through direct interaction with the inflammasome
(Martinon etal., 2002). Conversely, caspase-12 is a negative regula-
tor of caspase-1 (Saleh et al., 2006). Two groups of proteins termed
COPs (CARD-only proteins) and POPs (PYD-only proteins) also
inhibit caspase-1 activation by preventing inflammasome assembly
(Stehlik and Dorfleutner, 2007). In addition to these dominant
negative proteins, the anti-apoptotic factors Bcl-2 and Bcl-X, can
bind and suppress NLRP1 oligomerization and caspase-1 activa-
tion by inhibiting ATP binding (Bruey et al., 2007; Faustin et al.,
2009). The IL-1 pathway is also highly regulated. Secreted IL-1[3
binds to the IL-1 receptor I (IL-1RI) and recruits the IL-1R acces-
sory protein (IL-1RAcP), which is required for signaling (Gabay
et al., 2010). The dominant negative receptor IL-1RII and soluble
IL-1 receptor antagonist (IL-RA) are able to inhibit this process
(Gabay etal., 2010). Together, these factors add an additional layer
of regulation on the inflammasome pathway.

Given the widespread activation of inflammasomes in response
to various microbes, it is not surprising that pathogens have
devised multiple strategies to alter inflammasome function and
downstream signaling. Bacteria utilize effector molecules, injected
through secretion systems into the host cytosol, for this purpose.
For instance, Y. enterocoliticaYopE and YopT (Schotte et al., 2004),
Y. pseudotuberculosis YopK (Brodsky et al., 2010), and P. aerugi-
nosa ExoU (Sutterwala et al., 2007) have been reported to blunt
inflammasome activation. Viruses also encode proteins that tar-

get this pathway including influenza NS1 (Stasakova et al., 2005),
Myxoma virus M13L-PYD and Shope fibroma virus gp013L
(Johnston et al., 2005; Dorfleutner et al., 2007) that act as POPs.
Vaccinia virus encodes a soluble IL-1[ receptor, B15R, that blunts
IL-1 signaling (Alcami and Smith, 1992), whereas Molluscum
contagiosum poxvirus produces two IL-18 inhibitors, MC53L
and MC54L (Xiang and Moss, 1999). The active inhibition of the
inflammasome by various pathogens supports the notion that its
pro-inflammatory effects together with the induction of pyroptosis
are deleterious for the pathogen.

INFLAMMASOME ACTIVATION

A spectrum of agonists activate the inflammasomes, with some
being more specific than others depending on the associated NLR.
NLRP3 forms a multi-protein complex with ASC and caspase-1,
and is currently the most well characterized inflammasome. It can
be activated by various structurally unrelated stimuli including
microbial-associated molecular patterns (MAMPs), and danger-
associated molecular patterns (DAMPs). For instance, elevated
concentrations of ATP (Mariathasan et al., 2006), pore-forming
toxins (Mariathasan et al., 2006), UVB irradiation and particulate
matter such as crystalline forms of monosodium urate (MSU;
Martinon et al., 2006), asbestos and silica (Cassel et al., 2008;
Dostert et al., 2008; Hornung et al., 2008), and amyloid P aggre-
gates (Halle et al., 2008) have all been reported to trigger NLRP3
activation. Due to the high disparity of these agonists, it is sug-
gested that a downstream signal is instead sensed by NLRP3. In
the case of particulate agonists, disruption of the lysosomal mem-
brane along with cathepsins appear to be upstream of inflamma-
some activation. For instance, chemical inhibition of cathepsin B,
cathepsin B-deficiency, or treatment of cells with inhibitors of the
vacuolar H* ATPase result in reduced caspase-1 activation (Halle
et al., 2008; Hornung et al., 2008). On the other hand, inflamma-
some activation triggered by ATP is not affected by these inhibitors.
ATP activates the P2X7 receptor cation channel, which induces
potassium efflux and causes the recruitment of the pannexin-1
channel that amplifies this response (Pelegrin and Surprenant,
2006). Treatment of macrophages with nigericin, a Streptomyces-
derived potassium ionophore (Mariathasan et al., 2006), or with
o-hemolysin, a Staphylococcus aureus pore-forming toxin, similarly
triggers NLRP3 inflammasome activation (Craven et al., 2009).
It has been further suggested that reactive oxygen species (ROS)
may be involved in this process. Depletion of the p22°'** subunit
of the ROS-generating NADPH complex in the human monocytic
cell line THP-1 results in reduced IL-1f processing in response to
asbestos, but not MSU crystals (Dostert et al., 2008). The inhibi-
tion of cellular autophagy results in the accumulation of damaged,
ROS producing mitochondria that also triggers NLRP3 activation
(Zhou et al., 2011). Therefore, different ligands appear to require
an assortment of mechanisms to activate NLRP3. The precise
signal sensed by NLRP3 remains unclear but may be a combina-
tion of those mentioned above. Unlike NLRP3, the other known
inflammasomes, namely NLRP1, NLRP4, AIM2, and RIG-I, have
more defined activators and primarily play a role in the detection
of pathogens. Recently, we have gained significant insights into
the understanding of how the inflammasomes detect infectious
microorganisms and the contribution of inflammasome signaling
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FIGURE 1 | Regulation of the inflammasomes by host factors and pathogen
effectors. Inflammasomes are activated in a two-step process beginning with
PRR-mediated induction of inflammasome components and pro-IL-1f production
through NF-«B, followed by a second signal that activates the inflammasome
and caspase-1 catalysis. This process can be regulated at multiple steps by host
proteins that function as positive regulators (green) or inhibitors (orange) or
targeted by pathogen effectors (red). Host COPs and POPs, the poxvirus
proteins M13L and gp013L, and the anti-apoptotic factors Bcl-2 and Bel-X inhibit

inflammasome assembly. Caspase-1 activation is inhibited by caspase-12, and
multiple pathogen effectors, while murine caspase-11 and human caspase-5 are
required for caspase-1 activation in response to certain stimuli. Type | IFN is
required for AIM2 inflammasome activation in response to cytosolic DNA.The
IL-1B and IL-18 pathways are also highly regulated. Endogenous Il-1 receptor
antagonist (RA) prevents IL-1 signaling by binding to the IL-1 receptor, while the
vaccinia virus proteins B15R and Molluscum contagiosum poxvirus MC53L and
MCB54L can bind and inhibit I1-1 and 1L-18, respectively.

to the immune response. In this review, we focus our discussion
on the role of the inflammasomes in bacterial, viral, parasitic, and
fungal infections.

BACTERIA

The innate immune system plays an important role in eliminating
bacterial pathogens and preventing their replication and damage to
the host. The human body is also home to numerous commensal

microorganisms and it is therefore imperative that a distinction can
be made in the response to these species versus pathogens to pre-
vent the development of inflammatory conditions. During bacterial
infection, inflammation is generally beneficial, but if uncontrolled
could lead to deleterious effects such as septic shock.

Some pathogenic bacteria have an intracellular lifestyle within
the host and are either engulfed by phagocytes or capable of invad-
ing non-phagocytic cells. This aids in the avoidance of immune
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detection and reduces exposure to antimicrobial components of the
immune system, such as antimicrobial peptides, complements, and
immunoglobulins. Inside the cell, bacteria are capable of manipu-
lating the endocytic pathways that would otherwise result in their
degradation within lysosomes. Interfering with these pathways
allows the pathogen to survive and in many cases replicate. This is
often achieved through bacterial secretion systems, which mediate
the translocation of virulence factors or effector molecules into the
host cell cytosol, where they become active. Following replication
within the cell, the increase in bacterial load triggers cell death,
allowing dissemination to new host cells.

Salmonella entericais the best characterized intracellular bacte-
rium with respect to inflammasome activation (Table 1). The study
of Salmonella has greatly expanded our understanding of how the
inflammasome recognizes pathogenic intracellular bacteria and
how this contributes to the immune response. S. enterica serovar
Typhimurium induces gastroenteritis and systemic typhoid-like
disease in mice (Valdez et al., 2009). The bacterium employs a
Salmonella Pathogenicity Island 1 (SPI-1) Type III Secretion System
(T3SS) to invade epithelial cells and cross the intestinal barrier.
S. typhimurium is then exposed to cells of the immune system and
is capable of surviving within macrophages. The SPI-2 T3SS cre-
ates an intracellular niche called the Salmonella-containing vacuole
(SCV) by inhibiting intracellular trafficking that would result in
bacterial degradation (Haraga et al., 2008).

Early studies have determined that Salmonella induces
caspase-1-dependent cell death in infected macrophages (Hersh
et al, 1999). Subsequently, the inflammasome components
Asc and Nlrc4 and a Salmonella SPI-1 T3SS component SipB
were shown to be required for this response (Hersh et al., 1999;
Mariathasan et al., 2004). The Nlrp3 inflammasome was thought
to be irrelevant in this context, as Nlrp3-deficient macrophages
showed no defect in caspase-1 activation or IL-1f secretion in
in vitro studies (Mariathasan et al., 2006). A beneficial role for
caspase-1 during S. typhimurium infection was identified in vivo
using caspase-1-deficient mice. These mice displayed reduced
survival, increased bacterial counts in the spleen, Peyer’s patch,
and mesenteric lymph node (MLN), and increased intestinal
inflammation after oral infection compared to wild-type ani-
mals (Lara-Tejero et al., 2006; Raupach et al., 2006). In contrast,
mice singly deficient in one of the inflammasome components
Nlrp3, Nlrc4, or Asc were phenotypically equivalent to wild-type
mice, suggesting that Salmonella induces redundant pathways to
activate caspase-1 in vivo (Lara-Tejero et al., 2006). Consistently,
it has been recently demonstrated that both Nlrp3 and Nlrc4 are
activated during Salmonella infection (Broz et al., 2010). Earlier
in vitro work has demonstrated that Asc’~ macrophages have
reduced IL-1P secretion and caspase-1 processing in response
to Salmonella compared to wild-type cells (Mariathasan et al.,
2004, 2006; Miao et al., 2006). In addition, Asc’~ macrophages
have a more blunted response compared to Nlrp3-deficient cells,
suggesting that Asc plays a role independent of the Nlrp3 inflam-
masome (Broz et al., 2010). Notably, deficiency in both Asc and
Nlrc4 reduces IL-1f levels to that of caspase-1 null macrophages,
suggesting that Asc may work to enhance Nlrc4 activity during
Salmonella infection. However, a recent study has demonstrated
that flagellin-dependent Nlrc4 inflammasome activation resulted

in macrophage pyroptosis, independently of Asc, leading to bac-
terial release and subsequent killing by neutrophils (Miao et al.,
2010a). Nlrc4”~ mice were impaired in clearing the infection,
pointing to a critical role of Nlrc4 in bacterial elimination that
is independent of IL-1r, IL-18, Nlrp3, and Asc.

Multiple Salmonella motifs trigger inflammasome activation
(Figure 2). The SPI-1 (Miao et al., 2006) and SPI-2 (Broz et al.,2010)
T3SS and flagellin (Franchi et al., 2006; Miao et al., 2006) stimu-
late NLRC4, while NLRP3 is activated by a currently unknown sig-
nal (Broz et al.,, 2010). The T3SS effector SopE (Muller et al., 2009;
Hoffmann etal.,2010) is also capable of caspase-1 activation through
an undetermined inflammasome. Salmonellastrains lacking flagellin
have reduced ability to activate caspase-1 or induce IL- 10 secretion in
macrophages, and transfected flagellin can activate the Nlrc4 inflam-
masome (Franchi et al., 2006; Miao et al., 2006; Broz et al., 2010). In
addition to their role in flagellin translocation, T3SSs independently
stimulate the Nlrc4 inflammasome. Indeed, a conserved component
of the SPI-1 T3SS, the periplasmic rod-forming protein PrgJ, is recog-
nized by Nlrc4 (Miao etal.,2010b). In contrast, The SPI-2 rod protein
Ssal is not detected, suggesting that repression of SPI-1 in phago-
cytes is an adaptation mechanism to evade recognition by NLRC4.
Homologous rod proteins from Escherichia coli, Shigella flexneri, and
Pseudomonas aeruginosaare similarly sensed by Nlrc4, indicating that
this is a conserved mechanism of caspase-1 activation found in a
number of bacterial species. This may provide a possible explana-
tion as to why Shigella and Pseudomonas strains that lack flagella are
still capable of activating the Nlrc4 inflammasome (Sutterwala et al.,
2007; Suzuki etal.,2007). A recent study has suggested that potassium
efflux is required, but not sufficient, for NLRC4 activation induced by
Salmonella or P. aeruginosa infection (Arlehamn et al., 2010). This is
at odds with earlier reports that used lower extracellular potassium
concentrations and different infection time points (Franchi et al.,
2007; Petrilli et al., 2007; Fink et al., 2008).

In addition to flagellin, bacterial effector proteins translocated
through T3SSs are also capable of inflammasome activation. For
instance, SopE, a guanine nucleotide exchange factor (GEF) of
Rho GTPases that induces Salmonella invasion into epithelial
cells (Hardt et al., 1998), leads to caspase-1 activation in vitro, in
a manner dependent on its GEF activity and the Rho GTPases
Racl and Cdc42 (Muller et al., 2009). This effect appears to be
independent of flagellin (Hoffmann et al., 2010). In vivo, SopE
triggers the caspase-1-IL-18 axis of inflammation, predominantly
in non-hematopoietic cells (Muller et al., 2009). Y. enterocolitica’s
effector YopE, a GTPase activating protein (GAP) and therefore an
inhibitor of Rho GTPases, conversely inhibits caspase-1 activation
(Schotte et al., 2004). It is currently unknown how Rho GTPases
impact caspase-1 activation, but this raises the possibility that
the large number of pathogen effector molecules targeting Rho
GTPase functions might also play an important role in inflamma-
some signaling. Taking into account the different signals involved
in Salmonella-induced caspase-1 activation, it is clear that the T3SS
is a conserved inflammasome activator.

Legionella pneumophila, the causative agent of Legionnaires’ dis-
ease in humans, is another bacterial pathogen that can survive and
replicate within macrophages. This bacterium employs the Dot/Icm
Type IV Secretion System (T4SS) to recruit endoplasmic reticulum
components to a Legionella-containing vacuole (LCV), inhibiting
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its acidification and fusion with the lysosome (Isberg et al., 2009).
Caspase-1 and Nlrc4, but not IL-1f are required to restrict Legionella
growth in macrophages in vitro and in the lungs of mice in vivo
(Zamboni et al., 2006). Nlrc4-dependent activation of caspase-1 in
this case leads to macrophage pyroptosis through pore formation
(Silveira and Zamboni, 2010). The absence of caspase-1 also leads
to enhanced recruitment of endoplasmic reticulum to LCV, which
inhibits LCV fusion with the lysosome (Amer et al., 2006).

A second NLR, Naip5, encoded by the Bircle gene, is also
required for flagellin recognition and host defense against L.
pneumophila (Molofsky et al., 2006; Ren et al., 2006). Unlike
human cells, murine macrophages are generally non-permissive
to Legionellareplication, with the exception of the A/] mouse line
that is susceptible to infection due to polymorphisms in Bircle
(Diezetal.,2003; Wright et al., 2003). It has now been determined
that Naip5 is involved in the recognition of a 35 amino acid motif
in flagellin, and along with Nlrc4 leads to caspase-1 activation,
pyroptosis, and phagosomal maturation of the LCV (Lightfield
et al., 2008; Figure 2). Flagellin regions outside this motif can
activate Nlrc4, independently of Naip5. In addition, Naip5 is only
partially required for recognition of Pseudomonas or Salmonella
flagellin (Lightfield et al., 2008; Miao et al., 2008). C57BL/6 mice,
harboring the restrictive Bircle allele, display increased bacte-
rial burden in their lungs when infected with a flagellin-deficient
strain of Legionella, which correlates with macrophage resistance
to cell death and increased bacterial replication (Amer et al., 2006;
Molofsky et al., 2006; Ren et al., 2006). The role of Naip5 in LCV
acidification seems to depend on the activation of caspase-7 by
caspase-1; caspase-7 promotes lysosomal fusion with the LCV
and reduces bacterial replication in macrophages in an Nlrc4,
Naip5, and caspase-1 dependent manner. Consistently, caspase-
7-deficient mice have increased bacterial counts in their lungs
after infection (Akhter et al., 2009).

The adaptor Asc is required for IL-1P secretion by Legionella-
infected macrophages, although it has no role in the inhibition of
Legionellareplication in macrophages in vitroand in vivo (Zamboni
etal.,2006; Case et al.,2009). Interestingly, Asc-mediated inflamma-
some activation does not lead to pyroptosis and is independent of
the flagellin-Nlrc4 pathway or Nlrp3 (Case et al., 2009). Instead, it
can be inhibited by high concentrations of extracellular potassium,
suggesting the involvement of a third unknown inflammasome
sensor in response to Legionella.

Interestingly, Naip5’s effects in host defense to Legionella may
be mediated by both caspase-1 dependent and independent path-
ways. Notably, the A/] hypomorphic Naip5 allele that is associated
with permissiveness to Legionella replication, does not fully impair
the caspase-1 pathway (Lamkanfi et al., 2007), whereas macro-
phages from Naip57~ mice that are similarly permissive to bacte-
rial replication, exhibit significantly blunted caspase-1 activation
(Lightfield et al., 2008). Together, these studies suggest that Naip5’s
function in inhibiting bacterial replication is distinct from its role
in caspase-1 activation. Notably, Naip5 and Nlrc4 are also able to
activate Interferon regulatory factor 1 (Irfl) and Irf8, which inhibit
Legionella replication in macrophages (Fortier et al., 2009). The
human homologs of NLRC4 and NAIP5 were also demonstrated to
inhibit Legionella replication in human macrophages and epithelial
cells (Vinzing et al., 2008).
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FIGURE 2 | Microbial activation of the inflammasomes. Pathogenic
microorganisms activate the inflalnmasomes through muiltiple agonists and
pathways. S. typhimurium, L. pneumophila, and M. tuberculosis reside within the
host cell phagosome and are capable of activating inflammasomes through secreted
flagellin, effectors, or undefined NLRP3 agonists. £ tularensis and L. monocytogenes,
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which escape the phagosome activate AIM2 that senses cytosolic DNA. B. anthracis
lethal toxin activates the NLRP1 inflammasome. C. albicans and hemozoin activate
NLRP3 through SYK signaling. Virakmediated inflammasome activation is heavily
dependent on the detection of nucleic acids by NLRP3, AIM2, and RIG-I. Dotted lines
indicate signaling through an unknown mechanism.

Mpycobacterium tuberculosis, the causative agent of tuberculosis
in humans, survives and replicates within alveolar macrophages
(Flynn and Chan, 2001). M. tuberculosis is capable of inflamma-
some activation and the II-1r pathway is critical for the control of
infection (Juffermans etal., 2000; Fremond et al., 2007). Caspase-1
and IL-1 prevent the arrest of Mycobacteria phagosome matura-
tion and reduce bacterial survival in macrophages (Master et al.,
2008). The ESX-1 or Type 7 Secretion System is required for IL-13
and IL-18 secretion by M. tuberculosis- or M. marinum-infected
macrophages (Koo et al., 2008). Nlrp3 and Asc, but not Nlrc4, are
implicated in ESX-1-induced caspase-1 activation, and the ESX-1
effector molecule ESAT-6 acts upstream of NLRP3 activation
(Mishra et al., 2010; Figure 2). ESAT-6 functions by disrupting
cell membranes and allowing for the M. tuberculosis protein Ag85
to enter into the cytosol and stimulate the inflammasome (Mishra
et al., 2010). Interestingly, a putative Zn** metalloprotease, zmp1,

which is required for M. tuberculosis virulence in mice, was found
to inhibit inflammasome activation and IL-1f secretion in mac-
rophages (Master et al., 2008). M. bovis BCG zmpl mutants do
not block phagolysosome maturation and are eliminated by a cas-
pase-1, Asc, and Nlrc4 dependent mechanism. Wild-type M. bovis
BCG induced low levels of IL-1f in macrophages, which may be
explained by the lack of the ESX-1 secretion system. However, the
precise molecular mechanism by which zmp1 impacts caspase-1 or
whether this inhibition occurs in vivo remain to be determined.
Recent in vivo mouse studies have begun to determine the role
of the inflammasome pathway in Mycobacteria infection. In one
study, Nlrp3-deficient mice infected with M. tuberculosis did not
exhibit enhanced histopathology or increased bacterial burden in
the lungs, despite reduced IL-1B and IL-18 levels (Walter et al.,
2010). Consistently, a second report demonstrated that ablation of
either Nlrp3 or caspase-1 did not affect mouse mortality following
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M. tuberculosisinfection. Surprisingly, however, a third study dem-
onstrated that Asc, but not caspase-1 or Nlrp3, promoted mouse
survival (McElvania Tekippe et al., 2010). Asc-mediated protection
was independent of IL-1 levels in the lung or bacterial clearance.
Instead, Asc was required to contain M. tuberculosis within granu-
lomas, suggesting that Asc has important caspase-1-independent
roles during infection. In striking contrast, a study using M. mari-
num found that Asc promoted lung pathology, as Asc-deficient mice
had reduced inflammation and lung histophathology (Carlsson
etal., 2010). The presence of the ESX-1 secretion system triggered
this inflammatory response through an Asc-dependent mechanism.
The different Mycobacteria species combined with a different infec-
tious dose and method (tail injection versus aerosol in all other
studies) may explain the differences observed here with regard to
Asc. Given the conflicting data in these studies, further work is
required to clarify the role of inflammasome signaling during M.
tuberculosis infection in vivo. Interestingly, caspl~~ mice retain the
ability to produce mature biologically active IL- 1 during M. tuber-
culosis infection, suggesting that other redundant mechanisms are
capable of generating IL-1P (Mayer-Barber et al., 2010). Caspase-
1-independent IL-1B processing in response to M. tuberculosis
was found in vivo, but not in vitro, underlining the importance of
animal models when examining responses to infection. Overall,
these studies indicate that the inflammasomes and ASC in particu-
lar have additional roles during infection with Mycobacteria spe-
cies, possibly independent of IL-1 and IL-18 secretion. Moreover,
enzymes other than caspase-1, presumably neutrophil elastase or
other proteases, are also deployed in vivo for the generation of the
key IL-1 family cytokines.

Francisella tularensis is an intracellular bacterium responsible
for tularaemia in humans. Following, phagocytosis by host mac-
rophages, the bacteria escape from the phagosome into the cytosol
and replicate in this compartment (Santic et al., 2006; Figure 2).
Early studies have demonstrated that caspase-1 and Asc, but not
Nlrp3 and Nlrc4, were essential for macrophage cell death, bacte-
rial clearance in vitro and in vivo and mouse survival (Mariathasan
et al., 2005). This suggested that caspase-1 activation was medi-
ated by a different inflammasome that required Asc. It was recently
discovered that absent in melanoma 2 (AIM2), a member of the
hematopoietic interferon-inducible nuclear protein (HIN-200)
family that senses cytosolic DNA was the primary inflammasome
triggered during F. tularensis infection (Fernandes-Alnemri et al.,
20105 Jones et al., 2010; Rathinam et al., 2010). Lysosomal activa-
tion was shown to be required to stimulate this inflammasome
during infection, possibly due to lysis of bacteria, which allows the
release of DNA into the cytosol (Fernandes-Alnemri et al., 2010;
Jones et al., 2010).

In contrast to previously discussed bacterial pathogens, caspase-1
activation in response to F. novicidarequires IRF3-dependent Type
I IEN signaling (Henry et al., 2007). Salmonella, which resides in
vacuoles within the macrophage, does not require Type I IFN, but
the cytosolic bacteria L. monocytogenes does (Henry et al., 2007).
Type I IFN was demonstrated to increase AIM2 expression and
hence AIM2-dependent caspase-1 activation, which was reduced
in Irf37~ macrophages (Fernandes-Alnemriet al., 2010; Jones et al.,
2010). Interestingly, while phagosome lysis was required for AIM2
sensing, NLRP3 thought to be activated by vacuole lysis, was not

activated in Francisella infection (Fernandes-Alnemri et al., 2010).
Notably, the E. tularensis protein mvIN, which promotes virulence,
exerts its effects by inhibiting AIM2-mediated caspase-1 activation
(Ulland et al., 2010).

Similarly to Francisella, L. monocytogenes escapes from the
phagosome into the cytosol, through the membrane-disrupting
enzyme listeriolysin O (LLO). In vivo, caspase-1-deficient mice dis-
play reduced survival following infection and could be partially res-
cued through exogenous IL-18 administration (Tsuji et al., 2004),
suggesting that inflammasome signaling is protective during infec-
tion. Macrophage infection results in caspase-1 and Asc-dependent
cell death, with involvement of AIM2, Nlrp3, and Nlrc4 (Kim et al.,
20105 Sauer et al., 2010). LLO is required for cell death and LLO-
deficient strains, which remain in the phagosome, are unable to
activate caspase-1 or induce IL-1P secretion (Mariathasan et al.,
2006; Ozoren et al., 2006; Cervantes et al., 2008). Purified LLO can
directly induce Nlrp3-dependent IL-1B secretion (Meixenberger
et al., 2010; Sauer et al., 2010). Interestingly, however, entry into
the cytosol alone is not sufficient to trigger caspase-1 activation.
Indeed, LLO substitution with the L. ivanovithomolog ivanolysin O
is not permissive for inflammasome activation (Hara et al., 2008),
suggesting that LLO may have additional roles in this process.

Different reports have implicated the AIM2, NLRC4, and NLRP3
inflammasomes to varying degrees in the response to Listeria infec-
tion, however there have been some conflicting evidence. The
earliest study identified Nlrp3 and Asc as essential for caspase-1
activation and IL-1f secretion in macrophages (Mariathasan etal.,
2006). The role of these inflammasomes was confirmed along with
Nlrc4, which was implicated in the detection of Listeria flagellin,
and also dependent on LLO (Warren et al., 2008). Asc-deficient
macrophages infected with flagellin deleted strains resulted in
reduced IL-1 secretion than similarly infected Nlrp3 null mac-
rophages, suggesting that an unknown inflammasome, signaling
through Asc, was required. Similarly to recognition of Francisella,
AIM?2 was found to activate caspase-1 and induce IL-1J secretion
(Kim et al., 2010; Rathinam et al., 2010; Sauer et al., 2010; Wu
et al., 2010). Lysis of the bacteria is important for inflammasome
recognition as treatment of intracellular bacteria with B-lactam
antibiotics or the use of mutant bacteria that undergo rapid lysis
in the cytosol resulted in increased inflammasome activation
and pyroptosis (Sauer et al., 2010). L. monocytogenes DNA was
also found to colocalize with ASC pyroptosomes (Warren et al.,
2010). Another study using siRNA depletion in human PBMCs
determined that NLRP3 was required for IL-1f secretion, but not
AIM?2 or NLRC4 (Meixenberger et al., 2010). The Listeria strain
used however, expresses lower levels of flagellin, which may have
resulted in the lack of requirement for NLRC4. Similarly other
studies have implicated Nlrc4 along with Aim2, Nlrp3, and Asc
(Tsuchiya et al., 2010; Wu et al., 2010), while others did not find
that it played a role (Kim et al., 2010). Inflammasomes appear to
have a protective effect during L. monocytogenesinfection, through
pyroptosis. Interestingly, Listeria attempts to evade inflammasome
recognition by downregulating activators such as flagellin at 37°C
(Shen and Higgins, 2006).

While some pathogenic organisms evade the immune system
through an intracellular lifestyle, other pathogenic bacteria survive
outside of the cell. Extracellular species often secrete toxins that
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can cause tissue damage and inflammation. Upon attachment and
adhesion to surfaces, such as epithelial cells, extracellular bacteria
often produce a biofilm, a polysaccharide rich matrix that provides
protection from leucocytes and components of the immune system.
B. anthracis, is a well known extracellular bacterial pathogen that
is the cause of anthrax. The bacteria secrete lethal toxin (LeTx),
which is composed of the protective antigen (PA) and the zinc-
dependent metalloprotease lethal factor (LF) subunits (Collier and
Young, 2003). PA mediates toxin entry into the cytosol while LF
cleaves MAPK to disrupt cell signaling (Duesbery et al., 1998).
Polymorphisms in the gene encoding Nlrp1 confer susceptibility or
resistance to LeTx in mouse macrophages. LeTx is responsible for
caspase-1-dependent pyroptosis in murine macrophages through
activation of the Nlrp1 inflammasome (Boyden and Dietrich, 2006),
but the adaptor Ascis not required in this process (Reig et al., 2008).
The exact mechanism by which LeTx triggers Nlrp1 activation is
currently unknown. Endosome acidification, proteasome activity,
and potassium efflux are required for cell death (Squires et al.,2007;
Fink et al., 2008; Wickliffe et al., 2008). Nlrp1-mediated cell lysis
appears to have a protective effect in rats as it reduces mortality
to infection with B. anthracis (Newman et al., 2010). B. anthracis
spores are also capable of inducing caspase-1 activation through
Nlrp1 in vivo, which confers protection in mice (Terra et al., 2010).
Human NLRP1 has also been shown to recognize the bacterial cell
wall product muramyl-dipeptide (Faustin et al., 2007).

In summary, multiple inflammasomes have been implicated
in response to intracellular and extracellular bacteria. While this
can often lead to pyroptotic cell death, the overall effect in mouse
models suggests that caspase-1 activation and IL-13 and IL-18
secretion promote bacterial clearance and host survival. Caspase-
1-mediated pyroptosis of cells infected with intracellular bacteria
may play a beneficial role in eliminating their replicative niche.
The discovery of bacterial proteins that inhibit the inflammas-
omes, such as P. aeruginosa ExoU (Sutterwala et al., 2007) and M.
tuberculosis zmpl (Master et al., 2008) further indicates that the
effects of caspase-1 are likely beneficial for the host rather than the
pathogen. Activation can be initiated by flagellin, secretion sys-
tem components, and bacterial effector molecules injected in the
host cell cytosol through these secretion systems. These signals are
relatively conserved and it is likely that the NLRs have evolved to
detect these distinct molecules. The most recent evidence suggests
that there is significant redundancy in inflammasome activation
during bacterial infections. In addition to promoting host defense
against pathogenic bacteria, the inflammasome has been recently
implicated in sensing commensal microorganisms in the gut and
maintaining intestinal homeostasis and immune tolerance to the
microflora. In addition, upon tissue damage, Nlrp3 inflammasome-
dependent production of IL- 18 was shown to be required for tissue
repair and protection from colitis and colitis-associated colorectal
cancer (Allen et al., 2010; Dupaul-Chicoine et al., 2010; Saleh and
Trinchieri, 2011; Zaki et al., 2010).

VIRUSES

Viruses infect and replicate within host cells, utilizing the host
cellular machinery to manufacture viral particles. In mammals,
both the innate and adaptive branches of the immune system play
an important role in fighting viral infections. Different PRRs are

capable of recognizing viral motifs, primarily those with nucleic
acids, and initiate type I interferon production which inhibits
viral replication (Saito and Gale Jr., 2007). Multiple inflammas-
omes including NLRP3, AIM2, and RIG-I have been linked to viral
infections (Table 1).

Prior to the discovery of the inflammasome, it has been reported
that influenza infection induced IL-1 production by infected mac-
rophages and in mice (Hennet et al., 1992; Pirhonen et al., 1999),
which mediated mouse survival by enhancing adaptive immunity
to the virus (Schmitz et al., 2005). The Nlrp3 inflammasome was
subsequently identified to play a role in influenza and Sendai virus
infection in macrophages (Kanneganti et al., 2006). In vitro, the
NLRP3 inflammasome is triggered by various viruses and viral
PAMPs, including viral RNA analogs poly(I:C) and ssRNA40
(Kanneganti et al., 2006; Allen et al., 2009), transfected adenovi-
rus DNA (Muruve et al., 2008), and rotavirus dsRNA (Kanneganti
et al., 2006). However, in vivo, there have been some conflicting
findings as to the role of the inflammasome, and the involvement
of its different components, in influenza virus infection. Notably,
Asc, caspase-1, and Nlrp3, but not Nlrc4 were shown to be essen-
tial for mouse survival (Allen et al., 2009; Thomas et al., 2009),
but this result was only reproduced for Asc, caspase-1 and IL-1R,
but not Nlrp3 (Ichinohe et al., 2009). These discrepancies may be
largely due to different infectious doses. Higher infectious doses
(>1000 pfu) trigger marked inflammatory cell infiltration to the
airways, pulmonary necrosis and fibrosis, that are reduced in
Nlrp3 and caspase-1 deficient mice (Allen et al., 2009; Thomas
etal., 2009), suggesting a role of the inflammasome in lung tissue
healing. Lower infectious doses (10 pfu), on the other hand, are
less injurious, which allows for the examination of inflammasome
function in immune responses. Under these conditions, casp1”~and
Asc™ mice exhibit reduced CD4 and CD8 T cell responses and
decreased immunoglobulin titers (Ichinohe et al., 2009). A recently
discovered influenza M2 ion channel was demonstrated to local-
ize to the host cell Golgi and activate Nlrp3 by inducing cytosolic
acidification (Ichinohe et al., 2010).

Vesicular stomatitis virus (VSV), another RNA virus, is rec-
ognized by the intracellular receptor with RNA helicase activity
RIG-I. RIG-I detects 5" triphosphate RNA as a viral signature and
induces type I IFN production and NF-kB activation through
recruitment of the adaptor protein MAVS (Nakhaei et al., 2009).
Interestingly, infection with VSV also triggers IL-1P secretion in a
RIG-I-dependent manner (Poeck et al., 2010). ASC interacts with
RIG-I and is required for VSV-induced caspase-1 activation, which
requires potassium efflux, but not Type I IFN. These results indicate
that RIG-I serves multiple roles during the innate immune response
to viruses, as it triggers Type I IFN expression and activates the
NF-KB and caspase-1 pro-inflammatory pathways.

DNA viruses are also capable of activating caspase-1 through
the AIM2 inflammasome. As previously discussed, AIM2 detects
cytosolic DNA, and is engaged in response to vaccinia virus and
mouse cytomegalovirus (mCMV), but interestingly not herpes
simplex virus type 1 (HSV-1) (Rathinam et al., 2010). Similarly to
its response to bacterial DNA, AIM2 requires ASC, but not NLRP3
(Hornung et al., 2009; Rathinam et al., 2010). mCMV-infected
AIM2 deficient mice have reduced IL-18 serum levels that corre-
late with a reduced population of IFNy+ NK cells. IL-18 is a known
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activator of IFNyproduction in NK cells (Hyodo et al., 1999; Chaix
etal., 2008), which play an important role in eliminating tumor or
virus-infected cells, and is likely one of the primary contributors to
the higher viral titers found in the spleen of AIM2-deficient mice
(Rathinam et al., 2010).

Caspase-1-induced inflammation and pyroptosis are deleterious
for virus replication and dissemination. Consequently, viruses have
evolved proteins to target caspase-1 function and its downstream
signaling, including a poxvirus PYD containing protein (Johnston
et al., 2005) and influenza NS1 (Stasakova et al., 2005).

