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Summary

The innate immune system comprises several
classes of pattern-recognition receptors, including
Toll-like receptors (TLRs) and nucleotide binding and
oligomerization domain-like receptors (NLRs). TLRs
recognize microbes on the cell surface and in endo-
somes, whereas NLRs sense microbial molecules in
the cytosol. In this review, we focus on the role of
NLRs in host defence against bacterial pathogens.
Nod1 and Nod2 sense the cytosolic presence of mol-
ecules containing meso-diaminopimelic acid and
muramyl dipeptide respectively, and drive the activa-
tion of mitogen-activated protein kinase and NF-xB. In
contrast, Ipaf, Nalp1b and Cryopyrin/Nalp3 promote
the assembly of inflammasomes that are required for
the activation of caspase-1. Mutation in several NLR
members, including NOD2 and Cryopyrin, is associ-
ated with the development of inflammatory disorders.
Further understanding of NLRs should provide new
insights into the mechanisms of host defence and the
pathogenesis of inflammatory diseases.

Introduction

Upon encountering pathogenic microorganisms, the
immunocompetent host activates two distinct effector
mechanisms, the innate and the adaptive immune
defences, to ensure effective elimination of the invading
microbe. Unlike adaptive immune responses, the innate
immune system relies on phagocytic and non-
haematopietic cells to sense the presence of pathogens.
The initial recognition of microbes is mediated by a set of
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germline-encoded pattern-recognition receptors (PRRs)
that sense highly conserved microbial motifs, so-called
pathogen-associated molecular patterns (PAMPs) (Kawai
and Akira, 2006). PRRs can be found in the extracellular
space, integrated in cellular membranes or in the cytosol.
Among the membrane-bound PRRs, the best-known
PRRs are the Toll-like receptors (TLRs) that sense a wide
array of microbial ligands at the cell surface or within
endosomes (Kawai and Akira, 2006). Cytoplasmic PRRs
include the caspase-recruiting domain (CARD) helicases,
such as retinoic acid-inducible protein | and melanoma-
differentiation-associated protein 5, which are involved in
antiviral responses (Kawai and Akira, 2006), and the
nucleotide binding oligomerization domain (NOD)-like
receptor (NLR) family that recognize primarily microbial
molecules of bacterial origin (Inohara et al.,, 2005). In
humans, the NLR family is composed of 23 cytosolic
proteins characterized by the presence of a conserved
NOD domain and leucine-rich repeats (LRRs) (Inohara
etal., 2005). The general domain structure of the NLR
family members includes an amino-terminal effector
region that consists of a protein—protein interaction
domain such as the CARD, Pyrin or BIR domain, a cen-
trally located NOD domain, and carboxyl-terminal LRRs
that are involved in microbial sensing (Inohara et al.,
2005). Some members of the NLR family, namely Nod1
and Nod2, mediate activation of NF-xB and mitogen-
activated protein kinases (MAPKs) in response to
peptidoglycan-related molecules (McDonald et al., 2005).
A different set of NLRs, including Nalp1, Cryopyrin/Nalp3
and Ipaf, are involved in the activation of the protease
caspase-1 (Franchi etal., 2006a). Ipaf is activated by
bacterial flagellin (Franchi etal., 2006b; Miao etal,
2006); mouse Nalp1b by lethal toxin produced by Bacillus
anthracis (Boyden and Dietrich, 2006); Cryopyrin is acti-
vated in response to a variety of microbial molecules
(Kanneganti et al., 2006; 2007; Mariathasan et al., 2006;
Sutterwala et al., 2006) as well as endogenous ligands,
such as uric acid crystals (Martinon etal, 2006).
While certain microbial molecules, such as meso-
diaminopimelic acid (iE-DAP) and muramyl dipeptide
(MDP) (McDonald et al., 2005), are exclusively recog-
nized by NLRs, other PAMPs are also sensed by TLR
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Fig. 1. Model for activation of Nod1 and Nod2 signalling pathways. The NLR proteins NOD1 and NOD2 sense intracellular iE-DAP and MDP
respectively, leading to recruitment of the adaptor proteins RICK. Extracellular PAMPs are recognized by TLRs, which signal through MyD88,
IRAK proteins and TRAF members independently of NOD1/NOD2. For clarity, the TLR pathway has been simplified. The subsequent
activation of NF-xkB and MAPKSs results in the transcriptional upregulation of pro-inflammatory and host defence genes.

family members. Flagellin, for example, is recognized by
both Ipaf (Franchi et al., 2006b; Miao et al., 2006) and
TLR5 (Hayashi etal., 2001), although the amino acid
residues of flagellin that are recognized by these two
PRRs appear to be different (Franchi et al., 2007a).

Nod1 and Nod2

Early studies revealed that Nod1 and Nod2 induce NF-kB
activation when overexpressed in mammalian cells and
enhance the response to specific microbial products inde-
pendently of TLRs (Inohara etal.,, 2001). Subsequent
studies revealed that Nod1 recognizes peptidoglycan-
related molecules containing iE-DAP, which is found in
many Gram-negative and certain Gram-positive bacteria,
including the genus Listeria and Bacillus (Chamaillard
et al. 2003; Girardin et al., 2003a). In contrast, Nod2 is
activated by MDP, a peptidoglycan motif which is present
in all Gram-positive and Gram-negative bacteria (Girardin
et al.,, 2003b; Inohara et al., 2003). Upon ligand recogni-
tion, Nod1 and Nod2 undergo conformational changes,
resulting in self-oligomerization via the NOD domain and

recruitment of RICK (RIP2), a serine threonine kinase that
is required for Nod1- and Nod2-mediated NF-xB and
MAPK activation (Inohara et al., 2000; Girardin et al.,
2001; Park etal., 2007a,b) (Fig. 1). Whereas Nod1 is
ubiquitously expressed in various cell types, Nod2 is
expressed at higher levels in phagocytic cells and Paneth
cells of the small intestine (Inohara et al., 2005). Admin-
istration of Nod1 ligands to cells and mice induce chemok-
ine production and recruitment of neutrophils in vivo
(Masumoto et al., 2006). Furthermore, Nod1 stimulation
contributes to adaptive immune responses, although the
mechanism involved remains