PARASITES

The protozoan Plasmodium genus is the causative agent of malaria,
which is endemic to the tropics and sub-Saharan Africa. The par-
asite is transmitted by mosquito bite into the host, where after
an incubation period, replicates within erythrocytes (Sachs and
Malaney, 2002). The breakdown of hemoglobin by Plasmodium
results in the release of heme, which is then converted into the
crystalline product hemozoin (Hanscheid et al., 2007). Recent
work has suggested that the NLRP3 inflammasome might play a
role in the recognition of hemozoin. Hemozoin was reported to
activate caspase-1 and induce IL-1P secretion in vitro, in an ASC
and NLRP3, but not NLRC4, dependent manner (Dostert et al.,
2009; Shio et al., 2009), but this was not reproduced in one study
(Griffith et al., 2009). Mechanistically, hemozoin is not likely to be
directly recognized by NLRP3, but instead activates the inflamma-
some through other signals, such as uric acid crystal release (Griffith
et al., 2009) and/or activation of cathepsin B downstream of the
SYK and LYN kinases (Shio et al., 2009). The role of cathepsin B is
controversial however, as cathepsin B-deficient macrophages did
not exhibita defect in caspase-1 activation in response to hemozoin
(Dostert et al., 2009). Interestingly, deficiency in Nlrp3 but not Asc
or caspase-1 increased mouse survival after injection with red blood
cells infected with the mouse virulent strain P. chabaudi adami (Shio
et al., 2009). Another mouse model of cerebral malaria using P.
berghei similarly showed that Nlrp3™~ mice, but not Asc™~, caspl™",
or Il157~ mice, had a greater time to death than wild-type animals
(Reimeretal.,2010). This suggests that NLRP3 may have a deleteri-
ousrole in cerebral malaria, independently of caspase-1 and IL-1p.
Consistently, we have shown that caspI~~ mice were equivalent to
wild-type mice in their response to the P. chabaudi and P. berghei
models of malaria (Labbe et al.,2010). In contrast, mice deficient in
caspase-12,an inhibitor of caspase-1 and NF-xB, showed enhanced
inflammatory and immune response to the Plasmodium parasites
and were susceptible to cerebral malaria. This phenotype was, how-
ever, independent of caspase-1, but resulted from excessive NF-xB
activation and IFNY production (Labbe et al., 2010). Plasmodium
is currently the only parasite characterized with respect to inflam-
masome activation, and the study of other protozoa and helminths
may lead to a better understanding of the immune response to
these organisms and to insights into unknown functions of the
inflammasome and NLRs.

FUNGI

Fungi are eukaryotic organisms that often cause opportunistic infec-
tions in immuno-compromised hosts. The most common cause of
fungal infections is Candida albicans, a commensal that resides in

the majority of the human population. It exists as a unicellular yeast
or a filamentous hyphae, the latter associated with invasion (Lo
etal.,, 1997). C. albicans and other opportunistic fungi are cleared
in healthy individuals and various PRRs, such as TLRs and CLRs
have been implicated as important players in the immune response
to fungi (Netea and Marodi, 2010). IL-1 is essential in host defense
in candidiasis (Vonk et al., 2006) and recently the inflammasome
has been linked to this response.

Caspase-1, IL-1R, ASC, and NLRP3, have been implicated in
controlling fungal dissemination and host survival in mice (Gross
et al., 2009; Hise et al., 2009; Joly et al., 2009). Caspase-1, Asc, or
II-1r deficient mice have reduced survival and increased organ
fungal burden upon C. albicans infection (Hise et al., 2009).
Nlrp3~~ mice have increased mortality following infection (Gross
et al., 2009) and higher tissue colony counts (Gross et al., 2009;
Hise et al., 2009; Joly et al., 2009). The fungal cell wall compo-
nent fB-glucan is recognized by the CLR, dectin-1, which recruits
SYK via phosphorylated ITAM:s in its cytoplasmic tail leading to
synthesis of pro-IL-1B and NLRP3 inflammasome components
(Rogers et al., 2005; Gross et al., 2009; Hise et al., 2009; Kumar
et al., 2009; van de Veerdonk et al., 2009). TLR2 has also been
implicated in this recognition (Hise et al., 2009; van de Veerdonk
etal.,2009). While these receptors provide signal 1 toward NLRP3
activation, signal 2 is mediated by potassium efflux and ROS pro-
duction (Gross et al., 2009). Consistently, Syk”~ dendritic cells
display reduced caspase-1 activation and production of IL-1f in
response to C. albicans, but not Salmonella, ATP or nigericin (Gross
etal.,2009). The role of cathepsin B in C. albicans inflammasome
activation is unclear as IL- 1 secretion from cathepsin B-deficient
dendritic cells was unaffected in one study (Gross et al., 2009),
while cell treatment with the cathepsin B cell permeable inhibi-
tor CA-074-Me caused a significant decrease in secreted IL-1(3 in
another (Joly et al., 2009).

Interestingly, the transition from the yeast to the filamentous
form of C. albicansis required for Nlrp3 inflammasome activation,
as mutant fungi unable to transform to the hyphae stage trigger
blunted IL-1f production (Joly et al.,2009). The hyphae form is able
to disrupt the phagosome (Lo et al., 1997), and it is hypothesized
that this event is sensed as signal 2. The observation that cathepsin
Binhibitors reduced IL- 1 secretion from macrophages (Joly et al.,
2009) supports this hypothesis as vacuole rupture and cathepsin
B activity have been linked to NLRP3 activation (Hornung et al.,
2008). Notably, UV-inactivated C. albicans yeast cells are unable
to activate the inflammasome (Hise et al., 2009; Joly et al., 2009).
However, in human PBMCs heat-killed yeast cells could induce
IL-1P secretion (van de Veerdonk et al., 2009), presumably due to
the ability of these cells to produce excessive levels of ATP which
activates the inflammasome in the presence of a signal 1, provided
in this case by the heat-killed cells.

Interestingly, treatment of B cells with B-glucan resulted in Nlrp3
activation and antibody production. This occurred independently
of IL-1R signaling, as determined by the use of Myd88~"~ cells. This
is suggestive of a link between NLRP3 and the adaptive immune
system in response to fungal infections (Kumar et al., 2009). While
the large majority of studies on the role of inflammasomes in fungal
infections has been discovered using C. albicans, another oppor-
tunistic fungus, Aspergillus fumigates, was also found to activate the
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NLRP3 inflammasome via similar mechanisms (Said-Sadier et al.,
2010). Altogether, these studies indicate that the NLRP3 inflamma-
some plays a protective role against fungal infections.

CONCLUSION

Innate immunity and inflammation are important for the host
defense against invading microbes. The rapidly expanding number
of studies on the inflammasomes has begun to unravel their roles in
response to bacterial, parasitic, fungal, and viral infections. Current
evidence supports that inflammasome activation during infection
confers protection to the host through various mechanisms including
pyroptosis, pro-inflammatory cytokine secretion, and stimulation of
the adaptive immune system. While pyroptosis of infected macro-
phages may intuitively seem deleterious for the host, it can permit
exposure of intracellular bacteria to other bactericidal host factors.
Consequently many pathogens have evolved different mechanisms
to inhibit inflammasome activation and function. There have been

many recent advances in understanding the different motifs that are
recognized by the inflammasomes and how they work. However,
much remains to be done for a full understanding of the molecular
events linking cellular perturbations and DAMP sensing to inflam-
masome activation. While the majority of studies researching the
inflammasomes have focused on the NLRP3 and NLRC4 complexes,
the recent discoveries of AIM2 and RIG-I in caspase-1 activation
open a new window of investigation. Moreover, it is likely that addi-
tional inflammasomes have not yet been discovered. Importantly, it is
becoming clear that while NLRs and ASC assemble inflammasomes,
their functions are not always necessarily mediated by the caspase-1
pathway. Similarly, caspase-1 dependent effector cytokines could be
produced by other proteases during infection. Additionally, NLR
signaling pathways are significantly redundant and overlapping with
those of other PRRs. Therefore, a stronger understanding of inflam-
masome-mediated innate immune responses is warranted toward the
development of therapeutic strategies for infectious disease.
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INTRODUCTION

The innate immune system depends on germline encoded pattern
recognition receptors (PRRs) for the detection of various microbial
components. PRRs belong to different classes of receptors such as
toll-like receptors (TLRs) that are localized at the cell surface or in
endosomes and the cytosolic RIG-I-like receptors (RLRs), Nod-
like receptors (NLRs), and the recently identified HIN-200 family
members (Palsson-McDermott and O’Neill, 2007; Hornung and
Latz,2010; Unterholzner et al., 2010). Upon perceiving a microbial
or danger stimuli, these receptors activate downstream signaling
events leading to generation of the appropriate immune response
(Creagh and O’Neill, 2006). Inflammasomes are molecular plat-
forms that assemble by hetero-oligomerization of a nucleotide-
binding oligomerization domain, LRR containing receptor (NLR),
an adaptor protein ASC and pro-caspase-1, and triggers caspase-1
activation and downstream maturation and secretion of the pro-
inflammatory cytokines IL-1 and IL-18 (Kanneganti et al., 2006a,
2007; Lamkanfi and Kanneganti, 2010).

The requirement for a particular NLR within the inflammasome
complex depends upon the upstream trigger. The Nlrp3 inflam-
masome, for example, acts as a global sensor that responds to a
wide array of stimuli whereas Nlrc4 and Nlrp1 inflammasomes
are more specific; they are activated only by bacterial flagellin and
anthrax toxin, respectively (Boyden and Dietrich, 2006; Franchi
et al., 2006; Miao et al., 2006). Many studies have now uncovered
the crucial role of the Nlrp3 inflammasome in different microbial
infections. The purpose of this review is to give an update on the
recent literature highlighting the role of Nlrp3 inflammasome dur-
ing host responses to various pathogens.

FUNGAL INFECTION

Most of the fungi are non-pathogenic in healthy individuals; how-
ever, they are long known to cause severe systemic and superficial
infections in patients with AIDS, cancer or other immunocompro-
mised conditions (Romani, 2004). Although the antifungal effects
of IL-1P and IL-18 were known previously (Mencacci et al., 2000;

The intracellular Nod-like receptor NiIrp3 has emerged as the most versatile innate immune
receptor because of its broad specificity in mediating immune response to a wide range of
microbial or danger signals. NIrp3 mediates assembly of the inflammasome complex in the
presence of microbial components leading to the activation of caspase-1 and the processing
and release of the pro-inflammatory cytokines IL-1B and IL-18. In this review, we give an update
on the recent literature examining the role of Nirp3 inflammasome in response to fungal,

Keywords: NLR, Nirp3, inflammasome, caspase-1, IL-1p, IL-18

Vonk et al., 2006), the inflammasome dependent processing of
these cytokines was not addressed in those studies. One report sug-
gested that caspase-1 is constitutively active in human monocytes
and does not require inflammasome assembly for its activation
(van de Veerdonk et al., 2009). In contrast, other reports in mouse
models established the inflammasome dependent caspase-1 acti-
vation and IL-1 production in response to pathogen-associated
molecular patterns from Candida albicans, Aspergillus fumigatus,
and Saccharomyces cerevisiae (Gross et al., 2009; Hise et al,
2009; Joly et al., 2009; Kumar et al., 2009; Lamkanfi et al., 2009;
Kankkunen et al., 2010; Poeck and Ruland, 2010; Said-Sadier et al.,
2010). Intriguingly, mice deficient in Nlrp3 are hyper-susceptible
to C. albicans in several infection models (Gross et al., 2009; Hise
et al., 2009; Joly et al., 2009). However, the in vivo role of Asc
and caspase-1 in C. albicans infection is not known. Interestingly,
hyphael stages of these heteromorphic fungi are more virulent and
are suggested to be more aggressive inducers of inflammation (Lo
et al., 1997). Indeed, yeast forms of A. fumigatus and C. albicans
either did not induce or showed poor Nlrp3 inflammasome acti-
vation, respectively providing evidence for the differential regula-
tion of immune responses based on the morphological forms of
fungi (Hise et al., 2009; Joly et al., 2009; Said-Sadier et al., 2010).
Accordingly, appearance of hyphael forms of fungi is a positive
prognosis factor for the rapidly spreading fungal infections in
affected tissues and organs.

The Dectin-CARD?9 signaling pathway through syk kinase reg-
ulates transcriptional up-regulation of cytokines downstream of
fungal recognition (Gross et al., 2009; Poeck and Ruland, 2010).
Interestingly, inhibition of syk kinase, either pharmacologically or
through shRNA-based knock down, resulted not only in the inhi-
bition of transcription but also reduced the Nlrp3 inflammasome
activation (Gross et al., 2006; Said-Sadier et al., 2010). These obser-
vations thus suggest that the syk kinase signaling may contribute
to the NIrp3 inflammasome activation by providing the necessary
signals required either for its up-regulation at the transcriptional
level and/or for its assembly by a yet unidentified mechanism.
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BACTERIAL INFECTION

Nlrp3 inflammasome has been shown to be particularly important
in response to several bacterial pathogens. Staphylococcus aureus
induced IL-1f secretion, for example, requires Nlrp3 inflamma-
some activation (Mariathasan et al., 2006; Craven et al., 2009). By
using purified oi-hemolysin Craven et al. (2009) discovered a cru-
cial role for Staphylococcus aureus hemolysins in Nlrp3 inflamma-
some activation in THP-1 monocytes. However, Mariathasan et al.
(2006) reported no role for Staphylococcus aureus hemolysins (-,
B-, or y-hemolysins) in the induction of Nlrp3 inflammasome in
bone marrow-derived macrophages by using Staphylococcus aureus
hemolysin mutants. The differences observed between these two
studies might be due to differences in the cell types used or to the
fact that other redundant factors released by Staphylococcus aureus
hemolysin mutants activate Nlrp3 as efficiently.

Salmonella typhimurium s a flagellated bacterium that has been
shown to activate the Nlrc4 inflammasome (Franchi et al., 2006;
Miao et al., 2006). However, Broz et al. (2010) recently reported
activation of both the Nlrc4 and Nlrp3 inflammasomes via SPI-1
and SPI-2 dependent mechanisms. Unlike previous studies, which
had focused on the SPI-1-dependent mechanism of caspase-1 acti-
vation that occurs rapidly and activates Nlrc4, this study focused
on Salmonella SPI-2 dependent mechanisms that activate the
Nlrp3 inflammasome. During Salmonella infection, Nlrp3 inflam-
masome dependent IL-1f production was observed between 17
and 20 h after infection. Interestingly, both Nlrp3 and Nlrc4 were
recruited into a single ASC focus in response to Salmonella that
correlated well with the amount of IL-1f3 and IL-18 released (Broz
et al., 2010). Accordingly, mice lacking both of these NLRs were
found more susceptible to infection than mice deficient in either
Nlrc4 or Nlrp3 alone (Broz et al., 2010). However, the role of Nlrp3
in Salmonella infection needs further verification. Nonetheless,
these observations indicate redundant roles for inflammasomes
during infection.

The redundant nature of the inflammasomes is also evident
during Listeria infection. Listeria monocytogenes activates inflam-
masome in an Nlrp3-dependent manner (Mariathasan etal., 2006).
However, recent studies also show the activation of Nlrc4 and Aim2
inflammasomes upon Listeria infection (Warren et al., 2008; Wu
et al., 2010). In particular, Nlrp3 inflammasome is activated in
response to phagosomal membrane damage caused by expression of
listeriolysin O (LLO) by Listeria (Wu et al.,2010).Indeed, membrane
damage resulting in cathepsin B release has been shown previously to
result in NIrp3 activation (Hornunget al., 2008). Critical role for the
Nlrp3 inflammasome has also been reported during Mycobacterium
infection (Carlsson et al.,2010; McElvania Tekippe et al.,2010). Asc-
deficient mice were found to be more susceptible to M. tuberculosis
infection because of defective granuloma formation in these mice
(McElvania Tekippe et al.,2010). In contrast, another study reported
similar M. marinumburden in WT and Asc-deficient mice (Carlsson
et al.,, 2010). Notably, the two studies differ in the Mycobacterium
spp. examined and the route of the infection.

The role of Nlrp3 inflammasome in other bacterial infections has
also been studied. Streptococcus pyogenes activates the Nlrp3 inflam-
masome in a streptolysin O (SLO) dependent manner (Harder et al.,
2009). Nlrp3 was essential for IL-1p production but the mutant
mice were equally susceptible to Streptococcus pyogenes infection as

wild-type mice (Harder et al., 2009). Vibrio spp. also induced Nlrp3
inflammasome activation mediated by hemolysins and toxins (Toma
et al,, 2010). Staphylococcus aureus activated Nlrp3 inflammasome
dependent on hemolysins and bacterial lipoproteins secreted in cul-
ture supernatants (Munoz-Planillo et al., 2009). Similarly, Neisseria
gonorrhoeaeinduced IL-1f production via Nlrp3 inflammasome that
was dependent upon the secreted virulence factor lipo-oligosaccharide
(Duncan et al., 2009).

VIRAL INFECTION

Within mammalian hosts, viruses are recognized by TLR3 and
TLR7 in the endosomes and by RIG-I in the cytoplasm mounting
robust immune responses through the regulation of type-1 inter-
ferons (Ichinohe et al., 2009; Kanneganti, 2010). Initial evidence
implicating Nlrp3 inflammasome in viral infection came from
reports of caspase-1 activation and production of IL-1p and IL-18
during Sendai virus and influenza virus infections (Kanneganti
et al., 2006b). Infection with the modified vaccinia virus Ankara
also activates the Nlrp3 inflammasome (Delaloye et al., 2009).
Several lines of evidence indicate that the Nlrp3 inflammasome
might detect the presence of viral RNA and DNA in intracellu-
lar compartments. For example, Nlrp3 has been implicated in the
detection of viral DNA from adenovirus in cell culture (Muruve
etal.,2008). Additionally, transfection of human or mouse cell lines
with ssRNA or dsRNA analogs, such as polyinosinic—polycytidylic
acid (poly(I:C)), is sufficient to activate Nlrp3 (Allen et al., 2009). In
vivo administration of poly(1:C) or the purified ssRNA of influenza
A virus to mice also led to IL-1 secretion and inflammation due
to Nlrp3 activation (Kanneganti et al., 2006b; Allen et al., 2009;
Thomas et al., 2009).

Several recent studies reported activation of the Nlrp3 inflam-
masome in response to influenza A virus in mouse bone marrow-
derived macrophages, dendritic cells, monocytic THP-1 cells and
invivo (Allen et al., 2009; Ichinohe et al., 2009; Thomas et al., 2009).
Perhaps, the Nlrp3 inflammasome activation in response to viruses
has been best characterized by using influenza A virus. Influenza A
virus infection led to reduced production of cytokines and chem-
okines in mice lacking components of the Nlrp3 inflammasome
leading to decreased recruitment of neutrophils and monocytes
(Allen et al., 2009; Thomas et al., 2009). This was accompanied
by epithelial necrosis and collagen deposition, an effect that was
more severe in the bronchia of the Nlrp3 mutant mice. Despite
these facts, Nlrp3 inflammasome had no role in either virus con-
trol or generation of adaptive immunity (Thomas et al., 2009). In
contrast, another study reported importance of the Nlrp3 in viral
clearance (Allen et al., 2009). The apparent discrepancy might be
due to different doses of infection or evaluation of viral plaque-
forming units at different days after infection. Still another study
by Ichinohe et al. (2009), however, reported a role for Nlrp3 only
in certain cell types, but observed no role for it in the generation of
adaptive immune responses similar to the study by Thomas et al.
(2009). Interestingly, Ichinohe et al. (2010) proposed a role for the
viral M2 ion channel in transporting H* out of the trans-Golgi
network. The authors postulated that this perturbation somehow
activates other plasma membrane channels responsible for K* efflux
thus activating the Nlrp3 inflammasome (Ichinohe et al., 2010;
Kanneganti, 2010).
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MECHANISMS OF INFLAMMASOME ACTIVATION

The Nlrp3 inflammasome is generally believed to require a two-
signal mechanism. Stimulation with LPS leads to TLR activation
resulting in synthesis of precursor forms of the cytokines IL-1f3
and IL-18. Further stimulation of these cells with ATP activates
P2X7R, allowing K* efflux through membrane pores that results
in Nlrp3 inflammasome activation. Recent reports have proposed
that besides transcriptional up-regulation of IL-1B and IL-18,
LPS also leads to up-regulation of Nlrp3 expression in an NF-xB
dependent manner (Bauernfeind et al., 2009; Franchi et al., 2009).
However, a recent study reported that infection with V. cholerae
did not up-regulate Nlrp3 expression suggesting that it is not
indispensable for caspase-1 activation, at least in Vibrio infection
(Toma et al., 2010).

Many pathogens bypass the necessary second signal (i.e., P2X7R
activation) required for inflammasome activation through the for-
mation of membrane pores. Streptococcus pyogenes, for example,
activates NIrp3 inflammasome in a P2X7R-independent manner
(Harder et al., 2009). Streptococcus pyogenes synthesizes the pore-
forming toxin SLO which may therefore provide the necessary
functions of ATP and, as has been proposed before allows the deliv-
ery of microbial molecules (Nakagawa et al., 2004) to the cytosol
thereby triggering Nlrp3 activation. Similarly, Staphylococcus
aureus hemolysins (o and ) trigger caspase-1 activation in con-
junction with released lipoproteins independently of P2X7R
(Munoz-Planillo et al., 2009) again suggesting a role for bacterial
toxins and hemolysins in fulfilling the second signal necessary for
inflammasome activation.

Although studied extensively, the mechanism of Nlrp3 inflam-
masome activation has not been established so far. Efflux of K* has
long been considered to be the mechanism for activation of this
inflammasome (Petrilli et al., 2007). Activation of P2X7R results
in rapid efflux of K*. However, P2X7R activation also influences
the levels of other ions such as Na* and Ca?*" (Dietl and Volkl,
1994; Schilling et al., 1999; North, 2002). Another mechanism
proposed suggests activation of Nlrp3 by cathepsin B released
from ruptured lysosomes following phagocytosis of monosodium
urate and alum (Dostert et al., 2008; Hornung et al., 2008). This
was demonstrated by using cathepsin B inhibitors in cell culture.
However, cathepsin B-deficient macrophages showed IL-1 levels
comparable to wild-type macrophages in response to monoso-
dium urate and alum (Dostert et al., 2009). Recently, reactive
oxygen species (ROS) have also been proposed to be an upstream
inducer of the Nlrp3 inflammasome complex (Zhou et al., 2010).
However, the role of ROS is again controversial given the fact
that cells from patients with chronic granulomatous disease or
macrophages from gp91phox — deficient mice (that are defective
in ROS generation) produced similar levels of inflammasome
activation as their normal counterparts (Meissner et al., 2010;
van de Veerdonk et al., 2010).

CONCLUDING REMARKS

Nlrp3 inflammasome is activated by a variety of microbial
stimuli (Table 1). This variety obscures efforts to determine
the upstream mechanism of Nlrp3 inflammasome activation.
Although multiple mechanisms have been proposed for Nlrp3

Table 1| Microbes and microbial components that induce Nirp3 inflammasome activation.

Pathogens Microbial/host components involved
FUNGAL
Candida albicans Hyphael forms are better inducers of NIrp3. (Gross et al., 2009; Hise et al., 2009; Joly et al., 2009)

Aspergillus fumigatus
Saccharomyces cerevisiae
etal., 2009)
BACTERIAL
Staphylococcus aureus

Salmonella typhimurium

NIrp3 activation is strictly dependent on hyphael forms. (Said-Sadier et al., 2010)
Cell wall components (zymosan, mannan, and B - glucans) activate Nirp3. (Kumar et al., 2009; Lamkanfi

NIrp3 activation is dependent on bacterial hemolysins. (Mariathasan et al., 2006; Craven et al., 2009;
Munoz-Planillo et al., 2009)
NIrp3 and Nlirc4 are activated. Mice deficient in both Nirp3 and Nirc4 are more susceptible. (Broz et al.,

2010; Franchi et al., 2006; Miao et al., 2006)

Listeria monocytogenes
Mycobacteriuma marinum
Mycobacteriuma tuberculosis
Streptococcus pyogenes
Vibrio cholerae

Chlamydia pneumoniae
Neisseria gonorrhoeae
VIRAL

Sendai virus

Modified vaccinia virus Ankara (MVA)
Adenovirus

Influenza A virus

NIrp3, Nirc4 and Aim2 are activated. (Warren et al., 2008; Wu et al., 2010)

NIrp3 activation is dependent on ESX-1 secretion system. (Carlsson et al., 2010)

Asc™- mice are more susceptible. (McElvania Tekippe et al., 2010)

NIrp3 activation is dependent on streptolysin O release. (Harder et al., 2009)

NIrp3 activation is dependent on bacterial hemolysins and toxins. (Toma et al., 2010)

NIrp3 dependent IL-1f release is crucial for host defense against bacterial pneumonia. (He et al., 2010)
NIrp3 activation is dependent on lipo-oligosaccharide release. (Duncan et al., 2009)

NIrp3 inflammasome is activated. (Kanneganti et al., 2006b)

Innate immune sensing is mediated by NIrp3 inflammasome. (Delaloye et al., 2009)

NIrp3 7~ and Asc™- mice show poor inflammatory responses. (Muruve et al., 2008)

Mice deficient in components of Nirp3 inflammasome show reduced cytokine and chemokine production.

(Kanneganti et al., 2006b; Allen et al., 2009; Ichinohe et al., 2009; Thomas et al., 2009)
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FIGURE 1 | Signaling mechanisms proposed for Nirp3 inflammasome
activation. Extracellular and intracellular pathogen-associated molecular
patterns (PAMPs) are sensed by tollHike receptors (TLRs; first signal) leading to
NF-kB activation and transcription of cytokines. Additionally, NFkB is also
proposed to up-regulate NIrp3 expression, which might be a limiting factor for
inflaimmasome assembly. A wide range of pathogens trigger Nirp3
inflammasome activation. The physiological insults resulting from exposure to
these PAMPs can be narrowed down to a few mechanisms that drive NIrp3
activation. These mechanisms include K* efflux, lysosomal damage and reactive

oxygen species (ROS) production (second signal). Activation of P2X7R by ATP
results in membrane pores that allow K* efflux and entry of extracellular factors
into the cytoplasm resulting in NIrp3 activation. Phagocytosis of certain
pathogenic microbes leads to rupture of lysosomes thereby releasing cathepsin
B into the cytoplasm and causing Nirp3 activation. Generation of ROS
downstream of microbial infection has also been proposed to trigger Nirp3.
NIrp3 inflammasome assembly consisting of the adaptor molecule Asc and
pro-caspase-1 leads to caspase-1 activation, which results in processing and
secretion of cytokines IL=1B and 11:18.

inflammasome activation (Figure 1), still no clearly defined
consensus has emerged yet. It is highly probable that the differ-
ent proposed mechanisms of Nlrp3 activation are not mutually
exclusive and some common intersecting points exist between
these various pathways. Future studies are likely to shed more
light on this aspect besides deciphering the novel roles for
Nlrp3 inflammasome.
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INTRODUCTION

Autophagy describes a group of at least three evolutionary con-
served cellular degradation processes in eukaryotes that deliver
cytoplasmic constituents for lysosomal degradation (Mizushima
and Klionsky, 2007). These are macro-, micro-, and chaperone
mediated autophagy. During microautophagy the lysosomal mem-
brane invaginates and buds into the lysosomal lumen taking a por-
tion of cytoplasm with it into lysosomal break-down. This pathway,
however, has so far only been described in yeast and a clear dem-
onstration that it also occurs in higher eukaryotes is still lacking.
During chaperone mediated autophagy proteins with a KFERQ rec-
ognition sequence are transported across the lysosomal membrane
for degradation (Massey et al., 2006). For this purpose cytosolic
chaperones, including HSC70 members, recognize KFERQ, dock
to Lamp2a in the lysosomal membrane and are then assisted by
another HSC70 member in the lysosomal lumen to import sub-
strates into lysosomes. This process is also conserved in higher
eukaryotes, but it remains unclear to which extent it contributes
to protein turn-over in the steady-state, since it has primarily been
studied under extreme starvation conditions. Macroautophagy as
the third pathway is characterized by de novo formation of a double-
membrane engulfed vesicle, the autophagosome, which then fuses
with late endosomes or lysosomes for the degradation of its cargo.
Autophagosomes can form from membranes of multiple sources,
probably depending on the location of their cargo and initiation
signals for vesicle formation. These membrane sources include the
rough endoplasmic reticulum (Hayashi-Nishino et al., 2009; Yla-
Anttila Vihinen et al., 2009), the Golgi apparatus (Lynch-Day etal.,
2010; Yen et al., 2010), the outer nuclear membrane (English et al.,
2009), the outer mitochondrial membrane (He et al., 2006; Hailey
et al., 2010), and the plasma membrane (Ravikumar et al., 2010).
Autophagosome formation and degradation requires more than 30
gene products, so called autophagy-related (Atg) proteins. The site

innate immune control, are in part mediated via macroautophagy, an evolutionary conserved
pathway for cytoplasmic constituent degradation in lysosomes. In this review these facets of
the recently unveiled involvement of macroautophagy in innate immunity will be summarized,
and aspects that need additional investigations will be high-lighted. The improved understanding
of the capabilities of macroautophagy for immunity suggests that this pathway should be
harnessed in immunotherapies against infectious diseases.

Keywords: Atg, TLR, NOD, inflammasome, RIG-I

of autophagosome generation is marked by phosphatidylinositol
3-phosphate (PI3) in membranes, which is deposited there by type
III PI3 kinase complexes, containing the PI3 kinase VPS34, VPS15,
Atgl4L,and Atg6/Beclin-1 (Figure 1). Extension of the autophago-
somal membrane is then achieved with the help of two ubiquitin-
like systems (Ohsumi, 2001). In one of them Atg12 is coupled with
the help of the E1- and E2-like enzymes Atg7 and 10 to Atg5, and
the complex localizes then with Atg16L1 to the outer membrane of
the emerging autophagosome. There it acts as an E3-like enzyme
for the conjugation of the other ubiquitin-like molecule Atg8, one
homolog of which in mammalian cells is called LC3. Atg8/LC3 is
prior to conjugation activated by proteolytic processing through
Atg4, exposing a glycine at its C-terminus. It is then activated by the
E1-like enzyme Atg7, conjugated to the E2-like enzyme Atg3 and
finally ligated to phosphatidylethanolamine in the inner and outer
membrane of the emerging autophagosome through the E3-like
activity of Atgl12—Atg5/Atgl6L1. At the autophagosomal membrane
it mediates recruitment of ubiquitinated substrates, like protein
aggregates and cell organelles, via the ubiquitin and LC3 bind-
ing proteins p62, NBR1, and NDP52 (Bjorkoy et al., 2005; Kirkin
et al., 2009; Thurston et al., 2009), and probably also membrane
fusion for autophagosomal membrane elongation and vesicle com-
pletion (Nakatogawa et al., 2007). While Atg8/LC3 remains at the
inner autophagosomal membrane, Atg4 cleaves it from the outer
autophagosomal membrane and also the Atg12—-Atg5/Atgl6L1 is
recycled after autophagosome completion. Fusion of the completed
autophagosomes with lysosomes and late endosomes is then also
mediated by Atg6/Beclin-1 containing PI3 kinase complexes with
UVRAG or Rubicon replacing Atg14L (Liang et al., 2008; Matsunaga
et al., 2009; Zhong et al., 2009). In addition, Rab11 is required
for fusion with late endosomes (Fader et al., 2008) and Rab7 and
Lamp2 for fusion with lysosomes (Tanaka et al., 2000; Jager et al.,
2004). Thus the molecular machinery for macroautophagy has been
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FIGURE 1 | Macroautophagy delivers cytoplasmic constituents to
lysosomal degradation via the formation of an autophagosome. \While PI3
generated by Beclin-1 containing complexes (PI3 kinase, Beclin-1, VPS15, and
Atg14L) marks sites of autophagosome generation, two ubiquitin-like systems
are required to form autophagosomes at these sites. Atg12 is coupled to Atgb
by the indicated E1-like and E2-like enzymes Atg7 and Atg10, and associates
with the outer membrane of the emerging autophagosome in complex with

GMKLSV
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Atg16L. The complex guides ligation as an E3-like enzyme of Atg8, whose best
studied mammalian homolog is LC3, to the outer and inner autophagosomal
membrane. Prior to coupling Atg8/LC3 is processed by Atg4 and activated via
the two E1- and E2-like enzymes Atg7 and Atg3. Upon completion of the
autophagosomes the Atgs recycle from the outer membrane, while Atg8/LC3 is
degraded with the inner autophagosomal membrane as well as the
autophagosome content upon fusion to lysosomes.

explored in some depth, and the gained knowledge also favored
investigations of this particular autophagy pathway during innate
immune responses.

Accordingly, I will primarily summarize the evidence that innate
immune recognition regulates macroautophagy, how macroau-
tophagy modulates innate immune recognition in return, which
effector functions for innate immunity can be mediated by macro-
autophagy and how these effector functions might restrict pathogens
and commensals in vivo both in animal models and even in humans.

PAMP MEDIATED MACROAUTOPHAGY REGULATION

Originally macroautophagy has been described as a response to
starvation, recycling cytoplasmic constituents to generate energy
and macromolecular building blocks for cell survival. The signals
leading to macroautophagy up-regulation in response to amino acid
deprivation and growth factor withdrawal have now in part been
described (He and Klionsky, 2009). In addition, more recently it has
been appreciated that pathogen detection can also up-regulate mac-
roautophagy as an innate immune effector function (Mizushima
etal.,2008). Recognition of pathogen associated molecular patterns
(PAMPs) or pathogen induced changes in cell organelles stimu-
late macroautophagy (Figure 2). Although intuitively one would
predict from the role of macroautophagy in cytosolic organelle
and protein aggregate clearance that cytosolic PAMP recognition
might preferentially enhance this pathway, but PAMP recognition
receptors (PRRs) recognizing extra- and intra-cellular structures
have been described to up-regulate macroautophagy. This already
point to functions of macroautophagy beyond just engulfment
of intracellular microbes for their degradation in lysosomes, and

these additional effector functions of macroautophagy will be dis-
cussed in the fourth section of this review. With regard to surface
and endosomal receptors that trigger macroautophagy mainly toll
like receptors (TLRs) were so far evaluated for macroautophagy
regulation (Sanjuan et al., 2007; Delgado et al., 2008; Shi and Kehrl,
2008). Among these TLR4, the receptor for bacterial lipopolysac-
charide (LPS), and TLR7, a receptor for single stranded RNA, have
been reported to induce the strongest autophagosome accumula-
tion in the mouse macrophage cell line RAW264.7 (Xu et al., 2007;
Delgado et al., 2008; Shi and Kehrl, 2008). However, up-regulation
of macroautophagy by TLR4 has less consistently been observed
with primary bone marrow derived mouse macrophages. While
some investigators have reported such macroautophagy increase
(Travassos et al., 2010), others have failed to observe this (Saitoh
etal.,2008). TLR4 recruits upon LPS engagement the adaptor mol-
ecules MyD88 and Trif, which in turn bind ubiquitinated Atg6/
Beclin-1 to enhance macroautophagy (Shi and Kehrl, 2008, 2010),
possibly by initiating autophagosome formation at the cell mem-
brane (Ravikumar et al., 2010). Therefore, TLR signaling seems
to up-regulate macroautophagy in mouse phagocytes, but which
PAMPs achieve this in human cells and which pathogens relevant
to human disease are affected by it, remains to be determined.

In addition to TLR mediated up-regulation, cytosolic PRRs have
also been demonstrated to up-regulate macroautophagy. These are
the bacterial peptidoglycan receptors PGRP-LE in Drosophila and
NODI1 and two in mammalian cells (Yano et al., 2008; Cooney et al.,
2010; Travassos et al., 2010). The NOD molecules recruit Atg16L1 to
the bacterial entry site for efficient degradation of invading patho-
gens (Travassos et al., 2010). Apart from bacterial peptidoglycan

www.frontiersin.org

April 2011 | Volume 2 | Article 72 | 33


http://www.frontiersin.org/
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Miinz

Macroautophagy during innate immune activation

pathogen +
TLR7
v ]
—l o —
- =)
- (] [ ]
inflammasome = m

Ipaf

FIGURE 2 | Some PAMP receptors stimulate macroautophagy, while
others are negatively regulated by it. Toll like receptors can enhance
macroautophagy, while IPAF, component of one particular inflammasome has
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been described to inhibit autophagosome generation. Other inflammasomes are
compromised by macroautophagy, possibly by direct degradation, and RIG-l is
inhibited by the Atg12-Atgb complex.

detection, double-stranded RNA (dsRNA), a PAMP associated with
viral replication, stimulated the IFN-inducible eIF2 kinase PKR
(dsRNA-dependent protein kinase) to induce macroautophagy in
herpesvirus infected cells (Talloczy et al., 2002). Therefore, PKR and
NOD molecules seem to stimulate macroautophagy upon cytosolic
pathogen recognition. In contrast, NOD-like receptors (NLRs) that
give rise to inflammasomes and RIG-I like receptors (RLRs) are
negatively regulated by macroautophagy, as will be discussed below.
In addition to direct macroautophagy up-regulation after PAMP
recognition, cytokines that are produced in response to pathogen
detection, have also been identified as modulators of macroau-
tophagy. Initially, IFN-y was identified to mediate Mycobacterium
tuberculosis clearance in part via up-regulation of macroautophagy
(Gutierrez et al., 2004). However, similar to PRR mediated mac-
roautophagy modulation, this effect was more pronounced in the
mouse macrophage RAW264.7 or human macrophage THP-1 and
U937 cell lines, than in primary human or mouse macrophages
(Harris et al., 2007). In contrast to the cell-mediated immunity
supporting cytokine IFN-v, cytokines associated primarily with
humoral immune responses, like IL-4 and IL-13, seemed to rather
inhibit macroautophagy (Harris et al., 2007). Furthermore, TNF-o
was reported to induce macroautophagy in cells with low NF-xB
activation (Djavaheri-Mergny et al., 2006). These included Ewing
sarcoma cells, in which NF-xB activation was compromised and
skeletal muscle cells (Keller et al., 2011). In good agreement with
TNF-o induced macroautophagy in myocytes, muscle fibers of
patients with inclusion body myositis, a myopathy with chronic
inflammation, harbored increased numbers of autophagosomes
and were surrounded by proinflammatory infiltrates. These find-
ings suggest that pathogen recognition can up-regulate macroau-
tophagy directly via some PRRs and indirectly via cytokines that
are produced upon pathogen triggered immune activation.
Unrelated to PRRs and cytokines, macroautophagy can also
be enhanced by pathogens for their benefit. The prototypic example
for this is poliovirus infection, during which the viral 2BC and 3A
proteins induce the accumulation of Atg12 and Atg8/LC3 dependent
double-membrane vesicles for viral replication (Dales et al., 1965;

Jackson et al., 2005). Furthermore, binding of the human immuno-
deficiency virus (HIV) envelope protein to the chemokine receptor
CXCR4 augments macroautophagy and seems to enhance bystander
T cell death for immune escape (Espert et al., 2006). Finally, pri-
marily two virus families, the herpes- and the flavi-viruses, have
been described to enhance macroautophagy via the unfolded pro-
tein response (Sir et al., 2008; Lee et al., 2009; Dreux and Chisari,
2010; Lin etal.,2010), and thereby gain benefits for viral replication
and latent to lytic infection transition (Dreux et al., 2009; Lee and
Sugden, 2008; Lee et al., 2008). In addition to these beneficial effect
of macroautophagy up-regulation for pathogens, other microbes
also inhibit this pathway during infection, and these immune escape
strategies from innate effector function will be discussed below.

MACROAUTOPHAGY MODIFICATION OF PAMP RECOGNITION
While TLRs and NLRs enhance macroautophagy and little is know
so far about C-type lectin receptor (CLR) interaction with this
pathway, other cytosolic PAMP recognition pathways seem to be
negatively impacted by macroautophagy (Figure 2). Along these
lines, dsSRNA recognition by RNA helicases of the family of RLRs is
augmented in macroautophagy deficient cells (Jounai et al., 2007;
Taletal.,2009). The Atgl2—Atg5 complex seems to directly associate
with RIG-T and its adaptor IPS-1 to inhibit viral RNA induced type
ITEN production (Jounaietal.,2007). Moreover, the accumulation
of damaged mitochondria in macroautophagy deficient cells and
the associated increase in reactive oxygen species (ROS) production,
seem to enhance RLR activity in response to viral infections (Tal
etal., 2009). Thus, RLR recognition of cytosolic dsRNA is attenu-
ated by macroautophagy.

Parallel to decreasing cytosolic RNA recognition, macroau-
tophagy enhances delivery of viral RNA replication intermediates
to TLR containing endosomes (Lee et al., 2007). TLR7 dependent
recognition of these single-stranded RNAs (ssRNAs) is essential for
IEN-a production by vesicular stomatitis (VSV) and Sendai virus
infected plasmacytoid dendritic cells (DCs), and depends on mac-
roautophagy (Lee et al., 2007). Similarly, endocytosed DNA seems
to be targeted to TLRY containing endosomes via macroautophagy
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in B cells (Chaturvedi et al., 2008), possibly assisting autoantibody
production in systemic lupus erythematosus patients. These find-
ings indicate that macroautophagy enhances PAMP delivery to
endosomal TLRs.

Among the NLRs,NOD1 and two seem to up-regulate macroau-
tophagy in mouse phagocytes and human DCs as discussed above,
whereas signaling through other members of this family that initiate
inflammasome formation is inhibited by macroautophagy and defi-
ciency in inflammasome components increases macroautophagy in
Shigella flexneri infected macrophages (Suzuki et al., 2007; Saitoh
et al.,, 2008). Indeed, loss of Atgl6L1 increases IL-1[ secretion by
mouse macrophages, which depends on inflammasome activated
caspase 1 processing. This increased IL-1 production worsens dex-
tran sulfate sodium induced colitis in mice. The negative regulation
of inflammasome dependent inflammation was suggested to be
directly mediated via inflammasome degradation by macroau-
tophagy (Harris et al., 2009), but this needs to be experimentally
confirmed. In addition, it remains also unclear which inflammas-
omes are affected by negative regulation via macroautophagy and if
the various inflammasome scaffolds are regulated differently. Thus,
both RLR and inflammasome signaling in response to PAMP rec-
ognition are inhibited by macroautophagy, while the same pathway
delivers RNA and DNA for endosomal PRRs.

EFFECTOR MECHANISMS OF MACROAUTOPHAGY FOR
INNATE PATHOGEN RESTRICTION

PAMP recognition receptors mediated macroautophagy up-regu-
lation is able to exert innate restriction of intracellular pathogens,
both those that escape endosomes and others that condition phago-
somes to become their replication compartments (Miinz, 2009).
The first pathogens described in these categories were group A
Streptococciand Mycobacterium tuberculosis, respectively (Gutierrez
et al., 2004; Nakagawa et al., 2004). Initially it was just assumed
that macroautophagy delivers these pathogens for lyosomal
degradation, thereby limiting pathogen burden in infected cells
(Figure 3A). However, recently it has become apparent that mac-
roautophagy delivers in addition substrates that are then converted
into bactericidal peptides by lysosomal hydrolysis (Figure 3B;
Alonso et al., 2007; Ponpuak et al., 2010). In both instances ubiq-
uitin itself or proteins containing a ubiquitin-like domain, like the
ribosomal protein S30 (rpS30) precursor Fau, are transported into
Mycobacterium tuberculosis containing phagosomes to be processed
to bactericides. In the case of Fau, binding of its ubiquitin-like
domain to p62, which in turn recruits this ribosomal protein pre-
cursor to autophagosomes by virtue of binding to Atg8/LC3, was
important to deliver this source of bactericidal activity to mycobac-
terial phagosomes (Ponpuak et al., 2010). Thus, macroautophagy
does not only deliver pathogens for lysosomal hydrolysis, but also
charges pathogen containing phagosomes with proteins that give
rise to bactericidal peptides after lysosomal hydrolysis.

Apart from intracellular pathogen delivery to lysosomes and
bactericidal source protein delivery to phagosomes, macroau-
tophagy seems to also enhance degradation of phagocytosed
pathogens (Figure 3D). A role for the molecular machinery of mac-
roautophagy in the enhanced fusion of phagosomes with lysosomes
was first identified upon TLR2 ligation in the mouse macrophage
cell line RAW264.7 (Sanjuan et al., 2007). However, also in vivo
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FIGURE 3 | Macroautophagy contributes with several mechanisms to
innate immune responses against pathogens. (A) Pathogens are directly
taken up from the cytosol into autophagosomes and then degraded by
lysosomal hydrolysis. (B) Substrates that give rise to bactericidal peptides
after lysosomal degradation are transported to pathogen containing
autophagosomes or phagosomes, and eliminate pathogens in these fusion
vesicles. (C) Macroautophagy contributes to the release of antimicrobial
granules from Paneth cells to restrict pathogens and commensals on mucosal
surfaces. (D) Macroautophagy contributes to more efficient fusion of
phagosomes with lysosomes for degradation of phagocytosed pathogens.

processing of extracellular antigen by DCs was compromised by
Atg5 deficiency in this cell subset, and this was due to diminished
lysosomal hydrolase recruitment to endocytosed material (Lee
etal.,2010). The enhanced phagosome maturation via Atgs seems
to require either NADPH oxidase activity or diacylglycerol produc-
tion at the bacterial pathogen containing endosomes in mouse
myeloid cells (Huang et al., 2009; Shahnazari and Brumell, 2009).
However, the nature of the quality conferred by autophagosome
or just Atg recruitment to phagosomes that allows more efficient
fusion with lysosomes remains to be determined.

In addition to these bactericidal effector functions in endosomes,
supported by macroautophagy, the autophagic machinery seems
to also support bactericidal peptide release at mucosal surfaces
(Figure 3C). Paneth cells at the base of ileal crypts suffer aberrant
packaging and reduced exocytosis of antimicrobial granules from
the hypomorphic down-regulation of Atg16L1 expression (Cadwell
etal.,2008). Moreover, this aberration was only observed upon co-
infection with the murine norovirus, a positive strand RNA virus
(Cadwell et al., 2010). Therefore, macroautophagy assistance for
exocytosis of bactericidal granules seems to be mainly important
during enteric infections.

An indication that these macroautophagic effector functions
are interfering with pathogen replication is provided by the many
mechanisms by which viruses and bacteria interfere with either
autophagosome formation or fusion with lysosomes (Schmid
and Miinz, 2007). An exhaustive list of such pathogens and their
immune escape strategies targeting macroautophagy is beyond the
scope of this review and has been recently summarized elsewhere
(Levine and Deretic, 2007). Thus, I will just high-light some gen-
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eral pathways of immune escape from autophagy by pathogens
and discuss examples below, for which in vivo evidence for the
importance of these has been gained. While DNA viruses, like
Herpesviruses, seem to preferentially inhibit autophagosome
formation, RNA viruses like HIV and influenza A virus seem to
block autophagosome fusion with lysosomes (Gannage et al., 2009;
Kyei et al., 2009; Gannage and Miinz, 2010; Taylor et al., 2011). In
addition, some bacterial pathogens interfere with engulfment by
macroautophagy by either blocking bacterial protein recognition or
covering themselves with cytosolic host cell proteins (Ogawa et al.,
2005; Yoshikawa et al., 2009). Finally, membrane pore formation
and/or bacterial secretion systems, which inject modulators of cel-
lular physiology through endosomal membranes into the cytosol,
seem to be required to arrest maturation of bacteria containing
amphisomes, born from phagosome fusions with autophagosomes
(Celli et al., 2003; Birmingham et al., 2008). Therefore, both viral
and bacterial pathogens have developed strategies to evade mac-
roautophagy, arguing for the potency of innate restriction by this
pathway and of its effector functions discussed above.

IN VIVORESTRICTION OF PATHOGEN INFECTION BY
MACROAUTOPHAGY

Due to the complexity of immune control mechanisms, it is
often difficult to assign in vivo phenotypes to particular immune
responses without underlying effects in immune compartment
development and survival. Accentuated by the well documented
pro-survival role of macroautophagy (Kuma et al., 2004), this is
also an issue in case of infections and their immune control in mice
with deficiencies in macroautophagy. Moreover, since macroau-
tophagy assists both innate and adaptive immunity (Miinz, 2009)
and macroautophagy clearly assists T cell development and T cell
mediated immune responses in vivo (Pua et al., 2007; Nedjic et al.,
2008; Lee et al., 2010), the contributions of innate and adaptive
pathogen restriction mechanisms via macroautophagy in verte-
brates still remain to be investigated in detail in in vivo infections.
However, two experimental systems have been analyzed in detail
with respect to innate immunity to viral infections via macroau-
tophagy in mice. These investigated neurotropic infections with
the RNA virus, Sindbis Virus (SV) and the DNA virus Herpes sim-
plex virus (HSV; Orvedahl et al., 2007,2010). Intracerebral inocu-
lation with SV causes autophagosome accumulation in neurons,
and mortality of infected mice is increased when macroautophagy
is inhibited by either delivering a dominant negative Atg5 protein
with the virus, expressing cre recombinase with recombinant SV
for deletion of floxed Atg5 in infected cells or neuron specific
deletion of Atg5 (Orvedahl et al., 2010). Although CNS viral tit-
ers were not increased under these conditions, infection induced
protein aggregate formation probably led to increased pathology
and delayed virus clearance. In addition, overexpression of Atg6/
Beclin-1 in neurons protects mice from lethal intracerebral SV
infection (Liangetal., 1998). In contrast to increased neuropathol-
ogy of SV infection without significant elevation of viral titers in
the absence of macroautophagy, HSV inhibits macroautophagy
to sustain high viral titers and neurovirulence (Orvedahl et al.,
2007). For this inhibition HSV encodes the ICP34.5 protein,
which contains a domain that inhibits macroautophagy through
binding to Atg6/Beclin-1. Deletion of this domain renders HSV

neuroattenuated with decreased lethality and faster virus clear-
ance from the brain. These data suggest that different neurotropic
viruses are restricted by macroautophagy in neurons.

In addition to these mouse models, macroautophagy inhib-
its infection with the RNA virus VSV in flies (Shelly et al., 2009).
Atg18 deficient Drosophila flies died rapidly after VSV infection.
Furthermore, Drosophila uses macroautophagy to also restrict
Listeria infection (Yano et al., 2008). These bacteria replicate to
higher levels and kill their host flies after siRNA mediated silencing
of Atg5. Moreover, host defense against Salmonella typhimurium
infection in the worm Caenorhabditis elegans and the slime mold
Dictyostelium discoideum depends in part on macroautophagy (Jia
et al., 2009). SIRNA mediated silencing of Atg6/bec-1 and Atg8/
lggl in worms increased their susceptibility to Salmonella infec-
tion. Similarly, deficiency in Atgl, 6, or 7 compromised survival
of mold to infection by the same bacterial pathogen. In both cases
diminished macroautophagy caused higher pathogen burden in
the infected hosts. These invertebrate models of infectious diseases,
lacking adaptive immunity, argue for a significant innate immune
control function by macroautophagy in vivo.

ASSOCIATION BETWEEN POLYMORPHISMS IN
MACROAUTOPHAGY GENES AND HUMAN DISEASE

Although animal models provide strong evidence for the impor-
tance of immune mechanisms in vivo, only clinical benefit upon
manipulation of these pathways or genetic susceptibilities for dis-
eases located in these pathways provide the final proof that some
immune function is crucial for resistance against human pathogens.
Along these lines, mutations in the essential macroautophagy gene
Atgl6L1, and macroautophagy stimulating genes, like immunity-
related GTPase family M (IRGM) and NOD?2 (Singh et al., 20065
Cooney et al., 2010; Travassos et al., 2010), have been described to
be associated with inflammatory bowel disease in Crohn’s disease
patients (Hugot et al., 2001; Ogura et al., 2001; Hampe et al., 2007;
Parkes et al., 2007; Rioux et al., 2007; McCarroll et al., 2008). The
modulation of macroautophagy by the respective susceptibility
alleles could facilitate the development of Crohn’s disease by many
mechanisms, which have been more comprehensively summarized
elsewhere (Meixlsperger and Miinz, 2009; Stappenbeck et al.,2011).
However, with respect to the influence of macroautophagy on
innate immune control of commensals in the digestive tract, whose
uncontrolled invasion could trigger inflammatory bowel disease,
three main mechanisms might be operational. Firstly, macroau-
tophagy might simply restrict commensal bacteria in myeloid cells
by directly targeting intracellular bacteria or assisting phagosome
maturation of endocytosed extracellular commensals (Sanjuan
etal., 2007; Kuballa et al., 2008; Lapaquette et al., 2010). Secondly,
deficiencies in Paneth cells, caused by Atgl6L1, which have been
observed in Crohn’s disease patients could impair innate restriction
of commensals at mucosal surfaces (Cadwell et al., 2008, 2010).
Thirdly, altered macroautophagy could disturb proinflammatory
cytokine production in mucosal tissues by up-regulating inflamma-
some dependent cytokines like IL-1B and down-regulating PAMP
delivery for TLR stimulation and TLR dependent cytokine produc-
tion, which then in turn would limit commensal invasion (Lee
et al., 2007; Saitoh et al., 2008). Although the exact mechanisms,
by which the mutations in Atgl6L1, IRGM, and NOD?2 facilitate
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the development of Crohn’s disease, still need to be characterized
in more detail, the association of mutations in these genes strongly
argue for an immune modulating function of this ancient catabolic
pathway.

CONCLUSION

The multitude of studies summarized in this review that impli-
cate macroautophagy in pathogen restriction, escape of successful
pathogens from this pathway, and genetic susceptibility to human
disease due to mutations in it, suggests that macroautophagy plays
a crucial role in both maintenance of our coexistence with gut
commensals and resistance to infections. Apart from this roles,
macroautophagy regulation could counteract consequences of
aging (Zhang and Cuervo, 2008), ameliorate neurodegeneration

(Hara et al., 2006; Komatsu et al., 2006), and fight cancer (Mathew
etal.,2009). Therefore, it would be desirable to develop therapeutic
approaches to modulate macroautophagy in infectious and these
other diseases. However at the moment we have very few pharmaco-
logic substances like rapamycin, most of them with significant side
effects, to regulate macroautophagy. If more specific modulators
could be identified this pathway could be harnessed to increase
innate immunity among other benefits.
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Listeria monocytogenesis an intracellular, Gram-positive bacterium that can cause life-threatening
illness especially inimmunocompromised individuals and newborns. The pathogen propagates
within the cytosol of various host cells after escaping from the phagosomal compartment
depending on the cytolysin listeriolysin O. While L. monocytogenes can manipulate the
endocytic and many host-cell signaling cascades to its advantage, host cells are however
capable of detecting Listeria infection at different cellular compartments by expressing innate
immune receptors that trigger antibacterial defense pathways. These receptors include theToll-
like receptors, NOD-like receptors (NLRs), and cytosolic DNA sensors. Some NLRs as well as
the DNA sensor AIM2 form multiprotein complexes called inflammasomes. Inflammasomes
regulate caspase-1-dependent production of the key inflammatory cytokines Il-1B and I1L-18 as
well as pyroptotic cell death in L. monocytogenes-infected cells. This review describes the current
knowledge about innate immune sensing and inflammasome activation in Listeria infection.
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LISTERIA MONOCYTOGENES - INFECTION AND
INTRACELLULAR LIFE-STYLE

Listeria monocytogenes is a flagellated Gram-positive bacterium
that can cause life-threatening illness characterized by gastroen-
teritis, meningitis, encephalitis, materno-fetal, and perinatal infec-
tions. Infection with L. monocytogenes occurs through ingestion
of contaminated food, such as unpasteurized dairy products and
undercooked meats (Allerberger and Wagner, 2010). Listeria cross
the intestinal barrier by invading intestinal epithelial cells, reaching
the liver as well as spleen via the lymphoid system and the blood,
where they are internalized by splenic and hepatic macrophages.
During severe infections, the bacteria disseminate via the blood
and cross the blood—brain barrier resulting in infections of the
meninges and the brain. Furthermore it can cross the fetopla-
cental barrier in pregnant women which leads to infection of the
fetus. L. monocytogenes is able to invade different non-phagocytic
cells and is resistant to intracellular killing by macrophages after
phagocytosis (Hamon et al., 2006; Barbuddhe and Chakraborty,
2009). In the intestinal tract, L. monocytogenes invades epithelial
cells via interaction of its virulence protein internalin A (InlA)
with epithelial cadherin (E-cadherin), leading to bacterial inter-
nalization within a membrane-bound vacuole (Mengaud et al,,
1996; Schubert et al., 2002). In contrast, internalin B (InlB) binds
to c-Met, a receptor tyrosine kinase and the natural receptor for
hepatocyte growth factor (HGF) and thus promotes invasion
of multiple mammalian cell types (Shen et al., 2000; Veiga and
Cossart, 2005). InlB has been implicated in murine liver coloniza-
tion after intravenous infection (Dramsi et al., 1995; Shen et al.,
2000). In the vacuole, a decreased pH activates the pore-forming
toxin listeriolysin O (LLO) that destroys the phagosomal mem-
brane and the bacterium subsequently escapes into the cytosol
(Bielecki et al., 1990). This allows the bacterium to replicate in
the cytosol to high numbers. Cytosolic Listeria express ActA to

induce host-cell actin polymerization and direct spread from cell
to cell, thereby escaping immune detection and defense at the
extracellular compartment (Tilney and Portnoy, 1989; Domann
etal., 1992; Kocks et al., 1992). In addition to the cytosolic repli-
cation, a vacuolar growth of some bacteria might play a role for
persistent infection in mice (Birmingham et al., 2008). Overall,
L. monocytogenes manipulates the endocytic and many host-cell
signaling cascades in order to replicate. On the other hand, host
cells possess surveillance systems at different cellular compart-
ments capable of detecting Listeriainfection and activating defense
pathways which in most cases might control infection.

SENSING OF L. MONOCYTOGENES BY PATTERN
RECOGNITION RECEPTORS OF THE INNATE IMMUNE SYSTEM
Upon infection with L. monocytogenes, innate immune responses
are rapidly triggered and are essential for host survival (Pfeffer etal.,
1993; Krull et al., 1997; Unanue, 1997). However, the activation
of innate immunity by pattern recognition receptors (PRRs) in
response to infection with L. monocytogenes is still not completely
understood. In general, the membrane-bound Toll-like receptors
(TLRs), as well as the cytosolic nuclear oligomerization domain
(NOD)-like receptors (NLRs) and DNA sensors are critical for
innate defense by recognizing conserved structures of microor-
ganisms (Corr and O’Neill, 2009; Opitz et al., 2009; Takeuchi and
Akira, 2010). Some of these PRRs activate signaling pathways
leading to activation of transcription factors such as NF-xB and/
or IFN regulatory factor 3 (IRF3) which direct upregulation of
proinflammatory genes such as TNFo, IL-8 and pro-IL-1, or type
I IFNs, respectively. Other PRRs form protein complexes called
inflammasomes that regulate production of IL-1 and IL-18 at a
post-translational level and trigger the caspase-1-dependent inflam-
matory cell death (pyroptosis; Bergsbaken et al.,2009; Schroder and
Tschopp, 2010).
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Lipoproteins of L. monocytogenes are recognized by TLR2 at
the cell surface (Machata et al., 2008). Some studies showed that
mice deficient in TLR2 were more susceptible to L. monocytogenes
infection with increased bacterial loads and reduced activation of
macrophages, compared to wild-type mice (Torres et al., 2004).
Other studies, however, did not reveal differences in susceptibil-
ity of TLR2-knockout and wild-type mice to wild-type Listeria
(Edelson and Unanue, 2002; Gekara et al., 2009). The adapter
molecule MyD88, that signals downstream of most TLRs and of
the IL-1 as well as IL-18 receptors, has been shown to be essential
for innate immunity to L. monocytogenes (Seki et al., 2002). Mice
deficient in MyD88 displayed a higher susceptibility to L. monocy-
togenes infection than mice lacking either IFN-y or both IL-12 and
IL-18 (Edelson and Unanue, 2002; Seki et al., 2002). Furthermore,
L. monocytogenes flagellin activates TLR5. However, since some
L. monocytogenes strains do not express flagellin at 37°C, and bac-
teria mutants deficient in flagellin show an unaltered virulence, the
role of TLR5 in recognition of Listeria remains unclear (Hayashi
et al., 2001; Way et al., 2004).

In the cytosol, peptidoglycan fragments of L. monocytogenesare
sensed by NOD1 and NOD2 leading to expression of proinflam-
matory genes and antimicrobial peptides (Kobayashi et al., 2005;
Opitzetal.,2006; Park et al.,2007; Mosa et al., 2009). ThisNOD1/2-
stimulated gene expression is dependent on the receptor interacting
protein-2 (Rip-2) as well as NF-xB and p38 mitogen-activated pro-
tein kinase (Chin et al., 2002; Kobayashi et al., 2002). Accordingly,
mice deficient in NOD1 or Rip-2 show increased susceptibility
toward Listeria infection (Chin et al., 2002; Mosa et al., 2009).

Another surveillance mechanism that detects intracellular
L. monocytogenes is mediated by a yet-to-be-identified cytosolic
PRR that triggers a type I IEN response (O’Riordan et al., 2002;
Stockinger et al., 2002; McCaffrey et al., 2004). This PRR pos-
sibly detects Listeria DNA, although known DNA sensors such
as AIM2 or DAI/ZBP1 are most likely not involved (Auerbuch
et al., 2004; Carrero et al., 2004; O’Connell et al., 2004; Stetson
and Medzhitov, 2006; Leber et al., 2008; Lippmann et al., 2008;
Rathinam et al., 2010). The Listeria-mediated type I IFN produc-
tion occurs through a pathway dependent on the adapter molecule
STING, the serine threonine kinase TBK1 and the transcription
factor IRF3 (Stockinger et al., 2004; O’Connell et al., 2005; Ishikawa
et al., 2009). Of note, this pathway appears to be detrimental for
L. monocytogenes infections in vivo since mice deficient in IRF3
or the type I IFN receptor are more resistant than wild-type mice
toward the bacterial infection (Auerbuch et al., 2004; Carrero et al.,
2004; O’Connell et al., 2004).

In addition to the above mentioned PRRs that mainly con-
trol immune responses to Listeria infection via transcriptional
upregulation of inflammatory genes, some NLRs as well as other
cytosolic receptors regulate production of the key proinflammatory
cytokines IL-1P and IL-18 at a post-translational level and stimulate
pyroptosis in L. monocytogenes-infected cells (see below).

ROLE OF INFLAMMASOME PATHWAYS IN

L. MONOCYTOGENES INFECTION

The NLR protein family consists of over 20 members in mammals.
They are all composed of a C-terminal leucine-rich repeat domain,
a central nucleotide-binding domain, and of an N-terminal effec-

tor domain (Franchi et al., 2009). This effector domain is either
a caspase-recruitment domain (CARD) or pyrin domain (PYD;
Figure 1). Some NLR members that contain a PYD (this NLR
subgroup is called NLRP), and the NLR member NLRC4 which
contains a CARD are able to form inflammasomes (Schroder
and Tschopp, 2010). These protein complexes also include the
CARD-bearing caspase-1 and, in most cases, the CARD- and
PYD-containing adapter molecule ASC. Homophilic interactions
between respective domains in the NLRs, ASC, and caspase-1
are necessary for inflammasome activation. The NLRP protein
NLRP3 plays a central role in caspase-1 activation in response to
a variety of exogenous and endogenous stimuli, such as bacterial
pore-forming toxins, ATP, uric acid crystals, cholesterol crystals,
and alum (Martinon et al., 2002, 2006; Kanneganti et al., 20065
Mariathasan et al., 2006; Duewell et al., 2010). While it appears
unlikely that these NLRP3 activators directly bind to NLRP3, the
exact signal(s) that stimulates NLRP3 itself is still a matter of debate.
Some studies suggest that lysosomal damage and the accompanying
release of lysosomal cathepsins lead to the activation of the NLRP3
pathway (Halle et al., 2008; Hornung et al., 2008). Another model
proposes that the generation of reactive oxygen species by mito-
chondria is an event upstream of NLRP3 activation (Dostert et al.,
2008; Zhou et al., 2010). Future studies are required to clarify the
underlying mechanism of NLRP3 activation (see also Stutz et al.,
2009; Schroder and Tschopp, 2010). The cytosolic NLRC4 detects
bacterial flagellin and the presence of type III secretion systems
(Franchi et al., 2006; Miao et al., 2006, 2010). Upon activation,
NLRs oligomerize and recruit procaspase-1 via the CARD domain,
directly or indirectly via the adaptor protein ASC (Mariathasan
etal.,2004). The assembled inflammasome then mediates caspase-1
activation. Activated caspase-1 post-translationally processes pro-
IL-1P as well as pro-IL-18 to their mature forms and stimulates
pyroptosis (Martinon et al., 2002; Bergsbaken et al., 2009). Recently,
the HIN-200 family member AIM2 has been identified as a cytosolic
double-stranded DNA (dsDNA) sensor that induces caspase-1-
dependent IL-1f maturation and thus is the first non-NLR family
member forming an inflammasome (Burckstummer et al., 2009;
Fernandes-Alnemri et al.,2009; Hornung et al., 2009; Roberts et al.,
2009). In contrast to the NLRs, oligomerization of the AIM2 com-
plex presumably is mediated by clustering upon direct binding to
the ligand dsDNA, to which AIM?2 binds via its C-terminal HIN-
domain (Burckstummer et al., 2009; Fernandes-Alnemri et al.,
2009; Hornung et al., 2009). The AIM inflammasome is composed
of AIM2, ASC, and caspase-1.

In addition to the above-mentioned stimuli, L. monocytogenes
infection also leads to a strong activation of caspase-1, produc-
tion of IL-1P as well as IL-18, and to caspase-1-dependent cell
death (Tsuji et al., 2004; Ozoren et al., 2006; Cervantes et al., 2008).
Listeria eradication in the early phase of infection was impaired in
caspase-1-deficient mice. These mutant mice showed a prominent
decrease in production of IL-18, and as a consequence, of IFNy
(Tsujietal.,2004). The first inflammasome identified to be activated
by L. monocytogenes was the NLRP3 inflammasome (Mariathasan
etal.,2006). In mouse macrophages infected with L. monocytogenes,
NLRP3 as well as the adapter ASC were essential for caspase-1 acti-
vation and secretion of IL-1f3 and IL-18 (Mariathasan et al., 2006;
Ozoren et al., 2006; Figure 2). Furthermore, mouse macrophages
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FIGURE 1 | NLRP3, NLRC4, and AIM2 inflammasomes. Inflammasomes are
assembled by self-oligomerizing proteins. The NLRP3 inflammasome consists
of NLRP3, ASC, and caspase-1. NLRC4 can directly interact with procaspase-1
but maximal NLRC4 inflammasome activation might require ASC. The AIM2
inflammasome is composed of AIM2, ASC, and caspase-1. The PYD domain

NLRC4
inflammasome

AIM2
inflammasome

pro-Caspase-1

of AIM2 interacts with the PYD of ASC via homotypic PYD-PYD interactions,
so that the ASC CARD domain can recruit procaspase to the complex.
Domains: CARD, caspase-recruitment domain; HIN-200 domain; LRR,
leucine-rich repeat; NACHT, nucleotide-binding, and oligomerization domain;
PYD, pyrin domain.

infected with L. monocytogenes deficient for the toxin listeriolysin
O (LLO) did not secrete IL-1B and IL-18 (Mariathasan et al., 2006;
Ozoren et al., 2006; Hara et al., 2008). Similarly, NLRP3, ASC, and
LLO were required for IL-1f production in human peripheral
blood mononuclear cells (PBMCs; Meixenberger et al., 2010). The
LLO-mediated phagosomal rupture and release of cathepsin B into
the cytosol might be involved in NLRP3 activation in human and
murine cells (Meixenberger et al., 2010). However, several papers
showed that L. monocytogenes activates caspase-1 through addi-
tional inflammasomes besides the NLRP3 complex.

NLRCH4 has been shown to be required for caspase-1 activation
in infections with different bacteria expressing flagellin (Franchi
et al., 2006; Miao et al., 2006), and some studies showed a par-
tial impairment of caspase-1 activation and IL-1P production in
NLRC4-deficient cells infected with L. monocytogenes (Warren
etal., 2008; Wu et al., 2010). Other papers, however, found no evi-
dence for a critical role of NLRC4 in Listeria-mediated caspase-1
activation (Kim et al., 2010; Meixenberger et al., 2010). It is known
that the expression of flagellin is strictly inhibited at 37°C in some
L. monocytogenes strains (Grundling et al., 2004; Way et al., 2004)
and these differences in flagellin expression among bacterial strains
are most likely responsible for the different results regarding NLRC4
involvement in L. monocytogenes infection.

In addition, several recent studies argue for a critical role of AIM2
in the recognition of L. monocytogenes in mouse macrophages via
sensing Listeria DNA in the cytosol (Kim et al., 2010; Rathinam

et al., 2010; Tsuchiya et al., 2010; Warren et al., 2010; Wu et al,,
2010). Knockdown of AIM2 in wild-type macrophages resulted in
a reduced L. monocytogenes-stimulated caspase-1 activation, IL-1f
secretion, and cell death (Kim et al., 2010). Caspase-1 activation
was completely inhibited in NLRP3-deficient macrophages treated
with AIM2 siRNA. Accordingly, macrophages lacking AIM2 showed
alower but not abrogated caspase-1 activation and IL-1f production
after L. monocytogenes infection (Rathinam et al., 2010). It was indi-
cated that lysis of some Listeria in the host-cell cytosol — maybe as a
result of vacuolar acidification and lysosomal fusion before vacuolar
escape or yet undefined antimicrobial mechanisms —leads to release
of bacterial DNA and activation of the AIM2 inflammasome (Sauer
etal.,2010; Warren etal.,2010). Listeria DNA colocalized with AIM2
and ASC specks in the host cytosol (Warren et al., 2010; Wu et al.,
2010). The AIM2 inflammasome together with other inflammasomes
trigger IL-1P production as well as a weak pyroptotic cell death.
L. monocytogenes mutants showing a higher amount of autolysis
or Listeria treated with bactericidal antibiotics triggered a stronger
AIM2-dependent cell death and IL-1P production (Sauer et al.,2010).
Together, these data show that AIM2 is activated by Listeria DNA
which triggers caspase-1 activation, cell death, and secretion of IL-1
family cytokines. Considering that AIM2 is an IFN-stimulated gene,
the findings of AIM2 involvement in Listeria-mediated inflamma-
some activation fit well to the previous observation that type I IFN
signaling was required for strong L. monocytogenes-stimulated IL-1f3
and IL-18 secretion (Henry et al., 2007).
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FIGURE 2 | Model of inflammasome activation by Listeria monocytogenes.
Activation of the extracellular TLR2 pathway via listerial lipoprotein and intracellular
detection of bacterial peptidoglycans by NOD1/2 lead to upregulation of pro-IL-13
transcription (1). After bacterial internalization within a membrane-bound vacuole,
listeriolysin O (LLO) leads to phagosomal rupture followed by escape of Listeria
into the cytosol as well as cathepsin B release. Lysosomal damage and cathepsin

LLO-mediated
phagosomal rupture

(PR s

pro-
+— Casp-

ongmaric flagellin

o Y

B release (and perhaps other signals such as ROS) probably activate the NLRP3
inflammasome (2). Flagellin expression by L. monocytogenes or monomeric
flagellin in the cytosol is detected by the NLRC4 inflammasome (3). Listerial DNA
in the cytosol is sensed by the AIM2 inflammasome (4). Upon inflammasome
activation, caspase-1 is autoactivated and mediates processing and secretion of
the proinflammatory cytokines IL-13 and I1-18 (5; IL-18 is not depicted).

Thus, multiple inflammasomes are involved in sensing
L. monocytogenes infection. Warren et al. (2010) recently showed
that NLRP3 most likely is temporally activated first, probably
detecting vacuolar rupture. NLRC4 and AIM2 get activated at
a later time point as flagellin monomers and bacterial DNA are
released into the cytosol. Some studies, however, differ to some
extent in conclusions regarding functional importance of the
three different inflammasomes in L. monocytogenes infection
(Franchi et al., 2007; Warren et al., 2008, 2010; Kim et al., 2010;
Meixenberger et al., 2010; Rathinam et al., 2010; Sauer et al., 2010;
Wu et al.,, 2010). This is likely attributed to the use of different
Listeria strains that might vary in the expression and extent of
release of the agonists of NLRP3, NLRC4, and AIM2. Moreover,
some studies used LPS-primed macrophages in their experiments
to induce strong pro-IL-1[3 and NLRP3 expression, whereas others
performed infections in unprimed cells.

Inflammasomes can be seen as major sentinels of the innate
immune defense against L. monocytogenes. They contribute to
pathogen sensing and control post-translational processing of the
inflammatory cytokines IL-1f and IL-18.1L-1f3 and IL-18 activate
via the IL-1 and IL-18 receptors a MyD88-dependent signaling and
subsequent NF-kB- and MAPK-regulated gene expression. Indeed,

signals stimulated by LLO leading to IL-1B/IL-18 production,
activation of the IL-1/IL-18 receptors and of MyD88-dependent sig-
naling have been shown to compensate for lack of TLR2 in Listeria
infection in mice (Gekara et al., 2009). IL-18 is crucial for IFN-y
induction, which is essential for the innate intracellular defense
against L. monocytogenes as well as for the T cell-mediated acquired
immunity (Tsuji et al., 2004). The significance of IL-1 in Listeria
infections has been demonstrated by several groups. It has been
shown that the blockade of IL-1 receptor exacerbates the disease
and mice lacking caspase-1 or the IL-1P receptor are significantly
more susceptible to infections with L. monocytogenes (Havell et al.,
1992; Labow et al., 1997; Tsuji et al., 2004). Moreover, IL-1 recep-
tor antagonist (IL-1Ra)-deficient mice and IL-1Ra-overproducing
mice are less or more susceptible, respectively, to Listeriosis (Hirsch
et al., 1996).

CONCLUSION

The interaction of L. monocytogenes with host cells is complex
and involves entry of the bacterium to different cellular com-
partments as well as a multilayered host-cell surveillance system
capable of detecting infection. NLR and AIM2 inflammasomes
are key players of this innate immune surveillance system. They
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are directly and indirectly activated by various PAMPs and viru-
lence factors expressed by L. monocytogenes and mediate pro-
duction of key inflammatory cytokines that alert the immune
system, as well as host-cell death which helps to constrain

bacterial infection.
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Pattern recognition receptors (PRRs) play a crucial role in both the detection of pathogens and the
activation of the innate immune system. Nod-like receptors (NLR) family members are cytosolic
PRRs that sense bacterial products or endogenous danger signals. Recent evidence suggests
that NLRs contribute to the detection of Salmonella through the activation of inflammasomes,
molecular platforms that promotes the maturation of the proinflammatory cytokines IL-13 and
[L-18. During enteric Salmonella infection the activation of caspase-1 and the production of L=
1B and =18 result in a protective host response. In macrophages, the activation of caspase-1
induced by Salmonella is mainly mediated by the NLR family member NLRC4 that senses
cytosolic flagellin. Recent data suggest that an effective innate immune response against
Salmonella requires the engagement of multiple inflammasomes in both hematopoietic and
non-hematopoietic cell lineages. Further understanding of the innate immune response mediated
by inflammasomes should provide new insights into the mechanisms of host defense and the
pathogenesis of inflammatory diseases.

Keywords: Salmonella, inflammation, innate immunity, inflammasome, IL-18

SALMONELLA

Salmonella enterica consists of more than 2500 serovars. S. enterica
serovar Typhi and Paratyphi cause typhoid in humans, a disease
characterized by fever, systemic infection, and gastroenteritis.
S. entericaserovar Typhi and Paratyphi are estimated to affect more
than 16 million people worldwide and cause 600,000 deaths/year.
Several non-typhoidal S. enterica serovars (NTS) can cause entero-
colitis in humans. In infants and immunocompromised patients,
NTS can disseminate and cause potentially lethal bacteremia. In
the United States, NTS are the leading cause of foodborne disease
with an estimated cost of 2 billion dollars/year (Grassl et al., 2008;
Santos et al., 2009).

MOUSE MODEL OF SALMONELLAINFECTIONS

Salmonella enterica serovar Typhimurium (herein referred to as
Salmonella) causes enterocolitis in humans. In mice, Salmonella
cause a systemic infection that resembles human typhoid fever.
During the natural infection, Salmonella enters the host via the
oral route and overcome the defense provided by mucus and the
endogenous microbiota. Then Salmonella crosses the epithelial bar-
rier, mainly by invading M cells (Hase et al., 2009; Knoop et al,,
2009), an intestinal epithelial cell type specialized in the transport
of particles from the gut lumen to the lamina propria. Once in
the lamina propria, Salmonella can be taken up by dendritic cells
(Uematsu and Akira, 2009; DC) and transported to Peyer patches
and other gut-associated lymphoid tissues, from which Salmonella
disseminates to other organs such as the liver and/or spleen where
they can survive within phagocytic cells. An alternative route for
Salmonella uptake via DCs that sample the intestinal lumen has
been described (Rescigno etal.,2001; Niess et al., 2005). In resistant
mouse strains, Salmonella causes chronic infections (Monack et al.,
2004; Grassl et al., 2008) while in susceptible strains Salmonella is
lethal. Commensal bacteria have an important role in preventing
Salmonellafrom colonizing the intestine and causing acute intestinal

inflammation (Hapfelmeier and Hardt, 2005). Pretreatment with
a single dose of the antibiotic streptomycin reduces the presence
of commensal bacteria and renders otherwise resistant mice sus-
ceptible to Salmonella (Hapfelmeier and Hardt, 2005). These find-
ings have opened the way to studies aimed at investigating both
the bacterial virulence factors and the host response in the acute
intestinal inflammation triggered by Salmonella in mice.

BACTERIA VIRULENCE FACTORS

Bacterial secretion systems are molecular machineries used by
pathogenic bacteria to deliver effectors proteins inside the host
cell and manipulate cell behavior. Salmonella encodes two type
IIT protein secretion systems which manipulate host cell behav-
ior through the delivery of specific effectors proteins. One of the
systems is encoded within the Salmonella pathogenicity island 1
(SPI-1) and is important in the initial phase of infection (Grassl and
Finlay, 2008); in agreement effectors proteins encoded within the
SPI-1 have been implicated in cytoskeletal rearrangement respon-
sible for bacterial uptake by epithelial cells, a step required for the
bacteria to breach the intestinal barrier (Grassl and Finlay, 2008).
The other is encoded within the SPI-2 and has an essential role in
bacterial survival during the systemic phase of infection (Monack
etal., 2004). Effector proteins encoded within the SPI-2 have been
shown to be essential for intracellular growth and survival inside
macrophages (Grassl and Finlay, 2008).

THE HOST RESPONSE

Initial studies aimed at identifying host factors responsible for
susceptibility to pathogens identified natural resistance-associated
macrophage protein 1 (NRAMP]) as a crucial gene in natural resist-
ance to infection by Salmonella, Mycobacterium tuberculosis, and
Leishmania donovani. Successive studies have greatly expanded our
knowledge about the host factors responsible for defense against
Salmonella, a topic that has been reviewed in detail elsewhere
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(Raupach and Kaufmann, 2001). Here, I will focus on the role of
pattern recognition receptors (PRRs) belonging to the Toll-like
receptors (TLR) and Nod-like receptors (NLR) in mounting pro-
tective host responses against Salmonella.

ROLE OF TLR4 AND TLR5 IN SALMONELLA INFECTION

The initial detection of microbes is achieved though the detection
of conserved microbial structures by PRRs. PRRs comprise an array
of sensors present in different cell types and cellular location that
control the activation of signaling pathways ultimately aimed at the
elimination of invading microbes (Takeuchiand Akira, 2010). TLRs
localize either at the cell surface or within endosomes, in contrast
to NLRs that are located in the host cytosol.

Toll-like receptor 4 recognizes bacterial lipopolysaccharide
(LPS), a major constituent of the outer membrane of Gram-
negative bacteria (Takeuchi and Akira, 2010), such as Salmonella.
The recognition of LPS by TLR4 is assisted by several proteins such
as CD14, LPS-binding protein (LBP), and MD-2. Knockout mice
revealed a crucial role of TLR4, LBP, and CD14 in host defense dur-
ing the systemic phase of Salmonella infection (Bernheiden et al.,
2001). The increased susceptibility to Salmonella was attributed
to a delayed recruitment of neutrophils allowing increased bac-
terial growth in liver macrophages (Vazquez-Torres et al., 2004),
and not to defects in activation of the adaptive immune response
(Ko et al., 2009).

Toll-like receptor 5 is a sensor of extracellular flagellin, the
main component of the flagella, an appendage that is used by
bacteria for movement. TLR5 is expressed on the basal surface of
intestinal epithelial cells and in a specific population of intestinal
DCs (Uematsu et al., 2006). Initial experiments using intestinal
epithelial cell lines indicate that flagellin, but not LPS, is a powerful
inducer of the proinflammatory cytokine IL-8 (Zeng et al., 2003).
Experiments with polarized intestinal epithelial cell demonstrate
that stimulation with flagellin induces an inflammatory response
only when in contact with the basolateral surface (Gewirtz et al.,
2001a,b). Together these data suggest that in the intestine, flagel-
lin can activate TLR5 only if it breaches the intestinal epithelial
barrier, thus potentially preventing the induction of an inflam-
matory response against flagellated intestinal commensal bacteria
(Vijay-Kumar et al., 2008).

While there is evidence that flagellin can trigger the recruit-
ment of immature DCs and other leukocytes through TLR5 in
human epithelial cell lines (Sierro et al., 2001), the expression of
TLR5 in mouse intestinal epithelial cells is low. This is in contrast
to specific populations of lamina propria DCs (CD11c" CD11b™)
isolated from the small intestine that express high levels of TLR5
(Uematsu etal., 2006). Importantly, while conventional DCs, mac-
rophages, and lamina propria macrophages do not express TLR5
and fail to respond to flagellin, lamina propria DCs stimulated
with flagellin produce elevated levels of IL-6 and IL-12 in a TLR5-
dependent manner (Uematsu et al., 2006). The response of lamina
propria DCs was specific for flagellin, in that lamina propria DCs
did not respond to stimulation with other TLR ligands such as
LPS (Uematsu et al., 2006). So it seems that some lamina propria
DCs are equipped to mount a proinflammatory response against
infectious flagellated bacteria such as Salmonella. Surprisingly,
TLR5-deficient mice are less susceptible than wild-type mice to

infection with Salmonella (Uematsu et al., 2006). Given that DCs
are important for transporting bacteria from the lamina propria
to the mesenteric lymph nodes (Uematsu and Akira, 2009), it has
been suggested that in response to Salmonellainfection TLR5 plays
an important role in the maturation of lamina propria DCs and
subsequent migration to mesenteric lymph nodes (Uematsu et al.,
2006). These data suggest that during Salmonella infection the host
response mediated by TLR5 in lamina propria DCs is hijacked
by the bacterium using intestinal DCs as Trojan horses to cause
systemic infection.

ROLE OF NLRs IN SALMONELLAINFECTION

Nucleotide-binding oligomerization domain 1 (NOD1) and NOD2
sense bacterial molecules produced during the synthesis, degrada-
tion, and remodeling of peptidoglycan (PGN). NOD?2 is expressed
in a variety of different cells types including macrophages, DCs,
and Paneth cells. NOD2 senses muramyl dipeptide (MDP), a moi-
ety found in PGN of nearly all Gram-positive and Gram-negative
organisms. Genetic studies revealed that several NOD2 variants are
associated with susceptibility to Crohn’s disease (CD), a chronic
disorder characterized by transmural inflammation of the intestine,
particularly in the distal ileum. NOD1 is ubiquitously expressed and
recognizes y-D-glutamyl-meso-diaminopimelic acid that is found
in PGN from most Gram-negative bacteria and certain Gram-
positive bacteria. Stimulation of NOD1 or NOD2 results in the
activation of the adaptor protein receptor-interacting protein 2
(RIP2; also called RICK) which promotes the activation of NF-xB
and MAPKs pathway leading to transcription of numerous genes
involved in inflammation and host defense. NOD1 and NOD?2 are
involved in the sensing of several pathogenic bacteria, including
Salmonella, and has been reviewed in detail elsewhere (Inohara
and Nunez, 2003; Franchi et al., 2009b). The first attempt to char-
acterize the role of NOD2 in Salmonella infection was performed
in human DCs carrying a homozygous loss-of-function NOD2
L1007fs mutation and showed a decreased production of proin-
flammatory cytokines compared to DCs from healthy individuals
(Salucci et al., 2008). Subsequent studies investigated the role of
NOD1 and NOD?2 in epithelial cells and found that the proin-
flammatory response induced by Salmonellawas dependent on the
SPI-1 and a set of effectors proteins (including SopE and SopE2),
but was independent of Rip2 (Bruno et al., 2009). However, recent
evidence suggests that NOD1 and NOD2 may restrict bacterial
replication independent of NF-xB activation. For example, NOD1
and NOD2 can sense certain bacteria through the stimulation of
the autophagic response in a Rip2- and NF-xB independent fash-
ion (Travassos et al., 2010). In addition, exogenous stimulation of
NOD?2 via MDP further enhances both the autophagic response
and Salmonellakilling (Homer et al., 2010). In mice, infection with
wild-type Salmonella failed to reveal a major role for NOD1 or
NOD?2 in host defense (Le Bourhis et al., 2009; Geddes et al., 2010).
However, a role for NOD1 and NOD2 was revealed when mice
were infected with a bacterial mutant deficient in SPI-1 or when
Salmonella was cultured in a manner that favors the expression of
SPI-2 (Le Bourhis et al., 2009; Geddes et al., 2010), suggesting that
the contribution of NOD1 and NOD2 in the host defense response
against Salmonella is dependent on the expression of Salmonella
virulence factors.
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INFLAMMASOMES IN SALMONELLAINFECTION
Inflammasomes are molecular complexes that regulate the activa-
tion of the proteolytic enzyme caspase-1 (Franchi et al., 2009a).
Four different inflammasome has been functionally character-
ized. The NLRP1 inflammasome is activated by MDP and anthrax
lethal toxin. The NLRC4 is activated by cytosolic flagellin. The
NLRP3-inflammasome is activated by a variety of stimuli of
microbial origins as well as particulate matter and danger signals.
The AIM2 inflammasome is activated by cytosolic DNA (Franchi
et al., 2009a).

In macrophages, Salmonella induces the activation of caspase-1
necessary for the maturation of the proinflammatory cytokines
IL-1pB and IL-18. The activation of caspase-1 also induces a form
of cell death called pyroptosis that has feature of both apoptosis
(such as the activation of caspases) and necrosis (such as the per-
meabilization of the cellular membrane; Fink and Cookson, 2007)
and that may play a role in host defense independent of cytokine
production (Miao et al., 2010a).

Initial studies aimed at identifying the inflammasome respon-
sible for the activation of caspase-1 in macrophages infected with
Salmonella revealed a crucial role of NLRC4 (also called IPAF;
Mariathasan et al., 2004). Subsequently, we and others have found
that NLRC4 senses cytosolic flagellin. In fact, macrophages infected
with Salmonella mutants lacking flagellin possess an impaired abil-
ity to induce caspase-1 activation, IL-1P production, and cell death
(Amer et al., 2006; Franchi et al., 2006; Miao et al., 2006). In addi-
tion, macrophages infected with a Salmonella mutant carrying a
point mutation in the C-terminal region of flagellin are impaired in
their ability to induce the activation of the NLRC4-inflammasome
(Franchi et al., 2006). Furthermore, cytosolic delivery of purified
flagellin, but not other microbial molecules, activates caspase-1 in
an NLRC4-dependent manner (Amer et al., 2006; Franchi et al.,
2006; Miao et al., 2006). Consistent with the role of cytosolic flag-
ellin, TLR5-deficient macrophages show no impairment in the
activation of caspase-1 induced by Salmonella or cytosolic flagellin
(Franchi et al., 2006; Miao et al., 2006). Subsequent studies using
macrophages infected with Legionella pneumophila (Amer et al.,
2006; Zamboni et al., 2006) or Pseudomonas aeruginosa (Franchi
et al., 2007; Miao et al., 2008) and their mutants lacking flagel-
lin confirmed the role of NLRC4 in the activation of caspase-1
induced by cytosolic flagellin. In the case of L. pneumophila, but
not P. aeruginosa or Salmonella, the recognition of flagellin by
NLRC4 has been suggested to be mediated by the NLR family
member NAIP5 (Lightfield et al., 2008). However NAIP5 can
restrict L. pneumophila growth independently of caspase-1 activa-
tion suggesting that the host defense response mediated by NAIP5
proceeds independently of the NLRC4-inflammasome (Lamkanfi
etal.,2007).NLRC4 is also important in the activation of caspase-1
induced by Shigella, a non-flagellated bacteria, indicating that the
existence of a flagellin-independent pathway that leads to the acti-
vation of the NLRC4-inflammasome (Suzuki et al., 2007). There is
also evidence suggesting that other proteins of the type III secre-
tion system which share homology with flagellin can stimulate the
NLRC4-inflammasome (Miao et al., 2010b).

Theactivation of caspase-1 induced by Salmonella, L. pneumophila,
or P. aeruginosa requires a functional bacterial secretion system
(Franchi et al., 2008). The observation that during Salmonella

infection the type III secretion system encoded by SPI-1 is required
for both the translocation of flagellin into the cytosol and the acti-
vation of caspase-1 (Sun et al., 2007), suggests that small amounts
of flagellin may inadvertently leak into the cytosol when bacterial
secretion systems puncture cellular membranes.

The role of inflammasomes in Salmonella infection in vivo has
been investigated in caspase-1 deficient mice. Initial work with
caspase-1 deficient mice in a B10.RIII background revealed a dra-
matic phenotype suggesting that Salmonella require caspase-1 for
bacterial dissemination (Monack et al., 2000). These results are at
odds with the role of caspase-1 in other models of bacterial infec-
tion (Franchi et al., 2008). More recently, the role of caspase-1 in
Salmonella infection has been reexamined in caspase-1 deficient
mice in the B6 background (Lara-Tejero et al., 2006; Raupach etal.,
2006). These experiments showed an increased susceptibility of
caspase-1 knockout mice which was associated with increased bac-
terial loads in the spleen and the mesenteric lymph nodes (Lara-
Tejero et al., 2006; Raupach et al., 2006). In agreement with a role
for caspase-1 in the systemic phase of the infection, caspase-1
deficient mice were more susceptible than wild-type mice when
challenged with Salmonellaintraperitoneally (Raupach et al., 2006).
Using IL-1B and IL-18 knockout mice, IL-18 was revealed as the
main cytokine responsible for host defense (Raupach et al., 2006).
While caspase-1 has a protective role against Salmonella infection,
there is also evidence that caspase-1 has a detrimental role in septic
shock. Furthermore, in a mouse model in which septic shock was
induced by intraperitoneal injection of high doses of an attenuated
Salmonellastrain, caspase-1 and IL-18 deficient mice, but not IL-13
deficient mice, were protected (Raupach et al., 2006). Furthermore,
NLRC4-deficient mice have been shown to be equally susceptible
as wild-type mice (Lara-Tejero et al., 2006), a result that is not
surprising considering that Salmonella is known to down regulate
the expression of flagellin during the systemic phase of the infec-
tion (Alaniz et al., 2006). In contrast, NLRC4 plays an important
role in the host defense response toward Salmonella mutants that
express flagellin during the systemic phase of the infection (Miao
et al., 2010a).

Another inflammasome involved in both microbial and non-
microbial signaling pathways is the NLRP3-inflammasome. The
mechanism of activation of the NLRP3-inflammasome is complex,
in that its activation requires two different signals. One signal pro-
vided by microbial ligands or endogenous cytokines is necessary
to prime macrophages through the upregulation of NLRP3 and
pro-IL-1P. The second signal directly triggers caspase-1 activation,
and can be mediated by at least four separate pathways that include
ATP-P2X7R-pannexin-1, Syk signaling, particulate matters (such
as silica and urate crystals), and bacterial exotoxins (Franchi et al.,
2009a,2010). Although disruption of the lysosomal membrane and/
or production of reactive oxygen species (ROS) and/or decrease in
K+ cytosolic concentration have been implicated the activation of
the NLRP3-inflammasome, the molecular mechanisms responsible
for the activation of the NLRP3-inflammasome remain elusive.

A role of the NLRP3-inflammasome in the control of
Salmonella infection was initially excluded based on the fact that
NLRP3-deficient mice were as susceptible as wild-type mice to
Salmonella infection (Lara-Tejero et al., 2006). More recently,
Broz et al. (2010) investigated whether the lack of phenotype in
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NLRC4- and NLRP3-deficient mice was due to redundant func-
tions of these two inflammasomes and found that mice deficient
in both NLRP3 and NLRC4 are more susceptible than wild-type
mice to Salmonella infection similar to caspase-1 deficient mice.
Using a combination of bacterial mutants and specific experi-
mental procedures to maximize the expression of SPI-2, Broz
et al. found that in macrophages infected with Salmonella that
do not express SPI-1 the activation of caspase-1 occurs via the
NLRP3-inflammasome and is dependent on SPI-2. These data
suggest the existence of two different pathways (Figure 1), one
dependent on SPI-1, NLRC4, and flagellin that triggers a robust
activation of caspase-1 within minutes after infection, and a
second pathway dependent on SPI-2 and NLRP3 that triggers
the activation of caspase-1 with slower kinetics. The molecular
mechanisms by which SPI-2 activates the NLRP3-inflammasome
remain unknown. Surprisingly Apoptosis-associated Speck-like
protein containing a CARD (ASC), a common adaptor protein
used by both NLRC4 and NLRP3 to activate caspase-1 and to
trigger the production of IL-1P, has no effect on susceptibility
to Salmonella infection (Lara-Tejero et al., 2006).

A third pathway (Figure 1) of caspase-1 activation has recently
been identified. Experiments using epithelial cell lines suggest that
the virulence factor SopE encoded by the SPI-1 is able to induce
caspase-1 activation (Muller et al., 2009). Furthermore, bone-
marrow chimera experiments showed that Salmonella mutants
that selectively express the virulence factor SopE could induce
the activation of caspase-1 in cells of non-hematopoietic origin
(Muller et al., 2009). The SopE-dependent activation of caspase-1
in cells of non-hematopoietic origin was found to play a significant
role in gut inflammation, but was not sufficient to restrict bacte-
rial replication (Muller et al., 2009). It remains to be determined
whether the SopE-dependent activation of caspase-1 is NLRC4 or
NLRP3 dependent.

CONCLUDING REMARKS

In this review, I have summarized recent advances in our under-
standing of the role of NLRs in the innate immune response to
Salmonella. The available data suggest that the main role of inflam-
masomes is to restrict the replication of the bacteria during the
systemic phase of the infection. In macrophages, the activation of
the NLRC4-inflammasome requires SPI-1 and cytosolic flagellin. In
macrophages infected with bacteria that do not express SPI-1 and
flagellin a second pathway dependent on NLRP3 and the expression
of SPI-2 is revealed. A third pathway that can lead to the activation
of caspase-1 in non-hematopoietic cells is dependent on SPI-1 and
the virulence factor SopE. In vivo both the NLRC4- and NLRP3-
inflammasome are required for the innate immune response to
Salmonella. It will be interesting in future studies to explore the role
of inflammasomes in the activation of adaptive immune responses
elicited by Salmonella.
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FIGURE 1 | Schematic representation of the pathways leading to
caspase-1 activation in cells infected with Salmonella. In macrophages
(A,B) Salmonellainduces the activation of the NLRC4-inflammasome via
flagellin and SPI-1 (A) and the NLRP3-inflammasome via SPI-2. (C) In cells of
non-hematopoietic origin Salmonella induces the activation of the
inflammasome via SopE and SPI-1. See text for more detail.
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INTRODUCTION
Over the past 15 years as a result of a rigorous approach to treatment
endorsed by the World Health Organization, close to 36 million
people have been cured of tuberculosis (TB). However, although
a great deal of effort has occurred for handling the TB pandemic
around the world, there are still 1.8 million people dying from TB
each year. Indeed, there are too many inherent factors involved in
the surveillance of Mycobacterium tuberculosis (M.tb, the etiological
agent of TB) including the nature of the spread of M.tb infection,
the difficultly in obtaining the right drug treatment, and a complex
therapeutic regime which still makes TB one of the major health
challenges in the world. HIV and M.tb co-infection and the emer-
gence of multi-drug and extensively drug resistant strains of M.tb
are also adding to the burden of TB clinical cases in the world.
Tuberculosis pathogenesis is driven by a complex interplay
between the host immune system and the survival strategies of the
bacterium. The inflammatory response to M.tb infection is tightly
regulated by both the host and the bacterium. The primary goal of
this review is to discuss the major effector molecules involved in
inflammation in relation to the different stages of M.tb infection.

STAGES OF MYCOBACTERIUM TUBERCULOSIS INFECTION

Mpycobacterium tuberculosis is mainly considered to be an airborne
pathogen. The infection process of M.tb can be divided into three
different but interrelated stages. The first stage is the aerosol trans-
mission of droplets containing M.tb from an infected individual
to a healthy individual. Once within the lungs, M.tb enters and
resides within alveolar macrophages (AMs) and dendritic cells
(DCs; Cooper, 2009). Though the AM ingests bacilli and often
kills them, the bactericidal capacity of the AM is still not very well
defined. In a given M.tb infection, the initial containment of the

Tuberculosis is stilla major health problem in the world. Initial interactions between Mycobacterium
tuberculosis and the host mark the pathway of infection and the subsequent host inflammatory
response. This inflammatory response is tightly regulated by both the host and the bacterium
during different stages of infection. As infection progresses, the initial intense pro-inflammatory
response observed is regulated by suppressive mediators balancing inflammation. In this
environment, M. tuberculosis battles to survive interfering with the host inflammatory response.
In this review we discuss the major effector molecules involved in inflammation in relation to
the different stages of M. tuberculosis infection.

Keywords: tuberculosis, inflammation, Mycobacterium tuberculosis, pattern recognition receptors

infection depends partially on the genetics of the human popula-
tion (i.e., defined by the intrinsic microbicidal capacity of host
phagocytes) and also on the inhaled M.tb strain (i.e., defined by
innate virulent factors in each M.tb strain). In the primary infec-
tion M.tb multiplies in the lungs and causes mild inflammation.
Although AMs are thought to be an effective barrier to contain
pathogens, M.tb has evolved various mechanisms to evade the
host immune response and survive in these cells. These survival
mechanisms include triggering an anti-inflammatory response,
blocking reactive oxygen and nitrogen intermediate (ROIs and
RNIs, respectively) production, and reducing the acidification of
the M.tb-containing phagosome (Flynn and Chan, 2001; Fenton
et al., 2005; Cooper, 2009).

The next stage of infection is characterized by the emergence
of cell-mediated immunity and the formation of granulomas
(described below). M.tb bacilli that escape the bactericidal effects
of the AM, will multiply and result in destruction of AMs. This will
in turn attract blood monocytes and other inflammatory cells (i.e.,
neutrophils) to the site of infection. Monocytes mature to become
antigen presenting AMs and DCs and ingest, but not effectively kill
the bacteria. At this stage, M.tb grows under limited tissue damage.
By 6-8 weeks post-infection, antigen presenting DCs have traveled
to lymph nodes where T lymphocytes are activated and recruited.
Activated T lymphocytes that migrate to the site of infection prolifer-
ate forming an early stage granuloma, where macrophages become
activated to kill intracellular M.tb (Ulrichs and Kaufmann, 2006).
However, continuing T cell activation leads to formation of granu-
lomas that mark the persistence stage of the infection (latency),
where the growth and spread of bacteria into additional tissue sites
are limited. At this stage more than 90% of infected people remain
asymptomatic, but M.tb may survive within AMs.
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The third and final stage is when latent and controlled M.tb
infection is reactivated. There are two main reasons described for
a reactivation event to occur, a decline in the host’s immunity due
to genetic or environmental cause; and a failure to develop and
maintain immune signals. Under these circumstances, the granu-
loma structure disrupts and results in lung cavitation and pul-
monary disease (Kaplan et al., 2003; Dheda et al., 2005; Ulrichs
and Kaufmann, 2006; Russell, 2007). Among the genetic causes
described that make a subject susceptible to TB are mutations in
specific host C-type lectins, cytokines, chemokines, and their spe-
cific receptors disrupting critical signaling pathways involved in the
immune response against M.tb. Compromised immune surveillance
for reasons such as co-infection with HIV, where a host becomes
immuno-compromised especially for CD4 T cells (the cell target for
HIV), is the most important environmental or exogenous cause of
susceptibility to TB (Geldmacher et al., 2010). The reactivation of
M.tb infection can also be due to changes in host cytokine/chem-
okine networks, implicated in the inflammatory response against
M.tb infection, that are a consequence of stress and/or old age
(Turner, 2011). Earlier studies have also suggested that exogenous
re-infection with another strain of M.tb (Sonnenberg et al., 2001;
Behr, 2004) is an additional factor leading to active disease.

DEVELOPMENT OF THE M.th GRANULOMA

The hallmark in M.tbinfection is the presence of granulomas within
the lung. From the perspective of the bacterium, M.tb-induced
granulomas are a collection of well organized immune cells that
provide a safe microenvironment to establish latency. From the
host perspective, granuloma formation restricts the spread of M.tb
infection. The formation of a granuloma starts with a transient
influx of neutrophils to the site of the infection, followed by acti-
vated macrophages and lymphocytes (reviewed in detail in Ulrichs
and Kaufmann, 2006; Russell, 2007). An established granuloma is
composed of infected AMs and epithelioid cells that form a necrotic
central core which provides nutritional support to M.tb. The central
necrotic core of the granuloma is composed by both host and M.tb
factors. Surrounding this necrotic center there are activated macro-
phages and layers of CD4* and CD8" T cells defining a dense cellular
wall that restricts the spread of the M.tb (Saunders and Cooper,
2002). In immunocompetent M.tb-infected people (Figure 1A),
M.tb-containing granulomas are small, compact, and characterized
by the presence of a large number of IFN-y CD4-T cells; however,
in immunodeficient M.tb-infected people (Figure 1B), granulomas
are characterized by being large, rich in activated macrophages,
and with few surrounding lymphocytes (Ulrichs et al., 2005). The
main cause for tissue injury and clinical manifestation is the pres-
ence of large caseating granulomas and fibrotic scarring due to
granulomatous inflammation (Daley, 2010); where the host Th1
response serves to try to contain the infection and prevent the
development of active disease yet cannot eliminate M.tb (Saunders
et al., 1999).

The mechanism and the products influencing granuloma forma-
tion are not very well established. In response to M.tb interaction
with AMs and DCs, there is a release of inflammatory cytokines
such as tumor necrosis factor-oi( TNF), interleukin-(IL)-12, and
IL-23 along with a variety of chemokines including (C-C) motif
ligand 2 (CCL2), CCL5, and (C-X-C) motif ligand 8 (CXCLS3).

Production of IL-12 (Seder et al., 1993) and IL-23 (Oppmann et al.,
2000) by DCs primes the Th1 T cell response, which is important for
granuloma assembly. This flow of inflammatory events is regulated
by the production of IFN-yand IL-2 by activated T cells that reach
the infection site (Cooper, 2009). Studies using CD4 deficient mice
demonstrate that CD4 T cells are required for the recruitment of
mononuclear cells to the infection site and the organization that
is required for the long term survival of the host (Saunders and
Cooper, 2002). Along with CD4 T cells, CD8 T cells (Saunders and
Britton, 2007) and CD1-restricted NKT-cells (Chackerian et al.,
2002; Co etal., 2004 ) are also key components of developing granu-
loma. A significant characteristic common between mouse and
human pulmonary TB is also the presence of B-cell lymphocyte
clusters (Turner et al., 2001; Ulrichs et al., 2004; Tsai et al., 2006).
Later studies indicate that B-cell aggregates may serve different
purposes in both species as in mice macrophages encircle B-cells;
however, in humans B-cell aggregates recruit T cells that are evenly
distributed in the clusters (Tsai et al., 2006). Interestingly, studies
looking at the ratio between the necrotic core and the neighboring
layers of dense leukocytes suggest that the necrotic core expands at
the expense of the surrounding layers of cells and not because of
leukocyte infiltration (Ulrichs and Kaufmann, 2006).

Although it seems contradictory, it is understood that the initial
inflammatory response to M.tbis crucial for granuloma generation
but also for M.tblong term survival within the host. In this context,
pro-inflammatory cytokines reduce the bacterial burden, regulating
the activity of other cytokines and chemokines, and generating and
maintaining organized granulomas. Infection of macrophages by
M.tb primarily induces the production of TNF, IFN-y, IL-12, and
RNIs and ROIs (Flynn and Chan, 2001; Cooper, 2009), which are
considered to be key regulatory factors in the formation and/or
maintenance of the granuloma structure. The importance of TNF
in granuloma formation has been shown by using TNF neutralizing
antibodies and TNF deficient mice in vivo. These studies showed that
TNF and its receptor are critical in granuloma formation and subse-
quent protection against M.tbinfection, as well as their involvement
in RNI production by macrophages during early infection (Flynn
etal., 1995a; Kaneko et al., 1999). TNF can also induce macrophages
to release chemokines that guide cells to the site of infection and
prevent their migration away from the site (Flynn and Chan, 2005).
Recent studies performed in Cynomolgus macaques using TNF neu-
tralizing drugs before M.tb infection demonstrated uncontrolled,
disseminated infection by 8 weeks of infection. This lack of TNF also
induced a high rate of reactivation TB among macaques with latent
infection. Importantly, the granuloma architecture in non-human
primates after treatment with neutralizing TNF agents was similar
to that seen in active TB in humans (Capuano IIT et al., 2003; Lin
etal.,2010). Histological studies performed on human lung biopsies
from patients receiving TNF blockade reconfirm the role of TNF in
granuloma formation by showing granuloma disorganization due to
extensive lymphocytic infiltrations (Keane et al., 2001; Figure 1C).
In addition to TNE IFN-y is also important in the development of
granulomas (Flynn et al., 1993). IFN-y deficient mice were found to
be incapable of developing granulomas following aerosol infection
and their lungs were found to be infiltrated with neutrophils result-
ing in cellular necrosis instead of granuloma formation (Cooper
etal., 1993; Pearl et al., 2001; Figure 1D).
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FIGURE 1 | Granuloma formation. Schematics of lesion structure at each characterized by the presence of a large number of IFN-y CD4T cells. For
stage of granuloma formation in immunocompetent (A) or immunodeficient immunodeficient people, as the granuloma matures, it is characterized by being
(B) M.tb-infected people. Once M.tb reaches the lungs, bacilli are internalized by rich in activated macrophages and with few surrounding lymphocytes. Over time
AMs triggering the subsequent inflammatory response. In the early stage, the the granuloma caseous necrotic center liquefies and cavitates, spilling
granuloma has a core of infected macrophages enclosed by mononuclear thousands of infectious M.tb bacilli into the airways. (C-F) Schematic of
phagocytes, surrounded by lymphocytes. In the case of immunocompetent granulomas developed in the absence or presence of the main inflammatory
people, infection will be contained within small and compact granulomas mediators described in M.tb pathogenesis.

Interleukin-12 is also related to granuloma formation by promot-
ing the Th1 response and inducing IFN-y positive CD4 T cells (Seder
et al., 1993). Studies in mice established that neutralization of IL-12
by specific monoclonal antibodies results in a reduction in granuloma
integrity and slowing of the capacity of the animal to control M.tb
growth (Cooper et al., 1995; Figure 1E). Later human studies cor-
roborated the importance of IL-12 in granuloma maintenance, where
specific mutations in either the IL-12 p40 or IL-12RB1 (IL-12 recep-
tor) gene showed reduced levels of IL-12 and IL-23, and subsequent
low IFN-y induced T cell responses in subjects susceptible to myco-
bacterial infections (Remus et al., 2001; Fieschi and Casanova, 2003).
Other cytokines have also been implicated in the establishment of the
granuloma; however, their specific role is still uncertain. This is the
case for IL-10, where recent in vivo studies using mice over-expressing
human IL-10 in their lungs found an increase in macrophage presence
and bacterial burden in M. avium-containing granulomas (Fengetal.,
2002; Figure 1F). This was related to a decrease in the levels of pro-
inflammatory cytokines like TNF and IL-12 indicating that IL-10 may
employ a suppressive effect on the control of mycobacterial infection
by negatively controlling macrophage activation. Another regulatory
molecule that has been indirectly implicated in granuloma formation
is IL-27, which has been shown to activate naive T cells after their
encounter with macrophages and DCs (Owaki et al., 2005). In this
context, IL-27 deficient mice have severe lung pathology due to the
uncontrolled spread of M.tb infection (Holscher et al., 2005).

The exact role of chemokines in granuloma formation is still not
very clear. Studies have shown some role for CC chemokine subfamily
members particularly CCL5, CCL10, and CCL21 in granuloma for-
mation (Mendez-Samperio, 2008). In vivo studies using mice have
established that there is a certain level of redundancy in this model
system. More recent studies showed the importance of CCL5 and CCL4
and their receptors in the establishment of early granulomas in mice
by directly controlling the migration of IFN-y positive CD4 T cells to
the site of the infection (Vesosky et al., 2010). However in humans,
chemokines like CCL2, CCL5, and CXCL10 may participate in the
protection mechanism against M.tb infection (Algood et al., 2003).

Inflammasome-related cytokines like IL-1P (Juffermans et al.,
2000; Sugawara et al., 2001) and IL-18 (Sugawara et al., 1999;
Schneider et al., 2010) have also been shown to be involved in
promoting granuloma formation and organization. In this con-
text, the apoptotic speck-like protein containing a CARD domain
(PYCARD), defined as an adaptor protein involved in IL-1f and
IL-18 activation through caspase-1 processing, has been shown
to play a major role in maintaining granuloma integrity during
chronic M.tb infection (McElvania et al., 2010).

HOST RECEPTORS AND INFLAMMATION IN M.th INFECTION

The initial interaction between M.tb and the host dictates the path-
way and outcome of infection (Figure 2). On the host side, there
are specific receptors capable of recognizing M.tb. Normally this
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FIGURE 2 | Antigen presenting cell receptors involved in M.tb infection. M.tb TolHike receptor; MR, mannose receptor; DC-SIGN, dendritic cell-specific
cell wall components associate with a subset of immune receptors initiating intercellular adhesion molecule-3 grabbing non-integrin; CR, complement receptor;
phagocytosis and mediating specific host cell responses. Interactions with certain SP-A and SP-D, surfactant protein-A and -D; MBL, mannose binding lectin;
receptors or soluble collectins lead to the activation of pro-/anti-inflammatory Dectin-1, dendritic cell-associated C-type lectin-1; Mincle, macrophage-inducible
responses in the host that may influence the intracellular survival of M.tb. TLR, C-type lectin; NOD-2, nucleotide-binding oligomerization domain-like receptor 2.

recognition is beneficial for the host by activating innate immunity;
however, there are specific receptors that favor M.tb uptake, bypass-
ing the pro-inflammatory response and leading to intracellular
survival. In this section we will discuss host receptors involved in
M.tb recognition and the subsequent inflammatory response.

TOLL-LIKE RECEPTORS

Toll-like receptor (TLR) signaling is essential for immunity to vari-
ous intracellular pathogens. TLRs are a set of pattern recognition
receptors (PRRs) that are expressed on many cell types but their
function on antigen presenting cells (APCs) is particularly impor-
tant (reviewed in Kawai and Akira, 2010). On macrophages TLRs
are either expressed on the surface (like TLR2 and 4) or inside cell
compartments (like TLR8 and 9; Kawai and Akira, 2010). TLRs
detect a wide range of structures on M.tb (Figure 2), which aid in
the activation of innate immunity and enhance adaptive immunity
by mediating the secretion of various pro-inflammatory cytokines
along with other anti-bacterial effector molecules. The relationship
between TLRs and M.tbis a bit more complex than with other bac-
teria. Various studies performed indicate that different components
of the bacteria interact with different TLRs. Among TLRs the key
players in TB immunity are TLR2 (alone or as a heterodimer with
TLR1 or TLR6), TLRY, and probably TLR4 (Harding and Boom,
2010).For TLR2 alone or in association with TLR1 or TLR6, several
groups have reported a strong pro-inflammatory response induced
by mycobacterial cell wall components. This is the case for the
19 KDa lipoprotein, phospho-myo-inositol-capped or non-capped
lipoarabinomannan (PILAM and AraLAM respectively, both pro-
duced by less pathogenic mycobacteria), lower- and higher-order
phosphatidyl-myo-inositol mannosides (PIM,, PIM,, and PIM,
families), lipomannan, and trehalose dimycolate (reviewed in Jo
et al., 2007). A combination of studies using several M.tb ligands
and mouse macrophages deficient in TLR2 and MyD88 (myeloid
differentiation primary-response protein 88) determined conclu-
sively that the strong pro-inflammatory response to M.tbinfection

observed via TLR2 signaling is mediated through its adaptor pro-
tein MyD88 (Quesniaux et al., 2004), where engagement of TLR2
triggers a nuclear factor kappa-light chain-enhancer of activated
B-cell (NFxB) signaling cascade through the recruitment of MyD88
and TIRAP (toll-interleukin 1 receptor [TIR] domain containing
adaptor protein; Kawai and Akira, 2010). Of no surprise is that
the response observed depends on the mycobacterial ligand and
the nature of the host cell type studied. As an example, uncapped
AraLLAM was shown to induce cell activation via TLR2 (Underhill
et al., 1999) leading to M.tb killing in both murine and human
macrophages but in a nitric oxide dependent and independent
manner, respectively (Thoma-Uszynski et al., 2001).
Interestingly, an overwhelming stimulation of the TLR2 pathway
may also be advantageous for M.tb. Recent studies have indicated
that prolonged TLR2 signaling induced by M.tblipoproteins LpqH,
LpRG, and LpRA inhibit the expression of major histocompatibility
complex (MHC) class II thereby decreasing antigen presentation
in macrophages infected with M.tb (Harding and Boom, 2010).
Related to this, more recent studies using mice also suggest that
TLR2 may be one of many pathways exploited by M.tb to inhibit
MHC-I antigen cross processing and presentation to CD8" T cells
(Harding and Boom, 2010). Studies performed on infected DCs
also resulted in TLR2-dependent inhibition of TLR9-dependent
IFN-0/f expression, leading to a decrease in induction of IFN-0/[3-
dependent MHC-I cross processing (Simmons et al., 2010). In this
regard, during M.tb infection in vivo, it is still uncertain whether
TLR2 dependent inhibition of the TLR9/IFN-o/B-dependent
MHC-I processing pathway is of benefit to the host by limiting the
harmful effects of excessive inflammation or to M.tb, as it may pro-
vide a path for M.tb to escape the host immune response. Overall,
a negative regulatory feedback mechanism among TLR signaling
networks during M.tb chronic infection may benefit the host by
preventing detrimental effects of excessive inflammation (Simmons
et al., 2010). In this context, studies performed to understand the
role of TLR signaling in vivo using TLR deficient mice indicate
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that a balance in the TLR signaling network is necessary to control
inflammation. This is indicated by studies where the exclusion of
the TLR2 signaling pathway with a moderate dose of M.tb in vivo
results in an exaggerated inflammatory response which may be
detrimental for the host (Drennan et al., 2004).

TLR9 recognizes unmethylated CpG (cytosine phosphate gua-
nosine motif) found in mycobacterial DNA (Kawai and Akira,
2010). As mentioned above, activation of TLR9 induces IFNo/f3
and MHC-I antigen cross processing (Simmons et al., 2010).
Mycobacterial ligands for TLR4 are still undetermined; although
recently, recombinant M.tb heat shock protein (hsp) 65 has been
described as a ligand for TLR4 inducing NFxB via MyD88, TIRAP,
TRIF (TIR-domain-containing adapter-inducing interferon-f3),
and TRAM (TRIF-related adaptor molecule)-dependent signal-
ing pathways (Bulut et al., 2005). Studies using TLR4 deficient
mice infected with M. bovis Bacillus Calmette-Guérin (BCG),
showed that these mice are capable of controlling the infection;
however, mice eventually showed body weight loss and increased
local inflammation indicating that TLR4 plays a defined role in
modulating inflammation in mycobacterial infections (Fremond
et al., 2003).

THE MANNOSE RECEPTOR

The cell envelope of pathogenic mycobacteria like M.tb is par-
ticularly rich in mannose-containing biomolecules, including
ManLAM, LM, higher-order PIMs, arabinomannan, mannan, and
mannosylated glycoproteins. ManLAM, LM, and higher-order PIMs
are incorporated into the M. b plasma membrane and also exposed
on its cell surface acting as ligands for host cell receptors contribut-
ing to the pathogenesis of M.tb (Torrelles and Schlesinger, 2010).
ManLAM and higher-order PIMs contain terminal mannosyl units
ideally located to interact with the MR on macrophages and DCs
(Schlesinger et al., 1994; Torrelles and Schlesinger, 2010; Figure 2).
The MR is defined as a homeostatic/clearance/immunomodula-
tory receptor for endogenous serum glycoproteins with N-linked
high-mannose content normally elevated during inflammation
(Martinez-Pomares et al., 2001). Evidence in the literature suggests
that M.tb may exploit its mannosylated cell surface components
to survive within the host by binding the MR. In this context, we
recently demonstrated that ManLAM/MR and higher-order PIMs/
MR phagocytic pathways lead to phagosome maturation arrest
(Kang et al., 2005; Torrelles et al., 2006). Recognition of mannose
residues by the MR has also been shown to reduce the microbi-
cidal activities of the macrophage by inhibiting the production
of nitric oxide, oxygen radicals, and pro-inflammatory cytokines
and by blocking M.tb-induced apoptosis through modifying Ca**-
dependent signaling pathways (reviewed in Torrelles et al., 2008a).
In addition, several studies have shown that ManLAM generates
an anti-inflammatory response inhibiting the production of TNF
and IL-12, and inducing the production of IL-10 and transform-
ing growth factor B (TGF-f; Astarie-Dequeker et al., 1999; Nigou
et al., 2001; Chieppa et al., 2003). Recent studies have also estab-
lished an MR-specific signaling pathway in the pathogenesis of M.tb
(Rajaram et al., 2010). Infection of human macrophages with viru-
lent M.tb or the addition of ManLAM up-regulates a transcription
factor named peroxisome proliferator-activated receptor-gamma
(PPAR-y), an important molecule that regulates the macrophage

inflammatory response. PPAR-y up-regulation via the MR leads to
the simultaneous increase in the production of IL-8 (or CXCL-8),
expression of cyclooxygenase 2 (COX,), and production of pros-
taglandin 2 (PGE; Rajaram et al., 2010). This study also revealed
that PPAR-y deficiency in human macrophages leads to increased
levels of TNF and decreased bacterial load, indicating that the MR
negatively regulates protective macrophage inflammatory responses
to M.tb infection. In murine macrophages, inhibition of PGE, by
M.tb infection prevents apoptosis and leads the infected cell to a
necrotic pathway favoring the spread of the infection (Divangahi
et al., 2010). In these type of studies we should carefully consider
differences between mouse and human macrophages as well as the
existence of receptor-dependent/specific regulatory mechanism(s)
in these complex signaling networks. In this context, in addition to
M.tbManLAM blocking TNF production via the MR, unpublished
data by Rajaram and Schlesinger identify a novel molecular and
cellular mechanism underlying the ability of another major M.tb
cell wall component, LM, to block TLR2 induced biosynthesis of
TNF in macrophages, thereby allowing M.tb to subvert the host
immune response and potentially increase its virulence (personal
communication).

DENDRITIC CELL-SPECIFIC ICAM-3-GRABBING NON-INTEGRIN

Dendritic cell-specific ICAM-3-grabbing non-integrin (DC-SIGN)
expressed on DCs (Geijtenbeek et al., 2000), strongly binds to
M.tb through its surface-exposed mannose-containing molecules
ManLAM, LM, and PIMs (reviewed in Ehlers, 2009). Recently,
o-glucan found on the M.tb surface was also found to act as a
ligand for DC-SIGN (Geurtsen et al., 2009). DC-SIGN actively
participates in the phagocytosis of M.tb by DCs leading to bac-
terial killing by acidification of the M.tb-containing phagosome
(Geijtenbeek et al., 2003) (Figure 2). However, the role of DC-SIGN
in inflammation is controversial. Association of M.tb, a-glucan or
its mannosylated cell wall components with DC-SIGN has been
shown to induce production of anti-inflammatory mediators like
IL-10 (Ehlers, 2009; Geurtsen et al., 2009). Recent in vivo studies
using wild-type mice expressing human DC-SIGN homologs (Park
et al., 2001; McGreal et al., 2005; Powlesland et al., 2006) or trans-
genic mice expressing human DC-SIGN, consider the possibility
that DC-SIGN may act to dampen the immune response thereby
promoting host protection by limiting tissue damage (Wieland
et al., 2007; Schaefer et al., 2008; Tanne et al., 2009). Conversely,
using genetically engineered M. marinum strains lacking essen-
tial mannosylated components on their cell surface revealed that
the ManLAM-PIM/DC-SIGN pathway may not be significantly
involved in the regulation of cytokine secretion (Appelmelk et al.,
2008). However, as M. marinum does not reflect the overall man-
nosylation pattern observed in M.tb laboratory strains (where
M.1b clinical isolates also present different degrees of mannosyla-
tion; Torrelles et al., 2008b), the direct functional consequences of
DC-SIGN ligation in M.tb pathogenesis are still unclear.

COMPLEMENT RECEPTORS

Complement receptors (CRs) are expressed on all mononuclear
phagocytes and mediate the phagocytosis of a diverse group of
intracellular pathogens. Several studies have established the role
of C3 opsonization and the contribution of CR1, CR3, and CR4
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in the phagocytosis of M.tb (Fenton et al., 2005; Figure 2). C3
deposition on M.tb happens quickly and is initiated by activation
of the classical (in low serum concentrations) and/or alternative
pathways (in high serum concentrations) via covalent linkages to
M.tb surface targets in the forms of C3b and C3bi (Ferguson et al.,
2004). However, it is still unknown if C3 opsonization varies in
form and amount among different stages of M.tb infection or tis-
sue sites. M.tb surface-exposed polysaccharides and lower-order
PIMs (i.e., PIM,) have also been shown to interact directly with the
lectin domain of CR3 (Villeneuve et al., 2005) and thus, presumably
mediate M.tb uptake by macrophages. Although CR3 mediates both
opsonic and non-opsonic uptake of M.tb by macrophages, its role
during human infection remains unknown. In vitro and in vivo
studies did not show an altered phenotype between CR3 deficient
and wild-type mice in bacterial burden and pathology (Hu et al.,
2000). In this context, several studies have shown that CR4 is par-
ticularly abundant on cells that are involved in the uptake of M.tb
leading to the conclusion that in the naive host, CR4 may be the
major player mediating M.tb uptake in the early stages of infection
(Hirschetal., 1994; Zaffran et al., 1998). This may correlate with the
fact that CR4 and the MR are the most highly expressed receptors
on AMs (Schlesinger et al., 2008).

COLLECTINS AND THEIR SPECIFIC RECEPTORS

There are three major collectins within the C-type lectin family that
recognize specific sugar moieties on the M.tb surface increasing the
interaction between the host and the bacteria. They are surfactant
proteins (SP)-A and SP-D, and mannose binding lectin (MBL).
SP-A and SP-D are mainly located in the lung, being secreted by
alveolar epithelial type II cells into the surfactant (Wright, 2005).
Various studies have provided evidence suggesting a dual role
model for SP-A and SP-D, as they help maintain a balance between
pro- and anti-inflammatory responses to M.tbin the lung environ-
ment. In this context, SP-A may be considered to be the perfect
liaison for M.tb. Apart from being characterized for its capacity to
act as an opsonin, a regulator for cell receptor activity enhancing
phagocytosis by macrophages, and a mediator of inflammation by
regulating the synthesis of ROIs and RNIs and cytokine secretion
(reviewed in Torrelles et al., 2008a; Figure 2); recent studies show
that SP-A may be a contributor to the establishment of a successful
M.tb infection. In this context, SP-A is capable of opsonizing M.tb
and after being recognized by its specific receptor, SP-R210, leads to
the secretion of anti-inflammatory cytokines like IL-10 and TGF-3
mediating suppression of cell-mediated immunity against M.tb
(Samten et al., 2008). Linked to this, is the establishment that SP-A
also up-regulates macrophage expression of the MR (a receptor that
leads to M.tb intracellular survival within the macrophage by lim-
iting phagosome maturation; Beharka et al., 2002; Torrelles et al.,
2008a). SP-A also regulates TLR surface expression and activity in
human macrophages (Henning et al., 2008), where despite its ability
to specifically up-regulate TLR2 expression, SP-A seems to dampen
TLR2 and TLR4 signaling in these cells, and thus situates SP-A
as a critical mediator in regulating lung inflammatory responses
through TLRs (Henning et al.,2008). SP-D has been recently shown
to bind in high avidity to M.tbManLAM and PIMs (Ferguson etal.,
1999; Carlson et al.,2009). SP-D opsonizes and subsequently aggre-
gates M.tbthereby reducing its phagocytosis (Ferguson etal., 1999).

Conversely, SP-D opsonized M.tb that is phagocytosed undergoes
increased phagosome-lysosome fusion resulting in limited intra-
cellular growth (Ferguson et al., 2006; Figure 2). Another soluble
collectin considered in the establishment of M.tb infection is the
MBL. MBL binds to M.tb promoting activation of the complement
lectin pathway leading to C3bi deposition, as well as complement-
independent phagocytosis which induces pro-inflammation with
the release of TNE, IL-1f3, and IL-6 (reviewed in Dommett et al.,
2006; Figure 2). However, controversy regarding the model system
(i.e., cell types and species specificity) studied still exists for deter-
mining if MBL is overall ultimately beneficial for M.tb or the host
(Torrelles et al., 2008a).

OTHER MACROPHAGE SURFACE RECEPTORS

Other receptors (Figure 2) involved in M.tbrecognition and inflam-
mation are CD14 (Khanna etal., 1996) and the scavenger receptors
SR-A (Zimmerli et al., 1996), which participate in the uptake of
non-opsonized bacilli by tissue-specific macrophages. However,
their role in inflammation varies depending on the species-specific
cell type used. Dectin-1, a B-glucan receptor, in combination with
TLR2 has also been shown to participate in the immune response
against M.tb by inducing TNF production in macrophages only
infected with attenuated M.tb strains (Yadav and Schorey, 2006).
Recently, macrophage-inducible C-type lectin (Mincle; Yamasaki
et al., 2008) on the macrophage surface, has been shown to rec-
ognize M.tb trehalose dimycolate, and working together with the
Fcy receptor transmembrane segment induces pro-inflammation
(Ishikawa et al., 2009; Schoenen et al., 2010). Conversely, Fcyrecep-
tors do not play a role in the phagocytosis of M.tb in the absence
of specific antibody (Schlesinger et al., 1990).

CYTOSOLIC RECEPTORS: NOD2

Cytosolic regulators of the pro-inflammatory response known as
nucleotide-binding oligomerization domain (NOD)-like receptors
(Franchi et al., 2008) have been recently described to play a role
during M.1b infection. NOD2, found in epithelial cells and APCs
(Oguraetal.,2001; Gutierrez et al., 2002; Inohara and Nunez, 2003),
regulates the production of inflammatory mediators in response
to bacterial peptidoglycan components such as muramyl dipeptide
(Inohara and Nunez, 2003). Human studies in patients infected
with M.tb or M. leprae have linked a polymorphism in NOD2 to
susceptibility to mycobacterial infections (Austin et al.,2008; Zhang
etal.,2009). However, the role of NOD?2 in the early stages of M.tb
infection seems to be dependent on the model system studied. In
this context, results obtained from in vitro and in vivo studies using
the mouse model dispute the significance of NOD2 in controlling
M.tb growth during the early stages of infection (Gandotra et al,,
2007; Divangahi et al., 2008). Conversely, in vitro studies using
human macrophages infected with M.tb have established that, in
accordance with the human polymorphism studies, NOD2 plays a
role in controlling pro-inflammation and M.tbintracellular growth
(Brooks et al., 2010; Figure 2). How NOD?2 intersects with sig-
naling/trafficking networks is still unexplored. Although, NOD2
can synergize with other signaling pathways like TLRs, enhancing
pro-inflammation (Ferwerda et al., 2005), its capability to inter-
fere/associate with phagocytic receptor trafficking networks is
not established. As cytosolic NOD2 appears to be associated with
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intracellular vesicles (Brooks et al., 2010), its role in triggering pro-
inflammation may depend on vesicular fusion events controlled
during M.tb phagocytosis.

The outcome of M.tb infection and the subsequent inflamma-
tory response depends on the initial interaction(s) between M.tb
and APCs. These interactions are mainly based on two factors: The
nature and distribution of recognition receptors on the APC sur-
face, and on the biochemical nature of the cell wall constituents of
the M.tbbacilli recognized by APCs. As described above, published
studies define the role of each individual receptor (or a combina-
tion of them) during infection in vitro or in vivo using different
means. It still is unclear though, which receptors and how many of
them are involved in the initial M.tb-host interaction in vivo. Our
in vitro studies using single cell suspensions of M.tb and human
macrophages show that M.tb has a predilection for infection of
specific subpopulations of APCs. Do these APC subpopulations
preferentially express a specific receptor(s) beneficial for M.tb rec-
ognition/infection? Does the genetic background of the host (man)
predispose for surface expression of specific receptors on APCs that
favor M.tb infection? If the M.tb cell wall determines the impact
of the infection; why do different virulent strains of M.tb present
different motifs on their surface? Are biochemical differences on the
M.tb cell wall surface favoring M.tb long term persistence within
the host? Conversely, are we accounting for how disruption of a
specific receptor alters the complex inflammatory network in vivo?
Human studies addressing receptor polymorphisms in TB patients
may help address these still unanswered questions.

CHEMOKINES IN M.th INFECTION

Due to their assistance in cell migration and subsequently granu-
loma formation, chemokines are essential but undefined players in
the inflammatory response to M.tb infection. Their main function
is to direct cell migration and immune homeostasis in the host.
Current literature already has established a role for CC and CXC
chemokines in the protective and immune host response to TB
(reviewed in Mendez-Samperio, 2008). In vitro studies using M.tb-
infected murine and human cells demonstrate that CC chemokines
like CCL2, CCL3,CCL4, CCL5,CCL19, CCL20,CCL21,and CCL22
and their related chemokine receptors (i.e., CCR2 [for CCL2],
CCR4 [for CCL2, CCL3, CCLS5, and CCL22], CCR5 [for CCL2
to CCL5], CCR6 [for CCL20], and CCR7 [for CCL19, CCL21])
regulate migration and activation of various immune cells like
monocytes, macrophages, DCs and T lymphocytes by chemotaxis
(Mendez-Samperio, 2008). In particular, the use of CCL5 deficient
mice confirmed the role of this chemokine in M.tbinfection. CCL5
deficient mice infected with a low dose of aerosolized M.tb are
described to present a decrease in recruitment of lymphocytes to
TB granulomas site along with an impaired early acquired immu-
nity (Vesosky et al., 2010). Human studies involving bronchoal-
veolar lavage fluid and tissue from TB patients also demonstrate
the involvement of CXCL8 (or IL-8), CCL2, and CCL5 during the
acute phase of this disease (Kurashima et al., 1997).

Three major cellular receptor-dependent intracellular signaling
pathways regulating chemokine secretion in response to mycobac-
terial infections have been described (reviewed in detail in Mendez-
Samperio, 2008). Mitogen-activated protein kinases (MAPKs) p38
and extracellular signal-regulated kinases (ERK)1/2 are shown to

be phosphorylated by a variety of stimuli leading to a cell type
and stimulus-specific dependent production of chemokines (Roach
and Schorey, 2002). NFkB, a key molecule in inflammation regu-
lation, is also involved in the regulation of chemokine gene tran-
scription (Mendez-Samperio, 2008) and subsequent secretion. In
this context, specific heat-stable cell wall components of M.tb are
described to induce chemokine secretion in specific cell types dif-
ferentially expressing defined receptors (Jones et al., 2001). This
is the case for ManLAM, which induced chemokine secretion in
monocytes, but not in AMs (Barnes et al., 1992). The fact that
the MR, a major receptor for ManLAM, is present on AMs but
not in monocytes, may favor ManLAM signaling through TLR2
and TLR4 in monocytes leading to chemokine secretion. Recent
contradictory studies also established a role for TNF as a control-
ler for chemokine secretion depending of the cell type and the
mycobacterial strain (stimulus-specific) studied (Juffermans et al.,
1999; Mendez-Samperio etal.,2003). For example, chemokine pro-
duction induced by M. bovis BCG does not seem to be controlled
by TNF (Mendez-Samperio et al., 2003), however, M.tb-infected
macrophages reduce inflammatory chemokine secretion after TNF
neutralization (Algood et al., 2004). The controversy also appears
when the debate is who regulates who. Are cytokines regulat-
ing chemokines or contrary to the current view, are chemokines
controlling the host response to infection? Kinetic studies closely
evaluating levels of cytokines and chemokines in M.tb-infected
host are necessary to address this issue. In this context, a recent
study using M. bovis BCG showed that both cytokine and chem-
okine secretions seem to be tightly regulated, where a relationship
between CCL2, CCL3, and TNF production exist in early stages of
infection; and the same is described for CXCL10 and IL6 and IL10
in intermediate phases, and for CCL22 and IFN-y in late stages of
infection (Mendez-Samperio, 2008). As CCL2 has been recently
shown to inhibit the pro-inflammatory cytokine IL-12p40 during
M.tb infection (Flores-Villanueva et al., 2005), the regulatory role
of chemokines controlling inflammation may dictate the estab-
lishment and outcome of M.tb infection. Current literature sup-
porting this concept indicates that several chemokines trigger the
activation of signaling cascades like MAPK/c-Jun N-terminal kinase
(MAPK/JNK) and PI3K pathways associated with cell mitogenesis,
chemotaxis, and cell activation (Mendez-Samperio, 2008). This is
described for CCL2, which interacts with CCR2 activating different
MAPK-ERK1/2 cascades involved in CCL2-associated cell immune
responses against mycobacterial infections (Ashida et al.,2001). The
importance of these regulatory pathways are emphasized in a recent
study where MAPK-p38 and ERK1/2 activities can control intracel-
lular mycobacterial replication within the macrophage independ-
ently of TNF and/or IL-10 mediated effects (Klug et al., 2010).
Other members of the CXC chemokine family are also impli-
cated in controlling the inflammatory conditions following infec-
tion by M.tb. This is the case for CXCL1, CXCL7, CXCL8, CXCLS9,
and CXCL10 (reviewed in detail in Mendez-Samperio, 2008). In
all cases, these CXC chemokines are, as in the case for CC chem-
okines, secreted depending on the stimulus and cell-type. Probably
among the CXC chemokines CXCL8 (or IL-8) is the most studied
in the regulation of M.tb infection. CXCLS is secreted by different
types of host cells in response to virulent M.tb infection recruiting
inflammatory cells (i.e., neutrophils, lymphocytes, monocytes) to
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the infection site, and stimulating bactericidal non-oxidative mech-
anisms (Nibbering et al., 1993; Pace et al., 1999). Thus, chemokines
triggered by M.tb infection regulate the innate immune events lay-
ing the foundation for the establishment of the subsequent host
adaptive immune response.

DECOY RECEPTORS

These rare receptors are structurally similar to conventional
chemokine receptors but without the intrinsic capability to trig-
ger signaling events. Although only three of these receptors have
been identified in mammals, D6 has been intensely studied due
to its capacity to be recognized by multiple chemokines during
inflammation (reviewed in Di et al., 2009). In this context, studies
challenging D6 deficient mice with complete Freund’s adjuvant
described an extensive inflammation characterized by leukocyte
infiltration with localized areas of severe necrosis (Martinez de la
et al., 2005). M.tb-infected D6 deficient mice presented a similar
phenotype, also characterized by a substantial leukocyte infiltra-
tion causing vast local and systemic production and accumula-
tion of inflammatory chemokines and cytokines resulting in an
overwhelming inflammation followed by severe tissue damage (Di
et al., 2008). These findings support the initial concept that D6 is
a receptor assisting with control of inflammation by scavenging
circulating pro-inflammatory CC chemokines, but its action is
dependent on the inflammatory conditions in the host environ-
ment. Another decoy receptor gaining interest in the field of TB
research is Tir8. Tir8 is described to participate in the tight regula-
tion of the immune response by inhibiting TLR/IL-1 NF«B activa-
tion (Polentarutti et al., 2003). In vivo studies using Tir8 deficient
mice showed that, like D6 deficient mice, Tir8 play a role in damping
the immure response against M.tb infection (Di et al., 2009).

PROTECTIVE PRO-INFLAMMATORY MEDIATORS

Inflammation and immune reaction in response to most pathogens
is partly mediated by a group of secreted polypeptides known as
cytokines. Not only is the inflammatory response generated by
cytokines against M.tb helping in the control of the infection,
but they also play an important role during the chronic infection
stage dictating the pathogenesis of the disease (Flynn and Chan,
2001; Cooper, 2009). The fate of M.tb infection is determined by
the interplay between various cytokines released at different time
points of infection and the effect of these cytokines on the host
cell and M.tb. In this section, we will present the main cytokines
involved in chronic and cell-mediated inflammatory responses to
M.tb infection.

TUMOR NECROSIS FACTOR

Tumor necrosis factor, an important component of innate immune
mechanisms of the host against pathogens, is shown to be critical
in the control of M.tb. TNF is an autocrine cytokine produced
by macrophages, DCs and T cells, and performs functions like
chemotaxis and granuloma formation. TNE, if not regulated can
lead to tissue damage and cause immunopathology. The most
widely studied models to understand the role of TNF in vivo are
human TNF transgenic and TNF gene deficient mice. Studies using
TNF and lymphotoxin-o (LT-0) deficient mice demonstrated that
complete disruption of TNF and LT-o reduces host resistance to

mycobacterial infection due to a delay and deficient granuloma
formation leading to a widespread dissemination of M.tb (Bean
etal., 1999; Jacobs et al., 2000). In this regard, TNF deficient mice
are characterized for containing immature lymphocyte cells con-
centrated in the perivascular and peribronchial areas surrounding
granulomas. Moreover, a deficiency in chemokine induction and
cellular recruitment has also been established in this animal model
system (Roach etal., 2002). Thus, disrupting the TNF balance leads
to tissue damage and necrosis observed in many pathological fea-
tures of disseminated TB. This TNF balance is critical to maintain
as other studies showed that continued presence of TNF has also
growth promoting effects on M.tb (Byrd, 1997).

LYMPHOTOXIN

Studies done so far have been inconclusive about the unique role
played by lymphotoxin in the host immune response to M.tb.
However, a recent study done using both conventional and neo-
free LT-o. deficient mice indicates a non-essential role for LT-at in
presence of unperturbed TNF expression in host defense to M.tb
infection (Allie et al., 2010).

IL-12 FAMILY

This family is composed of IL-12p40 (homodimer with p40 + p40
subunits), [L-12 or IL-12p70 (heterodimer with p40 + p35 subu-
nits), IL-23 (heterodimer with p40 + p19 subunits), and IL-27
(heterodimer cytokine with Epstein—Barr virus-induced gene 3
(EBI3 or IL-27B] + p28 [known as IL-30]). IL-12RB1/IL-12RP2
complex is the receptor for IL-12, IL-1231/IL-23R complex is the
receptor for IL-23 while gp130/IL-270 complex is the receptor for
IL-27 (Trinchieri et al., 2003; Hunter, 2005). Experimental models
and human population studies have established that IL-12 plays
an important role in both innate and adaptive responses against
M.tb infection. IL-12 is shown to bind to its receptor IL-12R-32
and activate the JAK-STAT pathway inducing IFN-yto differentiate
CD4* T cells in Thl effectors (Mendez-Samperio, 2010). Recent
studies established a great level of complexity on the IL-12 family
cytokines in their involvement in the immunological control of
M.tb infection (reviewed in detail in Cooper et al., 2007). IL-12
is induced in macrophages and DCs after activation by microbial
TLR ligands and other cytokines. Experiments using IL-12 deficient
mice show an increase in bacterial burden and a drastic reduction
in host survival (Flynn et al., 1995b; Cooper et al., 1997). These
studies established IL-12 as a crucial cytokine in the development
and maintenance of the type-1 cellular response to M.tb infec-
tion. IL-23 induces IL-17 production by memory T cells inducing
the inflammatory response by Th17 cells (Khader and Cooper,
2008). IL-23 like IL-12 generates protective cellular responses but
at lesser degree, however, IL-27 is shown to moderate inflamma-
tion by inducing the early Thl differentiation and generation of
IL-10-producing regulatory T cells, which results in limited tissue
destruction but subsequently limited bacterial control (Khader and
Cooper, 2008). Thus, the IL-12 family is implicated in maintaining
the balance between inflammation and bacterial killing to minimize
tissue damage. A new role for IL-12p35 has been recently described,
where this cytokine induces inflammation by suppressing TGF-§
and stimulating NKT cells (Park et al., 2010). Other recent stud-
ies also support this new role showing that IL-12p35 alone also

Frontiers in Microbiology | Cellular and Infection Microbiology

January 2011 | Volume 2 | Article 2 | 60


http://www.frontiersin.org/cellular_and_infection_microbiology/
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Sasindran and Torrelles

Mlycobacterium tuberculosis infection and inflammation

drives neutrophil and CD4* T cell infiltrations by increasing the
levels of CCL2, CXCL2, CXCL3, and the angiogenic factor vascular
endothelial growth factor (VEGF; Frank etal., 2010). Recently, it has
been shown that the p35 subunit of IL-12 is forming a heterodimer
with EBI3 resulting in IL-35. IL-35 is defined as an IL-12 family
cytokine that is produced only by regulatory T cells contributing
to immune suppression (Collison et al., 2007). The role of IL-35
in M.tb infection is still to be determined.

INTERFERON FAMILY

The IFN are a heterogeneous family of cytokines divided in type I
and type II on basis of their structure, function, and cell of origin.
While type I IFN (IFN-o and IFN-B) is secreted by various cell
types and through innate immune receptors, type II (IFN-y) is
mainly produced as a result of stimulation of T lymphocytes and
NK cells.

Type I IEN regulates different aspects of the immune response,
inducing cell-mediated immunity. Upon infection with M.tb,
immune cells and receptors induce the production of IFN-o and
INF-B promoting the priming of CD8" and CD4" T cells (Cho
etal.,2002; Remoli et al., 2002). The effect of IFN-0//3 may be both
favorable and unfavorable to the infected host cell. Studies using
exogenous administration of IFN-0./f have shown that increased
production of IFN-0/f could contribute to the host susceptibility
to M.tb infection due to an overwhelming inflammatory response
(Manca et al., 2001; Bouchonnet et al., 2002). However, a recent
study has demonstrated that M.tb inhibits the production of IFN-
o./B in response to TLRY signaling suggesting an evasion mecha-
nism to control the immune response against M.tb that is beneficial
to the host by controlling an excessive immune response (Simmons
etal., 2010).

Type I IFN-y released by AMs, CD4 T cells, CD8 T cells, NKT
cells, ¥0 T cells, and NK cells (Boehm et al., 1997; Fenton et al.,
1997; Wang et al., 1999; Vesosky et al., 2004) is considered as the
key cytokine involved in the control of M.tb (Flynn and Chan,
2001; Cooper, 2009). IFN-yactivates macrophages enhancing their
production of pro-inflammatory cytokines, and up-regulating
their surface expression of cytokine/chemokine receptors, cos-
timulatory and adhesion molecules,and MHC-I and II molecules
enhancing macrophage antigen presentation to T cells (Boehm
etal., 1997). IFN-y also controls cellular immunity by regulating
T cell-mediated apoptosis (Li et al., 2007) as well as accumula-
tion of Th _ cells (Sher and Coffman, 1992), thus protecting the
host from a massive T cell influx to the infection site. IFN-7 is
defined as a correlate for host resistance to M.tb infection. In this
scenario, antigen-specific IFN-y is low in patients with clinical
cases of active TB, when compared to latent TB (Zhang et al,,
1995; Lin et al., 1996). It has also been reported that individuals
defective for IFN-yor [IEN-yreceptors (IFNGR) present increased
susceptibility to infection with severe disease manifestations (de
Jong et al., 1998), suggesting that insufficient IFN-v is associated
with TB disease progression. Two independent studies using a
sub-lethal infection with M.tb showed that IFN-y deficient mice
failed to produce nitric oxide due to inadequate iNOS expression,
and exhibited unrestricted bacterial growth and tissue necrosis
with mice succumbing to disease faster (Cooper et al., 1993;
Flynn et al., 1993). These studies prove the essentiality of IFN-y

in protective cellular immunity to TB infection, where cessation
of bacterial growth directly correlates with the release of IFN-y
(Cooper et al., 1993).

OTHER PRO-INFLAMMATORY CYTOKINES

Other cytokines like IL-1,1L-6,1L-17,and IL-32 have been shown to
be implicated to different degrees in M.tb infection control. IL-1
is a pro-inflammatory cytokine produced by monocytes, macro-
phages, DCs, B cells, and NK cells (Dinarello, 2009).

Interleukin-1B up-regulates essential mediators necessary
for the control M.tb infection including iNOS and subsequent
NO production (Chan et al., 2001), phagosomal acidification
and maturation (Horsburgh Jr., 1991), adhesion molecules
(Dinarello, 2009), and enzymatic activities like phospholipase
A, and cyclooxygenase (Hernandez-Pando et al., 2006; Yang et al.,
2009). Human studies (Gomez et al., 2006; Hawn et al., 2006;
Settas et al., 2007) and in vivo studies using IL-1Ra (receptor
antagonist) and IL-10/IL-1P deficient mice (Juffermans et al.,
2000; Yamada et al., 2000; Fremond et al., 2007) established that
the continuous effect of IL-1 is required for maintaining resist-
ance to M.tb infection. IL-6 is mainly considered to be a pro-
inflammatory cytokine involved in macrophage and cytotoxic
T cell differentiation. Infection of IL-6 deficient mice with M.tb
indicate that IL-6 is important for the control of M.tb infec-
tion, however, in humans it is considered a correlate for disease
progression due to its role in inflammation and tissue damage
(Appelberg, 1994; Ladel et al., 1997; Casarini et al., 1999; Tsao
et al., 1999; Ilonidis et al., 2006).

Interleukin-17 is produced abundantly by Th17 CD4 T cells
during early stages of M.tbinfection (Lockhartetal.,2006). Studies
using IL-17 deficient mice demonstrate that IL-17 is not essential
to control M.tb infection, however, this cytokine plays a role in
granuloma formation (Umemura et al., 2007). In this context, IL-17
has been implicated in the recruitment of Th, cells (Happel et al.,
2005; Khader et al.,2005; Wozniak et al., 2006), which produce anti-
gen-specific IFN-v, and inhibit M.tb growth (Khader et al., 2007).
Human studies show that IL-17 is produced by TB patients and
IL-17 is also induced by BCG vaccination, however, its protective
role against M.tb infection in human remains to be elucidated.

Interleukin-32 is a cell-associated proinflammatory cytokine,
which is specifically stimulated by mycobacteria through a
caspase-1- and IL-18-dependent production of IFNy (Netea
et al., 2006).

IMMUNOMODULATORY CYTOKINES

INTERLEUKIN-10

Cell types producing IL-10 include monocytes, macrophages,
DCs, regulatory CD4 T cells, and CD8 T cells (Sabat, 2010). The
role of IL-10 is complicated to decipher as its regulatory proper-
ties depend on the cell type and infection model studied. For
M.tb infection, IL-10 is thought to limit inflammation. In this
scenario, IL-10 inhibits pro-inflammatory cytokines like IL-1,
IL-6,1L-12,1L-18,and IFN-y (Bogdan et al., 1991; de Waal Malefyt
et al., 1991, 1993; Fiorentino et al., 1991; D’Andrea et al., 1993;
Gruber et al., 1994; Aste-Amezaga et al., 1998); and chemokines
like CCL3, CCL4, and CCL5 affecting cell recruitment, as well as
blocking the generation of ROIs and NOIs (Bogdan et al., 1991;
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Cunbha et al., 1992; Niiro et al., 1992; Cenci et al., 1993; Kuga
etal., 1996; Roilides et al., 1997) that are important for M.tb con-
trol. In this process IL-10 is thought to work by interfering with
intracellular signaling cascades such as suppressor of cytokine
signaling-3 (SOCS3; Cassatella et al., 1999) and NFxB (Wang
et al., 1995; Romano et al., 1996; Schottelius et al., 1999; Berrebi
etal.,2003).IL-10is also implicated in blocking antigen process-
ing and presentation in different APCs, therefore diminishing
T cell responses (Moore et al., 2001). Experimental data using the
mouse model show that IL-10 alone plays a pivotal role during
the chronic/latent stage of pulmonary TB potentially contributing
to TB reactivation (Turner et al., 2002; Beamer et al., 2008). In
this context, induction of IL-10 may be considered as prevent-
ing tissue damage during chronic M.tb infection. Studies using
transgenic mice support this funding where induction of IL-10 is
considered to prevent tissue damage but also contributes to M.tb
growth (Murray et al., 1997). Studies using IL-10 deficient mice
show no effect (North, 1998) or a protective effect when IL-10 is
absent, which is also supported by studies blocking the action of
IL-10 receptor (Beamer et al., 2008; Redford et al., 2010). These
murine studies are supported by recent human population studies
where presence of IL-10 correlates with susceptibility to myco-
bacterial infections (Boussiotis et al., 2000; de la Barrera et al.,
2004). Recent in vitroreports suggest that IL-10 may interfere with
M.tb persistence by stalling phagosome maturation in human
macrophages (O’Leary etal., 2010). Thus, the benefits of IL-10 are
controversial, as at the same time that IL-10 seems to limit tissue
damage by suppressing inflammation, IL-10 also contributes to
the host environment that allows M.tb to persist, and thus IL-10
directly contributes to reactivation of TB.

TRANSFORMING GROWTH FACTOR B

Transforming growth factor P is defined as a pluripotent cytokine
that modulates the immune response by down-regulating acquired
immunity and de-activating macrophages. TGF- is secreted by
a large number of cell types including monocytes, macrophages,
DCs, and CD4+ regulatory T cells (Aung et al., 2005; Latchumanan
et al., 2005). TGF- is shown to synergize with IL-10 to promote
immune tolerance and limit pathological inflammation (Oswald
etal., 1992; Zeller et al., 1999; Clegg and Hughes, 2002; Chen et al.,
2003). Similar to IL-10, TGF-f also suppresses APCs costimulatory
molecules (Strobl and Knapp, 1999), NOS production, and indi-
rectly down-regulates T cell function and proliferation by inhibiting
cytokine production (Lee et al., 1997; Nakao et al., 1997; Bright
and Sriram, 1998; Gorham et al., 1998). Studies have shown up-
regulation of TGF-f3 in monocytes and macrophages in granuloma
from patients with active TB (Toossi et al., 1995), and high levels
of TGF-B is directly associated with severe stages of the disease.
As TGF-B is considered an anti-inflammatory cytokine that helps
to reduce the harmful inflammatory effects associated with T cell
immunity to M.tb infection, regulating TGF-J effects may be criti-
cal to control M.tbinfection. In this scenario, using TGF-3 blockers
like latency associated protein (Saharinen and Keski-Oja, 2000) and
decorin (Hildebrand et al., 1994), which form inactive complexes
with TGF-f3 should reduce TGF- anti-inflammatory effects on T
cells and macrophages, and may be a way to control inflammation
and prevent M.tb infection spread.

Overall, the local response to M.tb infection is defined by an
initial intense pro-inflammatory response followed by the produc-
tion of anti-inflammatory mediators that serve to regulate tissue
damage. Within this local environment M.tb battles to survive by
interfering with the host inflammatory networks. It remains unclear
whether the neutralization of anti-inflammatory mediators will
benefit the host in contrast to the current goals of boosting Th1
mediated protective immunity.

CONCLUSION REMARKS

The interplay between M.tb and the host inflammatory response
depends on many factors. From the bacterial side, M. b strains dif-
fer in the cell wall components exposed on their surface. Virulent
laboratory strains H, R and Erdman are defined to be hyperman-
nosylated on their surface; however, clinical isolates, some of them
related to cases of hypervirulence and clinical outbreaks (i.e.,
HNB878), present a more hydrophobic cell wall surface (Torrelles
and Schlesinger, 2010). In this context, hypervirulent strains are
characterized by the presence of other surface-exposed cell wall
components (i.e., phenolic glycolipid, triacylglycerols), which
regulate the cytokine response, and demonstrate rapid intrac-
ellular growth and marked tissue damage. These hypervirulent
strains are associated with an unusual high proportion of active
cases of disease and a high frequency of extrapulmonary disease.
This has been directly attributed to host immune subversion. In
contrast, M.tb strain CDC1551 is related to alow number of cases
of active disease, followed by an unusually high rate of seroconver-
sion, inducing a more rigorous immunologic response (reviewed
in Torrelles and Schlesinger, 2010). Even within the same M.tb
strain, it is likely not the case that all bacilli are identical replicas,
and thus bacilli may differentially interact with the host. Thus,
at an M.tb infection site we may find a mixture of events, where
simplistically speaking, depending on its cell wall surface pheno-
type an M.tb bacillus may interact with a host cell receptor trig-
gering pro-inflammation that promotes bacterial killing, or may
interact with a host cell receptor triggering anti-inflammation
and bacterial intracellular survival. From the host (man) perspec-
tive, genetic predisposition and environmental living conditions
dictate the predilection for an M.tb infection. Even in the context
of the same host (man) and within the same host cell population,
differences between host cells in receptor expression, signaling and
innate and adaptive immune functions exist (and we can extend
these differences to the different model systems used to study M.tb
infection in vitro and in vivo). Moreover, within the same host
cell population (i.e., AMs), there are likely to be different host
cell subpopulation(s) that differentially trigger the inflammatory
response (i.e., AMs expressing more TLR2 vs. AMs expressing
more MR). With these questions in mind, is the establishment
of a successful M.tb infection just a question of chance or are we
looking at the evolutionarily developed perfect storm of elements?
In this review we have presented the major players involved in
the tight regulation of the inflammatory response during M.tb
infection. Some favor infection and others do not. However, upon
the successful establishment of an M.tb infection, the ultimate
goal of the host is to reduce inflammation and tissue destruc-
tion, and in this scenario, M.tb has learned to survive. Efforts to
define the M.tb cell wall components produced in vivo as well as
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the properties of the M.tb host cell reservoir in vivo will establish
the optimal M.tband host cell phenotype/genotype combination
that allows for the successful establishment of an M.tb infection
in vivo. In this scenario, the understudied microenvironments
that M.tb encounters during infection may be key elements to
consider in future M.tb pathogenesis studies.
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OVERVIEW

Understanding the innate host response to infectious challenges is
a process greatly accelerated by the discovery of intracellular patho-
gen sensors and the inflammasome concept, reviewed extensively
in this special edition. Much can be learned by focusing on the
details of individual pathogen types, which can refine our under-
standing of innate host functions. In this mini-review, we will focus
on the detection of Francisella and how this particular organism
has allowed a clearer understanding of intracellular pathogen rec-
ognition. We will also briefly review Francisella infection and the
peculiarities regarding detection in mouse and man.

Francisella tularensis is a zoonotic agent circulating in the
Northern Hemisphere. It is transmitted from host to host by sev-
eral pathways where arthropod vectors predominate (Ellis et al.,
2002; Sjostedt, 2007). E. tularensis represents four subspecies dif-
fering in geographical location, infectivity, and virulence to the
various hosts (Oyston, 2008). The most virulent species is F. tula-
rensis subsp. tularensis (F. tularensis) with median lethal dose <10
CFU for humans, mice, and rabbits. However, E. tularensis subsp.
holarctica (F. holarctica) has more broad virulence with calculated
LD50 ranging from ~1 CFU for mice, <10° CFU for humans, and
>10° CFU for rabbits. E. tularensis subsp. novicida (F. novicida) while
still highly virulent in mice (LD50 < 10° CFU), shows low virulence
for humans and rabbits (reviewed in Ellis et al., 2002).

Abbreviations: AIM2, absent in melanoma 2; ASC, apoptosis-associated speck-like
protein containing a CARD; CARD, caspase recruitment domain; DAMP, dan-
ger-associated molecular pattern; NLR, NOD-like receptor (nucleotide-binding
domain, leucine-rich repeat containing protein); NLRC, NOD-like receptor con-
taining a CARD; NLRP, NOD-like receptor containing a PYD; PAMP, pathogen as-
sociated molecular pattern; PRR, pattern recognition receptor; PYD, pyrin domain;
RIG-], retinoic acid inducible gene I.

events.This review overviews Francisellafunction in the mononuclear phagocyte with particular
attention to inflammasome versus pyroptosome roles and outlines differences between mouse
and human caspase-1 activation pathways. Specific attention is placed on functional differences
between human and murine pyrin as an intracellular recognition molecule for Francisella.

Keywords: AIM2, Francisella, IL-1B, inflammasome, M-CSF, monocytes, pyrin, pyroptosome

The disease caused by E tularensis is called tularemia, other-
wise known as rabbit fever (Ellis et al., 2002). The characteristics
of tularemia include fever, aches, and signs of toxicity lasting for
several days (Parmely et al., 2009). If left untreated, tularemia may
result in high mortality, reaching up to 60% with the pneumonic
form of the disease (reviewed in Parmely et al., 2009).

Because Francisella has a low dose requirement, high virulence,
and high morbidity, it is an attractive organism for bacteriological
weapons (Sjostedt, 2007). Since E tularensis was included in the
list of select agents as a potential bioterrorist weapon (Ellis et al.,
2002; Rotz et al., 2002), research into the pathogenicity of this bac-
teria in host organisms has been greatly accelerated. Large data sets
have been generated regarding the specific details of bacteria—host
interactions, albeit with some controversy. The controversy may
be explained by differences in models used, including Francisella
subspecies, host organisms, or cell types.

Francisellabelongs to a select group of bacteria, including Listeria,
Shigella, Burkholderia, and Rickettsia spp., which proliferate within
the host cell cytosol (Ray et al., 2009). Francisella evolved to replicate
in macrophages, which function to provide the first line of defense
against pathogens. To survive in this biological niche, Francisella devel-
oped a strategy to avoid recognition and destruction by the immune
system in order to utilize the host resources and multiply. The employ-
ment of this strategy by different F. tularensis subspecies dictates the
differences in bacterial pathogenicity and evolutionary success.

Accordingly, a delay in recognition and immune system acti-
vation should be beneficial. E tularensis (Schu4, type A) is the
most virulent subspecies for both mice and humans, suppressing
all pro-inflammatory responses for at least 72 h following infec-
tion (Kirimanjeswara et al., 2008). Since the Schu4 strain requires
a BSL3 facility, more work has been done with the less virulent
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strains, F. holarctica (LVS, type B) and E. novicida. However, these
two subspecies differ in their relative virulence for mice versus
human - i.e., virulent in mice and attenuated in humans.

Could this difference in virulence be related to distinctions in
recognition? Based on differences in virulence between Francisella
subspecies and host organisms, it is reasonable to suggest that dif-
ferences in Francisella recognition are based upon host response
differences. Notably, virulent and attenuated Francisella subspecies
have escape capacities that drive release from the phagosome in
both humans and mice (Golovliov et al., 2003; Mariathasan et al.,
2005; Gavrilin et al., 2006). Upon phagosomal escape Francisella
may be also recognized by intracellular pathogen sensors, many of
which belong to the NLR family of proteins. The focus of current
review is to highlight Francisella recognition by different hosts.

INFLAMMASOME VERSUS PYROPTOSOME

INFLAMMASOME

Francisella recognition induces fever and cell death and is character-
ized by a wave of pro-inflammatory cytokines, where IL-1P plays a
major role. This cytokine is induced upon mononuclear cell stimula-
tion and synthesized as a biologically inactive proIL-1f (Dinarello,
1998). Its conversion to the biologically active 17 kDa form, which
includes cleavage and release from cells, is tightly regulated by
caspase-1 which, in turn, also requires an activation event (Yamin
etal., 1996). Caspase-1 activation depends upon assembly of a multi-
protein complex called the inflammasome (Martinon et al., 2002).
All protein partners in the inflammasome possess either CARD (cas-
pase recruitment domain) or PYD (pyrin domain) and assemble via
CARD-CARD and PYD-PYD interactions (Martinon and Tschopp,
2006; Martinon etal.,2009). The prototypical inflammasome consists
of CARD containing caspase-1, CARD, and PYD containing adaptor
molecule ASC,and an NLR sensor of pathogen- or danger-associated
molecule patterns (PAMPs or DAMPs). Depending on the presence
of CARD or PYD domains, these sensors are subdivided as NLRC
or NLRP family members, respectively (Ting et al., 2008). Because
caspase-1 is the central protein/component of every inflammasome,
while ASC is present in the majority of them, inflammasomes are
named based on the participating pattern recognition receptor —
PRR (NLR or other CARD or PYD containing protein). As such,
several inflammasome structures have been described. These include
the NLRP1 inflammasome (NLRP1, ASC, caspase-1, and caspase-5;
Martinon etal.,2002), the NLRP3 inflammasome (NLRP3, CARDS,
ASC, caspase-1; Agostini et al., 2004), the NLRC4 (IPAF) inflam-
masome (NLRC4, ASC, caspase-1; Mariathasan et al., 2004), and
the NLRC5 inflammasome (NLRC5, ASC, caspase-1; Davis et al.,
2010). However, it was proposed that several non-NLR proteins may
also initiate the assembly of inflammasomes. For example, the RIG-I
inflammasome (RIG-1, ASC, caspase-1; Poeck et al., 2010), the AIM2
inflammasome (AIM2, ASC, caspase-1; Burckstummer et al., 2009;
Fernandes-Alnemri et al., 2009; Hornung et al., 2009; Roberts et al.,
2009), and the pyrin inflammasome (pyrin, ASC, caspase-1; Yu et al.,
2006; Gavrilin et al., 2009).

PYROPTOSOME

In addition to the widely accepted inflammasome concept, there is
another caspase-1 activation platform, which may be distinct from
the inflammasome, called a pyroptosome (Fernandes-Alnemri

et al., 2007). The pyroptosome is a single (one per cell) 1-2 um
supra-molecular speck which contains ASC and caspase-1. This
speck is different from the in vitro reconstituted inflammasome,
which forms a ring-like structure with an outer diameter of
~13 nm and an inner diameter of ~4 nm (Faustin et al., 2007).
Pyroptosome assembly is associated with host cell death that occurs
within minutes of the ASC speck complex formation (Fernandes-
Alnemri et al., 2007). This type of cell death is uniquely dependent
on caspase-1 activation and, because of its ability to induce IL-1f3
dependent fever, named pyroptosis (Fink and Cookson, 2005). Host
cell pyroptosis results in ASC pyroptosome aggregation, followed
by cell rupture and the accompanied release of IL-1f (Fernandes-
Alnemri et al., 2007). However, IL-1B and caspase-1 accumulation
in cell culture media is often seen in the absence of cell death fol-
lowing LPS or bacterial infection of mononuclear phagocytes which
suggests that inflammasomes may be distinct from pyroptosomes
(Mangan et al., 1991; Gavrilin et al., 2009; Santic et al., 2010). In
this regard, at least some of the IL-1P3 and caspase-1 (as well as ASC
and some other PRR) are released from live monocytes in the form
of microvesicles (MacKenzie et al., 2001; Sarkar et al., 2009). Since
the size of exosomal microvesicles is 80—-100 nm, these inflamma-
somes are likely distinct from the micrometer sized pyroptosome.
Thus, pyroptosome formation accompanying pyroptosis may be
a radically different way to eliminate a cytosolic bacterial burden
compared to microvesicular IL-1f and the inflammasome release
pathway. How host cell death is regulated by caspase-1 and how
it may differ with respect to caspase-1 activation pathways is an
area of particular interest for future studies. The summary of the
inflammasome versus pyroptosome is shown in Table 1.

MURINE RECOGNITION OF INTRACELLULAR FRANCISELLA
INTERFERON SIGNALING

It is clear in mice that type I interferon signaling is necessary for
inflammasome activation, IL-1B/IL-18 release, and the extensive cell
death that follows Francisella infection (Henry et al., 2007). Murine
macrophages showed 10°-fold increase of Ifnb mRNA 8 h after infec-
tion with F. novicida (Henry et al., 2007). The 100-fold induction of
the Ifnb gene was also observed after mouse macrophage infection
with the LVS Francisella strain, but in contrast to Il1b gene expres-
sion which peaks at 4 h post-infection, induction of the Ifnb gene

Table 1 | Pyroptosome versus inflammasome.

Pyroptosome Inflammasome
Localization Intracellular Intra and extra-cellular
Size 1000-2000 nm 13 nm
Cell death =+ +
Inflammation + -+
ASC + +
PRR + +
Caspase-1 + +
Proll=1B processing + +

Reference Cheng et al. (2010), Cookson and Brennan (2001), Fernandes-Alnemri
and Alnemri (2008), Fernandes-Alnemri et al. (2007), Jones et al. (2010)

Faustin et al. (2007), Gavrilin et al. (2009), Kahlenberg and Dubyak (2004),
Martinon et al. (2002), Sarkar et al. (2009), Zhou et al. (2010)
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was observed much later (starting at 12 h post-infection; Cole et al.,
2008). In response to intracellular Francisella, mouse macrophages
secrete IFN-B, which in an autocrine fashion activates caspase-1
and induces extensive cell death (Henry et al., 2007). In a paracrine
fashion, IFN-3 negatively regulates the number of IL-17A(+) gamma
delta T cells and resistance to infection (Henry et al., 2010). However,
while many researchers agree that IFN-f activates the inflamma-
some, there is a controversy surrounding its effect on the expres-
sion of some potential Francisella-sensing PRR. In particular, it was
reported that Aim?2 expression is either induced (Jones et al., 2010)
or not affected (Alnemri, 2010; Fernandes-Alnemri et al., 2010) in
murine macrophages by IFN-f treatment. Thus, IFN-f’s role in
inflammasome function requires additional study.

AIM2 AS FRANCISELLA-SENSING PRR

Knockout animals provide an extremely powerful tool to evaluate
the effects of specific innate molecules on biological processes. In
experiments with knockout mice, the importance of the caspase-1/
ASC axis activation following Francisella escape into the cytosol was
clearly shown (Mariathasan et al., 2005). It was also shown that in
mice Nlrp1, Nlrp3, and Nlrc4 do not recognize Francisella (Weiss
etal.,2007; Huangetal.,2010). Recently, several groups showed that
absent in melanoma 2 (Aim2), an interferon-inducible protein, is
responsible for intracellular Francisella detection in murine macro-
phages (Fernandes-Alnemri et al., 2010; Jones et al., 2010; Rathinam
etal.,2010). Aim2 belongs to the HIN-200 (PYHIN) protein family
(Ludlow et al., 2005). Mice and humans share 55% amino acid
identity of Aim2 (Choubey et al., 2010). Structurally, Aim2 has a
HIN-200 amino acid repeat, which can bind double strand DNA,
and a PYD domain, which is able to homo-dimerize with other PYD
domains (Burckstummer et al., 2009; Choubey et al., 2010). The
PYD domain of Aim2 may recruit the PYD of the inflammasome
adaptor ASC, as shown by co-localization after dual co-expression
(Burckstummer et al., 2009). This co-localization is functional, as
over-expression of mouse Aim2 induces ASC-dependent activation
of an NF-kB reporter gene (Rathinam et al., 2010) and promotes
caspase-1 activation (Fernandes-Alnemri et al., 2009). When Aim2
is expressed in the cell, ASC oligomerization is induced by variety of
factors, such as double stranded DNA (Burckstummer et al., 2009;
Fernandes-Alnemri et al., 2009; Roberts et al., 2009). Thus, Aim2-
ASC-caspase-1 may form an Aim?2 inflammasome or pyroptosome,
whereas bacterial DNA serves as the DAMP which induces this
assembly. In support of this conclusion, it was recently shown that
F. novicida and LVS strains activate murine caspase-1 in an Aim2
dependent manner (Fernandes-Alnemri et al., 2010; Jones et al.,
2010; Rathinam et al., 2010). Caspase-1 activation, IL-1 secretion,
and cell death were absent in Aim27~ macrophages in response
to E novicida infection (Fernandes-Alnemri et al., 2010), while
bacterial burden was increased (Jones et al., 2010). It is proposed
that bacterial DNA could leak into the cytoplasm during escape
from the phagosome as a result of Francisellalysis and phagosome
acidification (Fernandes-Alnemri et al., 2010). Thus far, there is
no consensus as to whether the Aim2-ASC speck represents the
inflammasome or the pyroptosome. To avoid confusion, some
researchers refer to the speck as an “ASC focus,” with the belief
that assembly of this focus leads to secretion of mature IL-1p and
cell death (Jones et al., 2010).

INTRACELLULAR FRANCISELLA RECOGNITION IN HUMAN
PHAGOCYTES

INTERFERON SIGNALING AND AIM2 EXPRESSION

Although Aim?2 is clearly important in murine responses to
Francisella, the process of Francisella recognition in human mono-
nuclear cells is less clear. In sharp contrast to the mouse macro-
phages, infection of human monocytes with attenuated F. novicida
does not lead to the up-regulation of type I interferon signaling
(Butchar et al., 2008). However, virulent F. tularensis Schu4 induce
some IFNB gene expression (Butchar etal., 2008). At the same time,
F. novicida induces significantly higher IL-1 release in human
monocytes compared to Schu4 or LVS (Gavrilin et al., 2006; Butchar
et al., 2008). Of note, we are unable to find detectable expression
of AIM2 in primary human CD14+ monocytes by Western blot
(unpublished results). However, it has been shown that human
PBMC express detectable amounts of AIM2 (Meixenberger et al.,
2010). Human AIM2 gene is expressed in the spleen, small intestine,
and peripheral leukocytes (DeYoung et al., 1997). Because PBMC
contain lymphocytes as well as CD144+ monocytes, lymphocyte
contributions may explain this difference in AIM2 detection. Also,
in agreement with our data are reports that human monocytes do
not express AIM2 except after interferon induction (Hornunget al.,
2009; Rathinam et al., 2010). However, the inability of E novicida
to induce IFN-f in human monocytes (Butchar et al., 2008), may
explain the failure to detect human monocyte AIM2. Concomitantly,
human monocytes release large amounts of mature IL-1 following
infection with E novicida, suggesting that human monocytes may
utilize a PRR other than AIM2 for intracellular Francisella recogni-
tion (Gavrilin etal., 2009). Interestingly, Francisella-infected human
CD14+ monocytes show high induction of interferon gamma gene
(IFNG), i.e., type Il interferon signaling (Butchar et al., 2008). This
induction may represent a defense mechanism by which IFN-y
restricts cytosolic growth of Francisella without affecting its phago-
somal escape (Edwards et al., 2010). Of note, it was shown that
IFN-v also may induce AIM2 expression in human monocytic cell
line THP-1 (Fernandes-Alnemri et al., 2009) as well as pyrin in
human CD14+ monocytes (Centola et al., 2000).

PECULIARITIES OF PYRIN FUNCTION IN HUMAN VERSUS MURINE CELLS

Pyrin, the familial Mediterranean fever (FMF) protein, belongs to
the tripartite motif (TRIM) family of proteins, all of which share
structural homology (Nisole et al., 2005). Although pyrin has an
amino terminal PYD, it is not a member of NLR family of intracel-
lular sensors of pathogens. Nonetheless, pyrin has been shown to
interact via its PYD with the adaptor protein ASC (Richards et al.,
2001). Importantly, the CARD of the ASC molecule can interact
directly with caspase-1 via the amino terminal CARD. As a result,
these proteins could assemble into an inflammasome. We observed
that pyrin, ASC, and caspase-1, tagged to various fluorescent pro-
teins and expressed in HEK 293 cells, co-localize into one speck
(unpublished data), which is similar to the AIM2 pyroptosome
discussed earlier.

The hypothetical model of pyrin inflammasome with its
C-terminal B30.2 domain as a pathogen sensor was first pro-
posed by Alnemri and colleagues (Yu et al., 2006). Importantly,
this lab showed that the Mefv knockout animals still respond to
F. novicida, whereas Aim2~ animals do not (Fernandes-Alnemri
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et al., 2010). This implies that Aim2, but not pyrin, is responsible
for Francisella-induced caspase-1 activation and IL-1f release in
murine macrophages.

Our work suggests that the human response to Francisella may
be quite distinct from the murine response. For example, pyrin
is an important component of caspase-1 activation and IL-1f
release after challenging human mononuclear cells with F. novicida
(Gavrilin et al., 2009). At first glance, this result is difficult to rec-
oncile with the Mefv murine knockout results (Fernandes-Alnemri
et al., 2010). However, it is important to highlight an important
difference between pyrin protein coded by MEFV in human and
mice (Figure 1). Although these two species share 47.6% identity
and 65.5% similarity in pyrin amino acid sequence, murine pyrin
lacks the complete B30.2 domain, a potential pathogen sensing
region (Chae et al., 2000). Importantly, mutations responsible for
FMF in humans are mostly located in the B30.2 domain (Ting and
Davis, 2005). Thus, it is possible that mice have lost their ability
to detect Francisella via pyrin due to genetic changes in murine
pyrin gene.

Pyrin’s role in caspase-1 function has also been a subject of
controversy. Discovered as a gene mutation that leads to bouts
of inflammation, several groups immediately suggested an anti-
inflammatory role for pyrin by showing that pyrin can inhibit IL- 1§
activation (Chae et al., 2003, 2006; Papin et al., 2007). In contrast,
other groups provide evidence that pyrin is a pro-inflammatory
protein, activating caspase-1 dependent IL-1f cleavage (Yu et al.,
2006, 2007; Seshadri et al., 2007; Gavrilin et al., 2009). Working
with human primary CD14+ monocytes and their derived macro-
phages, we observed a correlation between pyrin levels and the abil-
ity of the cell to process and release IL-1f in response to Francisella
infection. Fresh human monocytes show high levels of pyrin and
readily release large quantities of IL-1f3, whereas macrophages are
relatively deficient in pyrin and defective in processing, but not in
the synthesis of proIL-1B. Alveolar macrophages also follow this
pattern and do not readily process and release IL-1f (Wewers and
Herzyk, 1989). In addition, the modulation of intracellular pyrin
levels in mononuclear phagocytes in various stages of differen-
tiation correlates with the ability of pyrin to affect IL-1P release
in response to Francisella infection (Gavrilin et al., 2006, 2009;
Seshadri et al., 2007).

Human Pyrin 781 aa ,ﬂ,

PYD BB , CC PRY| SPRY
Mouse Pyrin 767 aa

PYD BB ,; CC
PAAD/DAPIN/Pyrin domain
B-Box-type zinc finger; zinc binding domain
Coiled-coil domain

PRY PRY domain, associated with SPRY domain

SPRY domain

FIGURE 1 | Differences between pyrin in human and mice.

M-CSF

Particularly noticeable is the striking effect of M-CSF on pyrin levels
in human cells. Macrophages matured in the presence of M-CSF
maintain pyrin levels and readily release IL-1f followed by infec-
tion with Francisella, similar to freshly harvested CD14+ human
monocytes. Moreover, macrophages matured in the absence of
growth factors, while defective in proIL-1f processing and release,
re-induce pyrin and the ability to process IL-1f with M-CSF treat-
ments (Gavrilin et al., 2009). Thus, the local microenvironment may
modulate a broad-range of macrophage phenotypes that extend
well beyond M1/M2 classification models.

THP-1 CELL LINE AS A MODEL OF HOST-PATHOGEN
INTERACTION

In discussing the differences in AIM2 and pyrin expression and
function between mice and primary human mononuclear cells, it
is important to mention the human pre-monocytic cell line THP-1
because a plethora of experiments have been performed with this cell
line. THP-1 cells are phagocytic, can be infected with Francisella, and
show activation of caspase-1 (Mohapatra etal., 2007; Zakharovaetal.,
2010).It was shown that stimulation of THP-1 cells with PMA, Sendai
virus, or INF-yinduces AIM2 expression (Burckstummer et al., 2009;
Fernandes-Alnemri et al., 2009; Hornung et al., 2009). PMA treated
THP-1 cells also release IL- 1 after infection with E novicida. During
THP-1 differentiation to THP-derived macrophages (TDM), pyrin
disappears as s also observed with CD14+ monocyte differentiation
to monocyte-derived macrophages (MDM). Consistent with a role
for pyrin in caspase-1 activation after E novicida, TDMs transduced
to express pyrin release about sixfold more IL-13 upon infection
with F novicidaas compared to TDM controls (Gavrilin et al., 2009).
Nevertheless, even in the absence of pyrin, TDM release more IL-1f3
than do fresh THP-1 cells, suggesting the existence of a non-pyrin
activation mechanism as well. Thus, it is interesting to speculate that
pyrin and AIM2 may both be sensors of Francisellaand that these two
sensors may work in concert with each other. This speculation is more
important in human cells with fully intact pyrin B30.2 domains.

In keeping with the pyrin/AIM2 dual detection hypothesis, it
is notable that each PRR may recognize certain DAMP or PAMP
covering discreet molecular patterns, such that overlapping regions
of recognition may lead to more precise detection of pathogen
types. The example of such composite detection is shown for
Listeria, where mouse Nlrc4, Nlrp3, and Aim2 work in coopera-
tion (Tsuchiya et al., 2010; Warren et al., 2010; Wu et al., 2010)
while human PBMC appear to detect Listeria only via NLRP3 and
not in cooperation with AIM2, NLRC4, and other tested NLRs
(Meixenberger et al., 2010). The newly described NLRC5 inflam-
masome also demonstrated cooperativity with NLRP3 when THP-1
cells were stimulated with panel of PAMPs and DAMPs, typically
activating NLRP3 inflammasome (Davis et al., 2010).

Regarding Francisella detection, we cannot rule out the possibility
that AIM2 expression in human monocytes exists below the limits
of confident detection, but still in amounts sufficient to trigger ASC
oligomerization and caspase-1 activation upon DNA recognition.
Apparently, NLRs may be able to act at low concentrations relative
to ASC and caspase-1, triggering an initial node of activation. For
example, NLRP3 initiates ASC pyroptosome oligomerization at the
molar ratio of 1:500 (Fernandes-Alnemri et al., 2007). Following
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initial dimerization, ASC oligomerization may become independent
of NLR requirements, having reached a critical threshold concentra-
tion (Cheng et al., 2010). Yet, maximum caspase-1 activity using an
in vitro reconstructed inflammasome was shown at molar ratio of
caspase-1: ASC-NALP1 as 2:1:1 (Faustin et al., 2007). Thus, much
remains to be learned about the mechanisms that drive inflamma-
some and pyroptosome formation and function.

CONCLUSION

In summary, the study of specific pathogens continues to uncover
particulars of inflammasome regulation. In the case of Francisella,
human mononuclear cells recognize Francisella before its inter-
nalization resulting in activation of multiple signaling pathways,
including proIL-1P synthesis. Thus intracellular Francisella, after
escape from the phagosome, may be detected by several pattern

recognition receptors, where AIM2 and pyrin may trigger formation
of the pyroptosome or the inflammasome platform for caspase-1
activation. This event results in the initiation of cell death and/or
IL-1B processing and release. However, comparisons between mice
and humans reveal that there are important evolutionary changes
in pathogen sensing that are likely to have been driven by envi-
ronmental pressures. Understanding the peculiarities of pathogen
host sensing is dependent upon powerful animal models but must
continue to be interpreted along side of human studies.
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Legionella pneumophilais the causative agent of Legionnaires’ disease, a serious and often fatal
form of pneumonia. The susceptibility to L. pneumophilaarises from the ability of this intracellular
pathogen to multiply in human alveolar macrophages and monocytes. L. pneumophila also
replicates in several professional and non-professional phagocytic human-derived cell lines.
With the exception of the A/J mouse strain, most mice strains are restrictive, thus they do
not support L. pneumophila replication. Mice lacking the NOD-like receptor Nlrc4 or caspase-1
are also susceptible to L. pneumophila. On the other hand, in the susceptible human hosts,
L. pneumophila utilizes several strategies to ensure intracellular replication and protect itself
against the host immune system. Most of these strategies converge to prevent the fusion of
the L. pneumophila phagosome with the lysosome, inhibiting host cell apoptosis, activating
survival pathways, and sequestering essential nutrients for replication and pathogenesis. In
this review, we summarize survival mechanisms employed by L. pneumophila to maintain
its replication in human cells. In addition, we highlight different human-derived cell lines that
support the multiplication of this intracellular bacterium. Therefore, these in vitro models can
be applicable and are reproducible when investigating L. pneumophila/phagocyte interactions
at the molecular and cellular levels in the human host.

Keywords: NOD-like receptors, Toll-like receptors, pathogen-associated molecular patterns, neuronal apoptosis-

inhibitory proteins

LEGIONELLA PNEUMOPHILA

Legionella pneumophila is a facultative intracellular lung patho-
gen (Horwitz and Silverstein, 1980) and the causative agent of
Legionnaires’ disease (LD), a serious and often fatal, life-threaten-
ing bacterial pneumonia. LD is also a relatively common cause of
community-acquired and nosocomial pneumonia in adults. L. preu-
mophila was recognized in 1976 after an outbreak of pneumonia at
an American Legion convention in Philadelphia. Soon after, the
etiologic agent was identified as a fastidious Gram-negative bacil-
lus and named L. pneumophila. Although several other species of
the genus Legionella were subsequently identified, the great majority
of LD is caused by L. pneumophila (Marston et al., 1997; Yu et al.,
2002). Most nosocomial infections and hospital outbreaks have been
linked to contaminated air or water supplies. L. pneumophilahas been
recovered from different aquatic habitats including showers, streams,
whirlpools, air conditioners, cooling towers, fountains, and spa baths
(Fraser et al., 1979; Fliermans et al., 1981; Sethi and Brandis, 1983;
Spitalny et al., 1984; Lettinga et al., 2002). Within water systems, L.
pneumophila colonizes into biofilm; which are complex bacterial com-
munities attached to a substratum by means of exopolysaccharides
(EPS; Rogers et al., 1994). Biofilm develop into mushroom-like struc-
tures with water channels that allow access to nutrients and oxygen
within these bacterial communities. L. pneumophila is able to obtain
nutrients such as amino acids and organic carbon sources from the
microbial consortium located in the biofilm (Watnick and Kolter,
2000). Humans are accidental dead-end hosts for L. pneumophila,
thus, there is no person-to-person transmission whereas, protozoa are
considered the environmental hosts for this intracellular pathogen,

and are required for replication of biofilm-associated L. pneumophila
(Rowbotham, 1980, 1986; Nash et al., 1984; Kuiper et al.,2004). While
providinga niche for L. pneumophilareplication,amoebae also protect
L. pneumophila from harsh environmental conditions. Replication
within different protozoa enhances bacterial multiplication in human
alveolar macrophages. Growth within the protozoa also induces resist-
ance to chemical disinfectant, biocides and antibiotics and induces
phenotypic changes in L. pneumophila (Barker et al., 1992, 1995; Abu
Kwaik et al., 1993; Cirillo et al., 1994).

RISK FACTORS

The majority of people exposed to L. pneumophila remains asymp-
tomatic or suffer only mild self-limiting infection. Susceptible
patients to LD disease are likely to exhibit a defect in cell-mediated
immunity rendering them less capable of limiting the early multi-
plication of L. pneumophila. Cigaret smoking, chronic lung disease,
and immunosuppression (especially that caused by corticosteroid
therapy) have been consistently implicated as risk factors (Carratala
etal., 1994). Surgery is a major predisposing factor in nosocomial
infection, with transplant recipients at highest risk. Other factors
associated with the development of LD include, old age, cancer, and
alcohol intake (Marston et al., 1994; Den Boer et al., 2002).

L. PNEUMOPHILAMULTIPLIES IN HUMAN MONOCYTES,

ALVEOLAR MACROPHAGES, AND HUMAN-DERIVED CELL LINES
Legionella pneumophila multiplies in human monocytes (Horwitz
and Silverstein, 1980; Horwitz, 1983b). The intracellular fate of
L. pneumophila in both human and protozoa is similar, where the
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bacteria evade fusion of the phagosome to lysosome, although the
mechanism maybe different in some aspects (Horwitz, 1983a,b;
Horwitzand Maxfield, 1984; Bozue and Johnson, 1996). Attachments
and binding of L. pneumophilato the complement receptor 1 (CR1),
and complement receptor 3 (CR3) on human phagocytic cells is fol-
lowed by entry into these cells. In some cases, the entry of the patho-
gen is mediated by “coiling phagocytosis,” in which a single long
phagocyte pseudopod coils around the bacterium as it is internal-
ized (Horwitz, 1984; Payne and Horwitz, 1987; Figure 1). Following
phagocytosis, L. pneumophila avoids interaction with endosomes,
early and late lysosomes, and instead, fuses transiently with mito-
chondria and intercepts the endoplasmic reticulum (ER) exit vesicles
(Horwitz, 1983b; Swanson and Isberg, 1995; Kagan and Roy, 2002;
Liangetal.,2006; Isbergetal.,2009). The bacteria maintain interac-
tions with ER-derived vesicles and replicate in a vacuole surrounded
by a membrane that resembles rough ER (Horwitz and Silverstein,
1980; Horwitz, 1983b; Figure 1). The L. pneumophila-containing

vacuole (LCV) remains studded with ribosomes until hundreds of
the bacteria fill the vacuole and the monocyte ruptures (Figure 1;
Nash et al., 1984). In contrast, formalin-killed L. pneumophila does
not inhibit fusion or induce the formation of specialized phago-
some and the dead bacteria are degraded within the phagolysosome
(Horwitz and Silverstein, 1980; Horwitz, 1983b).

Alveolar macrophages are the most abundant potential effector
cellsin the lung and play a role in host defense against L. pneumophila
(Nash etal., 1984). L. pneumophila that reaches the alveoli encoun-
ters and multiplies in human alveolar macrophages at the site of
infection, which is crucial to the pathogenesis of LD (Green, 1970;
Goldstein et al., 1974). Lung tissue specimens from LD patients
frequently contain large numbers of intracellular L. pneumophila
(Winn Jr. and Myerowitz, 1981; Nash et al., 1984). Furthermore,
alveolar macrophages are a major feature of the alveolar secretions
in lung biopsies from patients with LD (Winn Jr. and Myerowitz,
1981; Nash et al., 1984).
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FIGURE 1 | Diagram depicting survival mechanisms employed by and -7 in human monocytes, consequently aborting the phagosome-lysosome
L. pneumophila in human phagocytes. Upon entry into a human phagocyte, fusion (3). This pathogen inhibits host cell apoptosis by up regulating anti-
L. pneumophila becomes contained into a vacuole called Legionella-containing apoptotic genes (4). L. pneumophila controls the local balance of activating
phagosome that avoids the typical fusion with the lysosome, and instead cytokines (INFy, TNFa) that inhibit its replication, and inhibiting cytokines (IL=10)
remodels into an ER-like vesicle allowing bacterial replication (1). L. pneumophila  that allow its survival (5). L. pneumophila activates the NF«xB pathway to
promotes the cleavage of Rabaptin-5 by caspase-3, thus preventing the default maintain host cell survival (6). L. pneumophila modulates other innate immune
phagosome-lysosome fusion (2). L. pneumophila does not activate caspase-1 responses to establish a replicative niche (7).
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Beside human monocytes and alveolar macrophages, inves-
tigators have employed a variety of cell lines that not only have
similar characteristics to human phagocytes, but are also capable
of supporting growth of this intracellular pathogen. For example,
L. pneumophila multiplies within and kills HL-60 cells, a mac-
rophage-like cell line that is derived from promyelocyte (Marra
etal., 1990). In HL-60 cells, L. pneumophila enters by adhering to
the CR3 and is taken by coiling phagocytosis. Similar to human
phagocytes, the LCV is surrounded by ER-derived vesicles studded
with ribosomes and therefore, HL-60 cells are utilized as a model
to study the interaction of human macrophages with the LD bac-
terium (Marra et al., 1990). Similarly, L. pneumophila grows within
U937 cells; a human monocytes lymphoma cell line that displays
many monocytic features and can be maintained continuously in
culture (Pearlman et al., 1988). These cells can be differentiated
to adherent, non-replicative cells with characteristics of tissue
macrophages. Additionally, they express surface markers specific
for cells of monocyte lineage and are able to differentiate between
virulent and avirulent strains of L. pneumophila. Their activation
state is controlled experimentally and consequently can be stand-
ardized (Rovera et al., 1979). THP-1 is another human monocytic
cell line that matures into macrophage-like adherent cells follow-
ing stimulation with phorbol esters or 1,25-dihydroxyvitamin D3.
Cirillo et al. (1994) reported that L. pneumophila could invade
and multiply within THP-1 cells in a manner similar to that in
human monocytes and macrophages. Mono Mac 6 (MMS6) is an
additional example of human monocytic cell line. MM6 was gener-
ated from peripheral blood of patient with monoblastic leukemia.
Phenotypically and functionally, MM6 represents a more mature
macrophage-like cell line. Unlike the other monoblastic cell lines
U937 and THP-1, MM6 does not require stimulation by phorbol
esters or 1,25-dihydroxyvitamin D3 and expresses several mark-
ers that are lacking in U937 and THP-1 (Ziegler-Heitbrock et al.,
1988; Neumeister et al., 1997). MM6 has been successfully utilized
to study the molecular pathogenesis of L. pneumophila and other
intracellular pathogens that can replicate within human monocytes
(Neumeister, 2004). Furthermore, non-professional phagocytic cell
lines have been utilized to study L. pneumophila replication such as
A549, a human epithelial cell line derived from a human lung can-
cer. They are non-professional phagocytes and have characteristics
of type II alveolar epithelial cells (Maruta et al., 1998). It has been
shown that L. pneumophila is internalized and replicate effectively
in A549 cells (Maruta et al., 1998; Vinzing et al., 2008; Bartfeld
et al., 2009). Therefore, many human-derived cell lines have been
used to characterize the molecular mechanisms associated with

L. pneumophila pathogenesis. While some features are unique to
the interactions between L. pneumophila and specific host cells, the
primary mechanisms of infection appears to be the same.

THE INNATE IMMUNE RESPONSE OF PRIMARY HUMAN CELLS
AND HUMAN-DERIVED CELL LINES TO L. PNEUMOPHILA
Host cells express a range of receptors that act as microbial sen-
sors. These receptors sense microorganisms and transduce signals
that activate immune responses. Pathogen-associated molecular
patterns (PAMPs) such as peptidoglycan, bacterial flagellin, and
nucleic acid can be recognized by means of cell surface pattern
recognition receptors (PRRs) named Toll-like receptors (TLRs)
(Underhill et al., 1999; Janeway Jr. and Medzhitov, 2002; Takeda
etal.,2003). TLRs recognize PAMPs via an extracellular domain and
initiate inflammatory signaling pathways through an intracellular
domain (Underhill et al., 1999; Janeway Jr. and Medzhitov, 2002;
Takeda etal.,2003). Humans express functional TLRs 1-10 whereas
mice express TLRs 1-7 and 9-13 (Table 1; Vinzing et al., 2008).
Other means of sensing the presence of microbes or their fac-
tors in the host cytosol is mediated by NOD-like receptors (NLRs),
which in turn, initiate signaling cascades that mediate the produc-
tion of inflammatory cytokines, recruitment of phagocytic cells
and direction of the innate and the acquired immune responses.
There are 23 NLRs in human and 34 in mice (Abdelaziz et al.,
2010; Amer, 2010). Typically, NLRs are composed of a leucine-rich
repeat (LRR) domain, a central nucleotide oligomerization domain
(NOD) and N-terminal effector binding domain, which consists of
caspase recruitment domain (CARD) and the pyrin domain.
One of the major NLRs contributing to the restriction of
L. pneumophila infection in human and in mice is NLRC4 (IPAF)
(Damiano etal., 2001; Poyet et al., 2001; Amer et al., 2006; Vinzing
etal., 2008; Akhter etal.,2009). Human NLRC4 is highly homolo-
gous to the mouse Nlrc4 and is expressed in human macrophages
but not in human lung epithelial cells (Vinzing et al., 2008). Like
most NLRs, mouse Nlrc4 assembles in a large multiprotein com-
plex called the inflammasome leading to the activation of cas-
pase-1. Caspases are family of cysteine proteases that play a distinct
role in apoptosis and inflammation (Fink and Cookson, 2005).
Caspases can be divided into two groups; one category of caspases
is involved in apoptosis such as caspase-3 and -7 (Martinon and
Tschopp,2004). Another category is involved in inflammation and
is required for cytokine processing (Creagh et al., 2003). As an
inflammatory caspase, caspase-1 is required for the activation of
cytokines such as IL-1B, IL-18, and IL-33 and induces a form of
cell death named pyroptosis (Fink and Cookson, 2005). Wild-type

Table 1 | Differences between human and mice cells that affects Legionella permissiveness.

Human Mice References
TLRs 1-10 1-7 and 9-13 Akira et al. (2006 #137)
NLRs 23 members 34 members Abdelaziz et al. (2010 #149)
NAIPs 1 7 paralogs Vinzing et al. (2008 #7)
Caspases 11 caspases 10 caspases
Caspase-1 Not activated in response to Legionella infection Activated in response to Legionella infection Akhter et al. (2009 #5)
Caspase-7 Not activated in response to Legionella infection Activated in response to Legionella infection Akhter et al. (2009 #5)
Caspase-3 activated in response to Legionella infection Not activated in response to Legionella infection Santic et al. (2007 #8)
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mouse macrophages restrict L. pneumophilareplication via caspase-
1-mediated caspase-7 activation resulting in fusion of the LCV with
the lysosome leading to bacterial degradation and growth restric-
tion (Akhter et al., 2009). However, human monocytes do not
activate caspase-1 and -7 upon L. pneumophila infection, allowing
bacterial growth (Table 1; Santic et al., 2007; Akhter et al., 2009).
Although THP-1 cells were not shown to activate caspase-1 in
response to L. pneumophila, the depletion of human NLRC4 allows
more L. pneumophila replication (Vinzing et al., 2008). This data
implies the existence of uncharacterized caspase-1-independent
restriction mechanism of L. pneumophila replication in human
phagocytes.

A subset of NLRs contains baculovirus inhibitor of apoptosis
repeat domains (BIR) instead of CARD or pyrin domains. These
proteins are called the neuronal apoptosis-inhibitory proteins
(NAIPs). The LRR domain recognizes microbial products, while
the BIR domains are essential for their interactions with caspase-3
and -7 (Liston et al., 1996; Takahashi et al., 1998; Diez et al.,
2003). The importance of Naip5 during L. pneumophila infection
stemmed from studies showing that the A/] mice are permissive
to L. pneumophila in contrast to most other inbred mouse strains
(Diezetal.,2003; Wright et al., 2003). Gros and his group identified
14 amino acid substitutions in the A/J derived Naip5 when com-
pared to wild-type Naip5 and they proposed that several of these
mutations are responsible for permissiveness to L. pneumophila
(Beckers et al., 1995; Diez et al., 2003). Furthermore, in contrast
to the seven mouse Naips, only one NAIP has been identified in
human and exhibits 68% homology to the mouse C57BL/6 and
A/] Naip5. Human NAIP is expressed in THP-1, primary macro-
phages, and A549 epithelial cells. Furthermore, depletion of the
human orthologs of Naip5 results in increased replication of L.
pneumophila in human THP-1 macrophages and A549 lung epi-
thelial cells (Vinzing et al., 2008). However, the mechanism by
which human NAIP restricts L. pneumophila replication is yet to
be elucidated.

THE ACTIVATION OF SURVIVAL PATHWAYS IN

L. PNEUMOPHILA-INFECTED HUMAN CELLS

Studies with the human macrophage-like U937 and human epithe-
lial cells A549 showed that L. pneumophila induces the activation
of the transcriptional regulator nuclear factor kB (NF-xB) upon
infection (Losick and Isberg, 2006; Abu-Zant et al., 2007; Schmeck
etal., 2007; Bartfeld et al., 2009). L. pneumophila induces biphasic
activation of the NF-xB pathway. The early phase is strong, but
transient and is flagellin, TLR5 and MYD88-dependent. It is termi-
nated quickly to prevent the autotoxic overproduction of inflam-
matory mediators. L. pneumophila activates the NF-xB pathway
in human epithelial cells leading to secretion of several cytokines
and chemokines (Schmeck et al., 2007). This activation is benefi-
cial for the host since it triggers the innate immune response. The
second phase of NF-kB activation is characterized by long-term
activation for up to 30 h. However, this phase is flagellin, TLRS5,
MYD88-independent (Bartfeld et al., 2009). The long-term activa-
tion of NF-xB is linked to bacterial replication and upregulation of
anti-apoptotic genes (Bartfeld et al., 2009). Therefore, this phase
seems to be beneficial for the pathogen. The mechanism for this
late stage NF-kB activation is still unclear.

THE ROLE OF CASPASE-3 IN L. PNEUMOPHILA INFECTION OF
HUMAN CELLS

The host can employ several mechanisms to overcome intracel-
lular infection. Among these, is the elimination of infected cells
by caspase-mediated apoptosis. Arising reports demonstrate new
distinct roles for executioner caspases independent of cell death (Li
and Yuan, 2008; Walsh et al., 2008; Amer, 2010). L. pneumophila
induces caspase-3 activation in human macrophages and U937
(Gao and Abu Kwaik, 1999a,b; Zink et al., 2002; Molmeret et al.,
2004; Santic et al.,2007). The earlier studies with macrophages and
epithelial cells demonstrated that high numbers of L. pneumophila
induces apoptosis through activation of caspase-3 (Gao and Abu
Kwaik, 1999a; Neumeister et al., 2001). Remarkably, other studies
demonstrated that the early caspase-3 activation by L. pneumophila
is independent of the intrinsic and extrinsic pathways of apoptosis
(Molmeret et al., 2004). Notably, at physiological levels of infec-
tion, L. pneumophila utilizes the early mild caspase-3 activation in
human cells to evade the phagosome-lysosome fusion. Activation
of caspase-3 by low numbers of L. pneumophilais accompanied with
cleavage of rabaptin-5, a downstream effector of rab-5 (Molmeret
et al., 2004). Rab-5 GTPase is involved in the maturation of the
early endosome. Therefore, according to the number of L. pneu-
mophilainvading a human cell, caspase-3 activation can lead either
to apoptosis or to delayed phagosome maturation.

MODULATION OF THE UBIQUITINATION MACHINERY BY

L. PNEUMOPHILA

Several studies showed that in human cells, the LCV is decorated with
polyubiquitinated proteins upon L. pneumophilainfection (Ivanov
and Roy, 2009). Ubiquitination is a reversible post-translational
modification that controls the abundance of many critical regulatory
proteins (Craig and Tyers, 1999; Lomma et al., 2010). Degradation
of intracellular proteins is mediated via means of the ubiquitin
system and its specificity is determined at the level of substrate
recognition by the E3 ubiquitin ligases, that catalyzes binding of
the activated ubiquitin to the target protein for degradation (Craig
and Tyers, 1999). Additionally, the L. pneumophila genome encodes
for proteins with F-box and U-box domains (Cazalet et al., 2004;
Price etal.,2009; Lomma et al., 2010) that are similar to eukaryotic
SCF ubiquitin ligases. F-box proteins are known components of E3
ubiquitin ligases named SCF complexes. The F-box motif within
the F-box protein interacts with the components of the ubiquitin
machinery while the protein—protein interaction domain selectively
binds to specific substrate. The U-box is a domain of approximately
70 amino acids that is present in proteins from yeast to humans.
Mammalian U-box proteins in conjugation with E1 and E2 mediate
protein ubiquitination, and thus have been classified as E3 ligases
(Hatakeyama et al., 2001). Three F-box-containing proteins have
been shown to be required for intracellular replication of L. pneu-
mophilain THP-1 macrophages and A549 cells, and single, double,
or triple mutations in the F-box proteins impair infection within
these cells (Lomma et al., 2010). Al-Khodor et al. (2008) showed
that the F-box-containing protein AnkB is required for intracellular
replication of L. pneumophila within human monocytes-derived
macrophages (hMDM). Furthermore, AnkB translocated to the
host cytosol via the type IV secretion system mediates L. pneu-
mophilareplication via decorating the LCV with polyubiquitinated
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proteins (Price et al., 2009). The focal adhesion protein ParvB, is
the target for AnkB (Lomma et al., 2010), and AnkB interferes
with the ubiquitination of the ParvB, likely by competing with the
eukaryotic E3 ligase for the protein—protein interaction domain of
ParvB (Lomma et al., 2010). Therefore, L. pneumophila hijacks the
host cell ubiquitination system to mediate intracellular replication
in human cells.

THE ROLE OF CYTOKINES DURING L. PNEUMOPHILA
INFECTION IN HUMAN CELLS

Other innate immune mechanisms might modulate L. pneumophila
infection in human cells, including cytokine production such as
Interferon gamma-y (INF-y) and Tumor necrosis-o. (TNF-o0)
(Coers et al., 2007). Induction of innate immunity includes mac-
rophage activation by the antimicrobial cytokine IFN-y, protection
by TNF-a, and production of IL-6 and IL-1, as well as chemokines
from inflammatory cells (Friedman et al., 2002). In vitro studies
with primary human macrophages or cell lines derived from human
macrophages that are activated with INF-y and TNF-a. restricted
L. pneumophila replication (Bhardwaj et al., 1986; Nash et al.,
1988; Matsiota-Bernard et al., 1993). Furthermore, pretreatment
of hMDM with INF-yinhibited intracellular replication of L. pneu-
mophila and restricted the multiplication of the pathogen (Santic
etal.,2005). The authors speculate that these processes are distinct
between human and mouse macrophages and ultimately determine
the permissiveness to L. pneumophila. TNF-o has been detected in
the broncho-alveolar lavage fluid during L. pneumophila infection
(Blanchard et al., 1987). It is produced readily by human periph-
eral blood lymphocytes in response to L. pneumophila antigens
(Friedman et al., 2002). TNF-o. is a potent cytokine that enhances
the bactericidal activity of the macrophages. Furthermore, inhibi-
tion of TNF-o production is associated with increased bacterial
replication (Nash et al., 1984; Matsiota-Bernard et al., 1993).

In contrast to the macrophage activating cytokines INF-y and
TNF-0, Interleukin-10 (IL-10) is an inhibitory cytokine. IL-10
treatment significantly enhances L. pneumophila growth in mono-
cytes, and completely reverses the protective effect of INF-y on
L. pneumophila replication (Park and Skerrett, 1996). IL-10 has
similar, but less potent, effects on alveolar macrophages and INF-
v-activated alveolar macrophages are less sensitive to deactivation
by IL-10. Park and Skerrett (1996) identified important differences
in alveolar macrophages and monocytes response to L. pneumophila
infection and to IL-10. They also suggested that the induction of
IL-10 during L. pneumophila infection may be a virulence mecha-
nism that promotes intracellular bacterial replication. Therefore,
the local balance between the INF-y and IL-10 production by
L. pneumophila might determine if monocytes that are recruited
to the site of infection will become effector cells or develop into
susceptible targets available for bacterial growth.

Cell-mediated immunity seems to play a critical role in restrict-
ing L. pneumophila replication, and the activated human mono-
cytes have the capacity to inhibit the multiplication of virulent
L. pneumophila both via decreasing the phagocytosis and the rate
of intracellular multiplication (Horwitz and Silverstein, 1981b).
Consistent with that, patients with LD produce less INF-y than
non-LD patients, suggesting that impairment in the INF-yresponse
may increase the susceptibility to the disease (Lettinga et al., 2003).

However, patients with acute LD are able to restrict L. pneumophila
replication as a result elevated level of the Th1-cytokines such as
INF-y and IL-12 (Takeda et al., 2003). Sera from patients with
L. pneumophila contain antibodies to L. pneumophila protein anti-
gens (Friedman et al., 2002). However, humoral immunity seems
to play a limited role in host defense against LD. Horwitz and
Silverstein (1981a) demonstrated that complement and antibody,
which promote entry of L. pneumophila into monocytes, do not
inhibit the rate of L. pneumophila multiplication in monocytes.

OTHER IMMUNE RESPONSES TO L. PNEUMOPHILAIN

HUMAN CELLS

Another major strategy of innate resistance to intracellular infec-
tion is to sequester key nutrients, such as iron, from invading bac-
teria. Within host cells, iron is predominantly bound to proteins
and unavailable in free soluble form. Under iron-limited condi-
tions, L. pneumophila secretes a high affinity iron chelator named
siderophore, which sequesters iron from the host and the surround-
ingenvironment (Liles etal.,2000; Cianciotto, 2007). L. pneumophila
utilizes iron to maintain its replication in human monocytes and
macrophages. Consistently, treatment of human monocytes and
macrophages with iron chelator aborts L. pneumophila replica-
tion (Gebran et al., 1994; Viswanathan et al., 2000). Accordingly,
restrictive monocytes seem to exhibit low level of expression of
transferrin receptor similar to the low level of expression of trans-
ferrin receptor in INF-y activated monocytes (Byrd and Horwitz,
2000). Consequently, supplementation of iron abolishes the effect
of INF-y-mediated growth restriction of L. pneumophilain hMDM
(Santic et al., 2005).

Bacterial infection stimulates the production of reactive nitro-
gen intermediate by the inducible nitric oxide synthase (iNOS).
Transcription of NOS2 is mediated by type I and type II interfer-
ons; suggesting that the production of nitric oxide (NO) is not an
immediate response for the infection. NO mediates its action on
bacteria in the vacuole or the cytosol. However, stimulation with
1,25-dihydroxyvitamin D(3) to enhance NO production or the
inhibition of NO production by treatment with N(G)-methyl-r-
arginine did not modify the intracellular multiplication of L. pneu-
mophila within MM6. This study suggested that NO radicals do
not play a role in restricting different L. pneumophila species in
human monocytic cell lines (Neumeister et al., 2001). So far, the role
of NO radicals in human macrophages seems to be controversial
(Neumeister et al., 2001; Radtke and O’Riordan, 2006).

GENETIC SUSCEPTIBILITY TO LEGIONNAIRES' DISEASE

While the genetic factors that predispose individuals for LD are
not well known, it has been shown that TLR5 influences human
susceptibility to L. pneumophila infection. TLR5 recognizes bacte-
rial flagellin (Hayashi et al., 2001) and is the predominant mediator
of Interleukin-8 (IL-8) in lung epithelial cells A549. A common
stop codon polymorphism in the ligand-binding domain of TLR5
(TLR5%%T°P) occurs in 10% of the population resulting in the ina-
bility to mediate flagellin signaling and is associated with increased
risk to LD (Hawn et al., 2003). TLR5°*™F has a dominant nega-
tive effect and peripheral blood monocytes (PBMCs) from hetero-
zygous individuals stimulated with flagellin had less IL-6 and IL-8
secretion. Likely, TLR5°*S™" mutation increases susceptibility to
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LD by decreasing the cytokine secretion. However, the role of the
mouse TLR5 in L. pneumophila infection is controversial (Hawn
etal.,2007; Archer etal., 2009). On the other hand, polymorphism
in the TLR4 receptor, SNP A896G, is associated with resistance to
LD in heterozygous individuals (Hawn et al., 2005).

Another factor associated with resistance to L. pneumophila
infection is the mannose-binding lectin (MBL), a PRR of the
innate immune system that activates complement via the lectin
pathway (Turner, 1996). MBL deficiency compromises opsoni-
zation by complement leading to an increased risk of infection.
In infection with intracellular pathogens, the role of MBL defi-
ciency is more ambiguous, as more intracellular pathogens use
opsonization by MBL to enter their host cell. Herpers et al. (2009)
showed that Legionellosis is not associated with MBL deficiency.
However, a large number of patients with Legionellosis displayed
deficient MBL-mediated complement activation even though
they carried MBL-sufficient genotypes. Furthermore, patients
with MBL-sufficient genotypes showed functional deficiency at
the acute phase of disease, yet the lectin pathway functionality

was restored at convalescence. However, the deficiency of lectin
pathway seems to be an effect rather than a risk factor for LD
development (Herpers et al., 2009).

CONCLUSIONS

Legionella pneumophila exploits several strategies to overcome the
innate immune defense in human phagocytes (Figure 1). However,
most of these converge toward preventing the fusion of its phago-
some with the lysosome, inhibiting host cell apoptosis, maintaining
host cell survival, modulating the local balance between activating
and inhibiting cytokines, sequestering nutrients from the host and
overcoming the killing mechanisms available within phagocytes.
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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 typhimurium and Legionella pneumophila, little is known regarding the
role of the inflammasome for restriction of non-pneumophila Legionella 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 inflammmasome 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.
pneumophila did 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 Nlirc4 inflammasome plays an important role in host
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-kB and MAPK. Nod1
and Nod?2 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, Nlrpl, 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-1P 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 NIrp3 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., 20065
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;
Kozaketal.,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
(in.) inoculation of 40 pl 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
indicates a Pvalue of <0.05.
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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.

significant differences were not detected for L. rubrilucens, the
data show a trend for increased bacterial numbers in the lungs of
Nlrc4~~ mice (Figure 2D).

THE INFLAMMASOME DOES NOT PARTICIPATE IN THE RESTRICTION OF
INFECTION BY L. longbeachae IN VIVO

Next, we investigated whether caspase-1 was important for in vivo
restriction of the L. longbeachaereplication, a non-flagellated bac-
teria that lacks genes important for flagellum biosynthesis (Cazalet
et al., 2010; Kozak et al., 2010). To test if the inflammasome par-
ticipated in the control of L. longbeachae infection in vivo, wild-
type mice and those deficient for caspase-1 were infected for 48 h
and the bacterial CFU in the lungs were counted. We found that
caspase-1 deficiency did not influence bacterial replication in the
lungs (Figure 3A). Furthermore, L. longbeachae was able to effec-
tively multiply in the lungs of mice from 4 to 48 h of infection
(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/IONELLAINFECTION

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 10, 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-1f 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-1P 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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The apoptosis-associated speck-like protein containing a caspase recruitment domain (Asc) is an
adaptor molecule that mediates inflammatory and apoptotic signals. Legionella pneumophilais
an intracellular bacterium and the causative agent of Legionnaire’s pneumonia. L. pneumophilais
able to cause pneumonia inimmuno-compromised humans but not in most inbred mice. Murine
macrophages that lack the ability to activate caspase-1, such as caspase-17-and Nirc4~~ allow
L. pneumophilainfection.This permissiveness is attributed mainly to the lack of active caspase-1
and the absence of its down stream substrates such as caspase-7. However, the role of Asc in
control of L. pneumophilainfection in mice is unclear. Here we show that caspase-1 is moderately
activated in Asc” macrophages and that this limited activation is required and sufficient to
restrict L. pneumophila growth. Moreover, Asc-independent activation of caspase-1 requires
bacterial flagellin and is mainly detected in cellular extracts but not in culture supernatants. We
also demonstrate that the depletion of Asc from permissive macrophages enhances bacterial
growth by promoting L. pneumophila-mediated activation of the NF«xB pathway and decreasing
caspase-3 activation. Taken together, our data demonstrate that L. pneumophila infection in
murine macrophages is controlled by several mechanisms: Asc-independent activation of

Gavrilin have contributed equally to this
work.

caspase-1 and Asc-dependent regulation of NF-kB and caspase-3 activation.

Keywords: inflammasome, caspase-1, Legionella pneumophila, Asc

INTRODUCTION

The apoptosis-associated speck-like protein containing a caspase
recruitment domain (Asc encoded by the Pycard gene) is an adaptor
molecule that mediates inflammatory and apoptotic signals and is
predominantly expressed in monocytes and mucosal epithelial cells
(Taniguchi and Sagara, 2007; Hasegawa et al., 2009). Asc contains
an N-terminal pyrin/PAAD (PYD) death domain and a C-terminal
CARD protein—protein interaction domain (CARD; Masumoto etal.,
1999, 2001; Liepinsh et al., 2003; Stehlik et al., 2003). Both domains
enable Asc to recruit other PYD and CARD-containing proteins
through homotypic protein—protein interactions (Fernandes-Alnemri
et al., 2007; Mariathasan, 2007). Proteins with pyrin and/or caspase
recruitment domains have roles in inflammation, apoptosis, and
innate immunity. Many pyrin domain proteins, such as Asc, modu-
late NF-xB activity. Asc also participates in the assembly of multi-
protein complexes called “inflammasomes” (Srinivasula et al., 2002;
Fernandes-Alnemri et al., 2007; Fernandes-Alnemri and Alnemri,
2008). Within the inflammasome, Asc is able to link caspase-1 to
NOD:-like receptors (NLRs) via its CARD domain, leading to the

activation of caspase-1 (Srinivasula et al., 2002; Fernandes-Alnemri
et al., 2007; Fernandes-Alnemri and Alnemri, 2008). NLRs act as
intracellular sensors to stress, and foreign molecules like microbial
components (Kanneganti et al., 2007; Martinon and Tschopp, 2007).
Once activated, caspase-1 subsequently cleaves pro-IL-1(3/IL-18 and
accompanies the active cytokines when secreted out of the cell (Stehlik
et al., 2002, 2003; Liepinsh et al., 2003; Hasegawa et al., 2005, 2007,
2009; Sarkar et al., 2006; Bedoya et al., 2007). Caspase-1 also activates
caspase-7 in response to flagellin or LPS (Franchi et al.,2008; Lamkanfi
etal.,2008,2009; Akhter et al.,2009; Lamkanfi and Kanneganti, 2010;
Shaw et al., 2010). Many Gram-negative bacteria, such as Salmonella
typhimurium, Pseudomonas aeruginosa, Shigella flexneri,and Legionella
pneumophila, are recognized in murine macrophages by the NLR
Nlrc4/Ipafleading to caspase-1 activation through the inflammasome
(Abdelaziz et al., 2010; Amer, 2010).

Furthermore, when Asc is over expressed, it cooperates with
Nlrp3 (cryopyrin) and Nlrp12 (Pypaf7) in order to promote NF-xB
activity in an over expression system (Masumoto et al., 2003;
Hasegawa et al., 2005). However, other reports show that Asc is

www.frontiersin.org

February 2011 | Volume 2 | Article 18 | 89


http://www.frontiersin.org/
http://www.frontiersin.org/cellular_and_infection_microbiology/archive
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/cellular_and_infection_microbiology/10.3389/fmicb.2011.00018/abstract
http://www.frontiersin.org/cellular_and_infection_microbiology/10.3389/fmicb.2011.00018/abstract
http://www.frontiersin.org/cellular_and_infection_microbiology/10.3389/fmicb.2011.00018/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=26072&d=2&sname=DaliaAbdelaziz&name=Medicine
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=15920&d=1&sname=MikhailGavrilin&name=Science
http://www.frontiersin.org/people/arwaabu_khweek/20371/all_people
http://www.frontiersin.org/people/arwaabu_khweek/20371/all_people
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=15934&d=1&sname=Thirumala_DeviKanneganti&name=Science
http://www.frontiersin.org/people/markwewers/25963/all_people
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=15591&d=1&sname=AmalAmer&name=Science

Abdelaziz et al.

Mouse Asc regulates L. pneumophila infection

a suppressor of NF-xB activity and that it uses its CARD inter-
action not only to induce caspase-1 activation, but also to down
regulate NF-xB signaling (Sarkar et al., 2006; Bedoya et al., 2007).
Additionally, other studies demonstrate that Asc can be either an
inducer or an inhibitor of NF-xB depending on expression level
and location (Stehlik et al., 2002; Yu et al., 2006). Thus, Asc regulates
the inflammasome and other signaling complexes depending on
the stoichiometry of its expression and also whether certain other
PYD family proteins are expressed upon activation. On the other
hand, Asc mediates apoptosis by serving as an adaptor molecule
for Bax and regulates a p53-Bax mitochondrial pathway of apop-
tosis resulting in the activation of caspase-2 and -3 (Ohtsuka et al.,
2004; Hasegawa et al., 2007; Fernandes-Alnemri and Alnemri, 2008;
Motani et al., 2010).

Legionella pneumophila is an intracellular bacterium and
the causative agent of Legionnaire’s pneumonia (Horwitz and
Silverstein, 1981, 1983; Nash et al., 1984). The ability of L. pneu-
mophila to cause pneumonia in humans is dependent on its capa-
bility to evade the immune system and multiply within human
monocytes and derived macrophages (Horwitz and Silverstein,
1981, 1983; Nash et al., 1984). In murine macrophages, L. pneu-
mophila activates the Nlrc4 inflammasome leading to the produc-
tion of active caspase-1 and IL-1B (Amer et al., 2006; Ren et al.,
2006; Zamboni et al., 2006; Coers et al., 2007; Lightfield et al.,
2008; Akhter et al., 2009; Abdelaziz et al., 2010; Amer, 2010; Vance,
2010). Then, Naip5 mediates caspase-7 activation downstream of
caspase-1 which restricts the intracellular survival of the organism
(Akhter etal.,2009; Abdelaziz et al., 2010). Therefore, mice and their
derived macrophages lacking Nlrc4, caspase-1, or caspase-7 allow L.
pneumophila growth and are ideal models to study L. pneumophila
pathogenesis (Amer et al., 2006; Ren et al., 2006; Zamboni et al.,
2006; Coers et al., 2007; Lightfield et al., 2008; Akhter et al., 2009;
Abdelaziz et al., 2010; Amer, 2010; Vance, 2010).

Here we demonstrate that murine macrophages control
L. pneumophila infection through an Asc-dependent mechanism
by decreasing NF-xB activation and an Asc-independent mecha-
nism by modestly activating caspase-1 in the cytosol. Together,
our data show that Asc controls L. pneumophila infection in the
absence of caspase-1.

RESULTS

Asc CONTROLS L. PNEUMOPHILA INFECTION IN MURINE
MACROPHAGES LACKING CASPASE-1

WT mouse macrophages effectively activate and release caspase-1
in response to L. pneumophila infection. This is accompanied by
the fusion of the L. pneumophila-containing phagosome with the
lysosome, bacterial degradation, and elimination (Amer et al., 2006;
Akhter et al., 2009). Consistent with that, caspase-1 knockout (7")
macrophages are permissive to L. pneumophilareplication. Asc is an
adaptor molecule involved in caspase-1 activation in response to a
variety of agents. However, its role during L. pneumophila infection
is not well established. To characterize the role of Asc during L. preu-
mophila infection, Asc was down regulated in both caspase-17~
(Figure 1A) and WT macrophages (Figure 1B) using Asc specific
siRNA. After transfection, Asc protein level declined in both sets of
cells, while other components of the inflammasome, such as Nlrc4
and pro-caspase-1, were not affected (Figures 1A,B). After depletion

of Asc, cells were infected with L. pneumophila and the bacterial
replication was assessed by counting colony-forming units (CFU).
Depletion of Asc in caspase-17" cells supported significantly more L.
pneumophilareplication compared to caspase-17~ cells treated with
control siRNA (Figure 1C). In WT mouse macrophages, depletion of
Asc did not have an effect on the bacterial growth compared to that
of cells treated with control siRNA or untreated cells (Figure 1D).
Therefore, Asc controls L. pneumophila replication in murine mac-
rophages in the absence of caspase-1.

Asc REDUCES NF-xB ACTIVATION INDUCED BY L. PNEUMOPHILA
INFECTION

It has been shown by several reports that L. pneumophila triggers
NEF-xB activation in TLR5 dependent and independent manner
depending on the stage of the infection (Bartfeld et al., 2009; Losick
et al., 2010). Nevertheless, the role of Asc in NF-xB modulation
depends on its protein levels and its location within the cells (Stehlik
et al., 2002; Sarkar et al., 2006; Yu et al., 2006; Bedoya et al., 2007).
Our results showed that Asc controls L. pneumophilareplication in
a caspase-1-independent manner. To determine if the mechanism
by which Asc restricts L. pneumophila (independently of caspase-1)
involves the NF-kxB pathway, Asc was depleted in caspase-17~ mac-
rophages by siRNA against Asc. Then, cells were infected with L.
pneumophilaand NF-xB activation was assessed in nuclear extracts
by electrophoretic mobility shift assay (EMSA). We found that cas-
pase-17" macrophages depleted for Asc allowed more NF-kB activa-
tion at 1, 4, and 8 h of infection compared with cells treated with
control siRNA (Figure 2A). These results suggest that Asc decreased
NF-xB during L. pneumophila infection. To confirm these findings,
Asc”~and WT macrophages were infected with L. pneumophilaand
EMSA assay was performed. Initially, WT and Asc”~ macrophages
showed NF-xB activation within 1 h after infection. This activation
declined in WT macrophages by 8 h infection whereas NF-«B path-
way remained activated in Asc™~ 8 h after L. pneumophila infection
(Figure 2B). Thus, in the context of L. pneumophila infection, Asc
hinders NF-kB activation, and decreases cell survival.

CASPASE-11S ACTIVATED IN THE CYTOSOL OF MURINE MACROPHAGES
LACKING Asc

The involvement of Asc in Nlrc4 inflammasome is still unclear
(Zamboni et al., 2006). To discern the role of Asc in L. pneumophi-
la-mediated caspase-1 activation, Asc”’~ macrophages were left
untreated or infected with L. pneumophila at a low multiplicity of
infection (MOI). Then, cleaved caspase-1 was examined in cellular
extracts and culture supernatants of Asc”~ macrophages and of their
WT counterparts. Notably, cells lacking Asc still allowed the cleav-
age of caspase-1 within their cytosols when infected with L. pneu-
mophila (Figure 3A). The amount of cleaved caspase-1in Asc™ cell
lysates was less than that of WT macrophages (Figure 3A). Cleaved
caspase-1 was detected in culture supernatants of infected WT mac-
rophages but not that of infected Asc”~ macrophages (Figure 3B).
This data indicates that in the absence of Asc, a fraction of caspase-1
is cleaved by a yet unknown mechanism.

To further investigate the role of Asc in caspase-1 activation
during L. pneumophila of WT macrophages, Asc was depleted
in WT murine macrophages, as in Figure 1B and then infected
with L. pneumophila. The amount of cleaved caspase-1 detected
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FIGURE 1 | Asc controls Legionella pneumophila replication in
caspase-1-- macrophages. (A) Caspase-1- (casp-1--) macrophages and (B)
WT macrophages were either left untreated (NT) or transfected with Asc
specific siRNA (siAsc) or control siRNA (siCTR). After 48 h transfection Asc,
levels were assessed using Western blotting. Actin was used as a loading
control. Casp-1~ macrophages (C) and wild type macrophages (D) were
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transfected or not (NT) with siAsc or siCTR and 48 h after transfection cells
were infected with L. pneumophila (Leg) at MOl = 0.1 and the bacterial
replication was assessed by counting the CFU after 1, 24, 48, and 72 h.
Results are displayed as mean * SD of three independent wells. ** P<0.01.
The data shown in (C,D) are representative of four independent experiments
showing the same results.

in extracts of cells treated with Asc specific siRNA was less than
that in cells treated with control siRNA (Figure 4A). Accordingly,
the release of active caspase-1 from siAsc treated cells was dimin-
ished (Figure 4B). In support of this data, total cleaved caspase-1
in combined cell extracts and culture supernatants was less in Asc
heterozygote macrophages than that of WT ones (Figure Al of
Appendix). Furthermore, IL-1P release from macrophages was
impeded when Asc was depleted (Figure 4C). Therefore, Asc con-
tributes to the activation of a portion of pro-caspase-1, while the
rest of caspase-1 pro-form is cleaved independently of Asc.

Asc-INDEPENDENT ACTIVATION OF CASPASE-1 WITHIN MACROPHAGE
CYTOSOLS REQUIRES FLAGELLIN AND CONTRIBUTES TO THE
RESTRICTION OF L. PNEUMOPHILA INFECTION

The activation of caspase-1 requires flagellin, thereby promoting
the restriction of L. pneumophila infection (Amer et al., 2006; Ren
etal., 2006; Zamboni et al., 2006; Lamkanfi et al., 2007; Akhter et al.,
2009; Case etal.,2009; Amer, 2010; Kanget al., 2010). Thus, we next
examined the growth of L. pneumophila in WT, caspase-17'-, and
Asc™™ macrophages. As previously reported by our group and by
others, caspase-17~ macrophages were permissive, whereas WT and

Asc™™ macrophages restricted L. pneumophila replication (Amer
et al., 2006; Ren et al., 2006; Zamboni et al., 2006; Lamkanfi et al.,
2007; Akhter et al., 2009; Case et al., 2009; Amer, 2010; Kang et al.,
2010). However, our data demonstrate that caspase-1 is cleaved
in the cytosol of Asc”~ macrophages, therefore, we examined if
this cytosolic cleavage required flagellin and if it is sufficient for
restriction of L. pneumophila infection. WT macrophages were
infected with the L. pneumophila mutant lacking flagellin (Fla),
then, caspase-1 activation in cell extracts was examined by Western
blots. Figure 5 shows that the Fla mutant did not activate caspase-1
within the cytosols of macrophages (Figure 5A). Because caspase-1
activation requires flagellin and is accompanied with restriction
to L. pneumophila infection, we examined the growth of L. pneu-
mophila mutants lacking flagellin (Fla) in macrophages lacking Asc
in comparison to WT cells, since both cells lack caspase-1 activa-
tion in response to Fla (data not shown). Specifically, Figure 5B
demonstrates that the growth of Fla mutants in Asc”~ macrophages
exceeds that exhibited in WT cells. Yet, NF-xB activation during Fla
was similar in WT and Asc”~ macrophages (Figure 5C). Therefore,
there must be another pathway mediated by Asc that maintains the
replication of Fla mutant under control in WT macrophages and
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FIGURE 2 | Asc hinders the activation of NF-xB induced by L. pneumophila.
(A) Caspase-1- (casp-1--) macrophages were transfected with Asc specific
siRNA (siAsc) or control siRNA (siCTR) and 48 h after transfection cells were
infected or not (NT) with L. pneumophila (Leg) at MOl = 0.5 for 1, 4, and 8 h.
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Afterward, NF-kB activation was examined using electrophoretic mobility shift
assay (EMSA). (B) WT and Asc™ mouse macrophages were infected or not (NT)
with L. pneumophila (Leg) at MOI = 0.5 for 1 and 8 h. Subsequently, NF-kB
activation was examined using EMSA.

A WT Asc-

Leg
4h

Leg
4h

NT 8h 8h

Asc™

P-20 »

Supernatants

FIGURE 3 | A fraction of caspase-1 is activated in the cytosol of murine
macrophages lacking Asc. (A) WT and Asc” mouse macrophages were
either not treated (NT) or infected with L. pneumophila (Leg) at MOI = 0.5 for
4 and 8 h.Then active caspase-1 (p-20) was detected in the cell extracts (A)
and the supernatants (B) by Western blotting. Actin was used as a loading
control.

is missing in Asc”~ macrophages. To answer this question, we next
determined the levels of LDH release in culture supernatants of
WT and Asc”~ macrophages infected with L. pneumophila or the
Fla mutant. We found that the absence of Asc allows more host cell
survival during Fla infection. To further understand the mecha-
nism by which Asc modulates cell survival, we examined the activa-
tion of caspase-3, a caspase involved in apoptosis and know to be

activated during L. pneumophilainfection (Molmeret et al., 2004).
First, we tested if the Fla mutant activates caspase-3 in wild type
macrophages. Until 4 h post infection only WT L. pneumophila
activated caspase-3 (Figure 6A). However, at 5 h post infection,
the Fla mutant activated caspase-3 in WT macrophages but not in
Asc™” macrophages (Figure 6B). Taken together, these data suggest
that Asc is involved in caspase-3 activation which mediates cell
death in WT macrophages at later stages of Fla infection.

LEGIONELLA PNEUMOPHILA MODULATES THE EXPRESSION OF Nirc4
INFLAMMASOME COMPONENTS IN WILD TYPE MOUSE MACROPHAGES
In WT murine macrophages L. pneumophila flagellin is detected by
Nlrc4 with subsequent activation of caspase-1 (Amer et al., 2006;
Ren et al., 2006; Zamboni et al., 2006; Lamkanfi et al., 2007; Akhter
et al., 2009; Case et al., 2009; Amer, 2010; Kang et al., 2010). This
response is completely lacking in human phagocytes. In contrast
to murine phagocytes, human phagocytes which are permissive
to L. pneumophila do not activate caspase-1 in response to the
pathogen (Abdelaziz et al., 2011). This lack of activation is due to
the down regulation of ASC in human cells upon infection with
L. pneumophila (Abdelaziz et al., 2011). To characterize the effect
of L. pneumophila on the expression of the Nlrc4 inflammasome
components in the mouse, murine WT macrophages were infected
with L. pneumophila and the expression of caspase-1, IL-1f3, Nlrc4,
and Asc was assessed on both mRNA and protein levels. The expres-
sion of both caspase-1 and IL-1P proteins were induced signifi-
cantly within 4 h after infection and remained up regulated for
24 h of infection (Figures A2A,B of Appendix). Subsequently,
both caspase-1 and IL-1f were activated early upon infection
(Figures A2A,B lower panel of Appendix) and their active forms
were released into the supernatant (Data not shown). Remarkably,
in contrast to mouse macrophages, the expression of Asc was
enhanced 24 h after infection (Figure A2C). As for Nlrc4, mRNA,
and protein levels were decreased later in infection (Figure A2D
lower panel of Appendix). We found that this decrease in Nlrc4
protein levels is due to its release with the rest of the inflamma-
some components into the media (data not shown). Therefore,
L. pneumophila differentially modulates the expression of Asc in
murine and in human phagocytes.
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FIGURE 4 | Depletion of Asc decreases caspase-1 activation in response
to L. pneumophila infection. (A,B,C) WT mouse macrophages were
transfected or not (NT) with Asc specific SiRNA (siAsc) or control siRNA (siCtr)
and 48 h after transfection cells were infected with L. pneumophila (Leg).
Then, active caspase-1 (p-20) was detected in the cell extracts (A) and in the
supernatants (B) of 8 h infected samples by Western blotting. Active IL-1p was
detected in supernatants using ELISA (C). The results displayed as mean + SD
(**P<0.01) of three independent wells.

DISCUSSION
Asc is an adaptor molecule necessary for the assembly and activation
of several inflammasome complexes in response to stress signals and
microbial molecules (Taniguchi and Sagara, 2007; Hasegawa et al.,
2009). Asc is required for caspase-1 activation downstream of Nlrc4/
Ipaf during Salmonella or Shigella infections, yet its role during L.
pneumophila infection has been controversial (Zamboni et al., 2006;
Akhter et al., 2009; Case et al., 2009). In this study, we demonstrate
that a fraction of caspase-1 is activated within the cytosol of infected
macrophages independently of Asc. Data from our group and others
indicate that restriction of L. pneumophila infection is mediated by
several mechanisms. This can occur either via caspase-1-dependent or
independent mechanisms. Moreover, caspase-1 dependent control of L.
pneumophila infection can be either Asc-dependent or independent.
First, caspase-1-dependent restriction of L. pneumophila is by
modulation of pyroptosis and phagosome-lysosome fusion. Several
studies have demonstrated that at high MOIs with L. pneumophila,
the activation of caspase-1 leads to pyroptotic cell death, which
contributes to resistance to infection (Zamboni et al., 2006; Case
et al., 2009). Other reports have shown that during extreme MOIs
of L. pneumophila, murine caspase-1 is activated independently of
Nlrc4 (Case et al., 2009). This is at odds with other data that clearly
demonstrates that the activation of caspase-1 during physiologi-
cal levels of infection requires Nlrc4 (Amer et al., 2006; Ren et al.,
2006; Zamboni et al., 2006; Coers et al., 2007; Lightfield et al., 2008;

Akhter et al., 2009; Abdelaziz et al., 2010; Amer, 2010; Vance, 2010).
It seems that these discrepancies are largely due to different infection
doses. Consequently, it is plausible to suggest that the activation of
caspase-1 by high bacterial burdens overrides the signaling pathways
controlling their activation at physiological levels of infection. Yet,
our data suggest that Asc is required for the recruitment and cleav-
age of at least a part of pro-caspase-1 protein into its active form
since the amount of cleaved p20 detected in the cell extracts of Asc™
macrophages was much less than that of WT macrophages.

Secondly, macrophages deploy an Asc-dependent restriction
mechanism to control L. pneumophila infection by controlling
NE-kB pathway. Dixit and colleagues demonstrated that macro-
phages from Asc”~ mice are markedly resistant to Salmonella typh-
imurium induced cell death (Mariathasan et al., 2004). However, in
their study, cell death was mainly attributed to caspase-1 mediated
pyroptosis while other pathways such as NF-kB activation were not
examined. Several reports by Isberg and Abu Kwaik showed that L.
pneumophila activates NF-xB in two phases to extend the host cell
survival to permit intracellular growth (Losick and Isberg, 2006; Abu-
Zantetal.,2007; Bartfeld et al.,2009). They clearly demonstrated that
NE-xB activation is absolutely required for L. pneumophila growth
within macrophages. L. pneumophila promotes two phases of NF-kB
activation,a TLR5-dependent and a TLR5-independent activation at
an early and later stages of infection respectively (Losick and Isberg,
2006; Bartfeld etal.,2009). The role of Asc in L. pneurmnophila-induced
NE-«B activation was not explored previously. A number of studies
suggest that Asc promotes NF-kB activation (Chamaillard et al., 2003;
Masumoto et al., 2003; Hasegawa et al., 2005). Conversely, several
studies by Wewers and Reed showed that THP-1 cells treated with
small interfering RNA for human ASC decreased their caspase-1
activity while enhancing their NF-xB signal (Stehlik et al., 2002;
Sarkar et al., 2006; Yu et al., 2006). The later studies showed that the
interaction of caspase-1 and RIP2 mediates NF-xB activation which
is prevented by human ASC as it hinders their interaction. Here,
we report that mouse Asc deters the activation of NF-xB during
L. pneumophila infection since the depletion of Asc allowed more
NE-kB activation and additional L. pneumophila growth.

Importantly, murine Asc is induced in response to L. pneu-
mophila infection (Figure A2). This is in stark contrast to human
ASC, which is down regulated in human monocytes upon infection
with L. pneumophila (Abdelaziz et al., 2011). The down regulation
of human ASC contributed to the permissiveness to L. pneumophila
growth. These findings are among the first reports clarifying the
mechanism of permissiveness of human monocytes to L. pneu-
mophila (Abdelaziz et al., 2011). Thus, regulating Asc availability
in human phagocytes could be a mechanism employed by L. pneu-
mophila to modulate caspase-1, NF-xB, and pyroptosis.

The detection of cleaved caspase-1 in supernatants of cultured
cells has been widely used as the hallmark for caspase-1 activation.
Few studies have shown that Nlrc4/Ipaf’~ and Asc”~ macrophages
fail to produce cleaved caspase-1 in response to L. pneumophila. The
absence of active caspase-1 promoted L. pneumophila growth. Yet, it
is unclear as to why Asc”~ macrophages do not allow L. pneumophila
replication. Here we show that in Asc”~ murine macrophages, a small
portion of caspase-1 is cleaved during L. pneumophila infection but
is not detected in culture supernatants. However, we cannot exclude
that cleaved caspase-1 was released in amounts below our detection
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macrophages were infected with Fla mutant for 1, 4, and 8 h then, nuclear
extracts were processed for determination of NF-kB activation using
electrophoretic mobility shift assay (EMSA). (D) WT and Asc macrophages were
infected with Leg or Fla for 24 h then LDH release was determined and
presented as percent cell death on the Yaxis.

threshold. Our data agree with recent work by Monack group although
the interpretation differs. They suggested that caspase-1 can be active
without being cleaved and independently of Asc as suggested by the
absence of cleaved caspase-1 in culture supernatants (Broz et al.,2010).
However, it is possible that caspase- 1 was modestly cleaved within the
cytosol (which was not examined) and not released in supernatants.
Irrespective of its release, the active cytosolic caspase-1 is required and
sufficient to restrict L. pneumophila growth in Asc”~ macrophages.
On the other hand, the L. pneumophila mutant lacking flagellin
did not activate cytosolic caspase-1 in macrophages and replicated
efficiently. These findings support the idea that cytosolic cleavage of
caspase-1 is sufficient to restrict L. pneumophila growth within mac-
rophages and requires flagellin. The flagellin mutant replicated more
effectively in Asc”~ macrophages than in WT ones although both cells
lacked cytosolic caspase-1 activation and activated NF-xB at compa-
rable levels. However, Asc”~ macrophages survive more that WT ones
allowing more time for Fla replication. This was because caspase-3 was
activated in WT macrophages during late stages of Fla infection but
not in Asc”~ macrophages. It is possible that L. pneumophila activates
caspase-3 directly or through the Bax/Bak pathway which is governed
by Asc (Abu-Zantetal.,2005; Fischer et al., 2006). Taken together, these
data suggest that Asc is involved in caspase-3 activation and apoptosis
induction during L. pneumophilainfection. Altogether, our data dem-
onstrate that the host employs more than one mechanism to prevent L.
pneumophila infection and that many of these are governed by Asc.

MATERIALS AND METHODS

MICE AND MACROPHAGES

Wild type C57BL/6 (B6) and Asc™~ mice were previously described
(Mariathasan et al., 2004). Caspase-17~ mice were from Dr.
Amy Hise at Case Western University. All knockout mice were
in a C57BL/6 background. Bone marrow-derived macrophages
(BMDMs) were isolated from femurs of 6- to 12-week-old mice
and were cultured in IMDM containing 10% heat-inactivated FBS,
20% L cell-conditioned medium, 100 U/ml penicillin, and 100 mg/
ml streptomycin at 37°C in a humidified atmosphere contain-
ing 5% CO,. After 5 days of incubation, cells were collected and
plated in 6-well plates or in 24-well plates in IMDM containing
10% heat-inactivated FBS (Stanley, 1997; Amer et al., 2005, 2006;
Akhter et al., 2009).

BACTERIAL STRAINS

Legionella pneumophila strain Lp02, is a thymine auxotrophic
derivative of Philadelphia-1 (Brenner et al., 1979; McDade and
Shepard, 1979). L. pneumophila flagellin (Fla) mutant was pre-
viously described (Albert-Weissenberger et al., 2010). L. pneu-
mophila was cultured as described previously (Sturgill-Koszycki
and Swanson, 2000; Akhter et al., 2009) All experiments were per-
formed atalow MOI of 0.5, followed by centrifugation and rinsing
of the wells after 30 min except when otherwise indicated (Derre
and Isberg, 2004).
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FIGURE 6 | (A) Lysates from WT macrophages infected with L. pneumophila
(Leg), the Fla mutant, or the type IV secretion mutant DotA were used to
determine caspase-3 activity by the DEVD-AFC assay, or inactive full-length
(Fl-=casp-3) and cleaved caspase-3 (cleaved casp-3) by immunoblotting. (B) WT
and Asc™ macrophages were infected with Fla mutant for 1, 2, and 5 h then
cell lysates were obtained and used to determine cleaved caspase-3 by
Western Blotting.

INTRACELLULAR GROWTH OF L. PNEUMOPHILA

All experiments were performed at an MOI ranging 0.1-1, fol-
lowed by centrifugation and rinsing of the wells after 30 min except
when otherwise indicated (Derre and Isberg, 2004). All experi-
ments were performed in the absence of ferric nitrate and L-cysteine
from the monocytes or macrophage culture medium, to allow L.
prneumophila multiplication only intracellularly. At designated time
points, macrophages were lysed and plated on AYE plates for CFUs
(Amer etal.,2006; Abdelaziz et al., 2010). The quantification of the
CFU in vitro was performed more than four independent times as
described (Amer et al., 2006; Abdelaziz et al., 2010).

IMMUNOBLOTTING

Cell extracts of macrophages were prepared and immunoblotted
with an antibody that recognizes Nlrc4, Asc (Alexis Biochemicals),
caspase-1 (Santa Cruz), IL-1f (National Cancer Institute), caspase-3
(Cell Signalling), actin (Abcam), followed by appropriate secondary
antibody as described (Amer et al., 2006; Abdelaziz et al., 2010).

NF-xB DNA BINDING ACTIVITY ASSAY

Nuclear extracts of L. pneumophila treated or untreated BMDMs
from WT and Asc”~ mice were prepared as previously described
(Akhter et al., 2009). EMSA was used to measure NF-kB DNA
binding activity as described (Sarkar et al., 2006).

QUANTITATIVE PCR

Total RNA was extracted from cells lysed in Trizol (Invitrogen Life
Technologies) and 1-2 pg of the RNA was converted to cDNA by
ThermoScript RNase H™ Reverse Transcriptase (Invitrogen, Life
Technologies). 20-60 ng of the converted cDNA was then used
for quantitative PCR with SYBR Green I PCR Master Mix using
the StepOne Plus Real Time PCR System (Applied Biosystems).
The target gene C, values were normalized to the C values of two
housekeeping genes (mouse GAPDH and CAP-1) and expressed as
relative copy number (RCN), as described earlier (Gavrilin et al.,
2006; Zakharova et al., 2010). Primers used in RT-PCR are pre-
sented in Table A1 of Appendix. We also evaluated expression of
an around 600 genes with Open Array Mouse Inflammatory Panel
(BioTrove, Life Technologies). All individual C values were normal-
ized to the average of 18 housekeeping genes used in this array, and
also expressed as RCN.

CASPASE-3 ACTIVITY ASSAY

Active caspase-3 was determined by the AFC assay, as previously
described (Gonzalez-Mejia et al., 2010). Lysates were incubated in
a cyto-buffer (10% glycerol, 50 mM Pipes, pH 7.0, 1 mM EDTA,
containing 1 mM DTT) containing 20 mM of the tetrapeptide
substrate DEVD-AFC. The tetrapeptide was obtained from Enzyme
Systems Products (Livermore, CA, USA). Release of free AFC
was determined using a Cytofluor 4000 fluorometer (Perseptive
Company, Framingham, MA, USA; Filters: excitation; 400 nm,
emission; 508 nm).

LDH RELEASE ASSAY

LDH release into cell culture medium was used as an indica-
tor of cell death using NAD+ reduction assay, according to the
manufacturer (Roche Applied Science). Cells were plated in
12-well plate at the density 0.5 X 10%, and 0.5 MOI of both wild
type L. pneumophila (Leg) and its flagellin mutant (Fla) were
added. Cell culture medium was collected 24 h post infection;
clarified from floating bacteria by centrifugation; and used for
LDH assay. To determine spontaneous cell death, referred as
a negative control, we collected medium from cells incubated
the same time without bacteria. To measure total LDH content
in cells, referred as a positive control, cells were lysed by add-
ing TritonX-100 (1% final concentration) to the well. Media
alone was used as a blank. LDH concentration in the medium
was detected at OD 490 nm. Cell death was calculated by the
following formula: cytotoxicity (%) = (sample—blank/positive
control-blank) x 100.

STATISTICAL ANALYSIS
Data are displayed as mean of three independent experiments £ SD.
P value 0.05 was considered significant.
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APPENDIX
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FIGURE A1 | (A) Wild type (WT) mouse macrophages and heterozygous Asc
(Asc™) were infected or not (NT) with L. pneumophila (Leg) at MOI = 0.5 for 1,
2, and 4 h. Total active caspase-1 (p-20) was detected in combined lysate and
supernatants by Western blotting. (B) WT and caspase-1-- macrophages were
infected with L. pneumophila (Leg) at MOl = 0.1 and the bacterial replication
was assessed by counting the colony-forming units (CFU) after 1, 24, 48, and
72 h. Results are displayed as mean + SD of three independent

wells. **P<0.01.
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FIGURE A2 | Legionella pneumophila differentially regulates the expression
of several components of the inflammasome. \WT mouse macrophages were
infected or not (NT) with Legionella pneumophila (Leg) at MOI =
then the expressions of (A) pro-caspase-1, (B) pro-Il-1B, (C) Pycard (Asc), and (D)

0.5 for4 and 24 h.
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NIrc4 (Ipaf) were then assessed on both mRNA (upper panels) and protein levels
(lower panels) using RT-PCR and \Western blots, respectively. The data of RFPCR
are displayed as mean relative copy numbers (RCN) £ SD of three independent
experiments. *P<0.05, **P<0.01. Actin was used as loading control.

Table A1 | Mouse primers used in RT-PCR.

Gene Size Sequence
Casp1 145 F ACCCTCAAGTTTTGCCCTTT
R CCCTCGGAGAAAGATGTTGA
Cap1 96 F GAAGGCGGTGATTTTAACGA
R TCCAGCGATTTCTGTCACTG
Gapdh 128 F TGGCATTGTGGAAGGGCTCA
R TGGATGCAGGGATGATGTTCT
Pycard 173 F GCTCACAATGACTGTGCTTAG
R TGACCCTGGCAATGAGTGCT
I11b 153 F CCTGAACTCAACTGTGAAATGC
R GTGCTGCTGTGAGATTTGAAG
Nlrc4 152 F AGGACTTGCCAAACTTGGATT
R TGAAGTAAAGCCATCCGTCAC
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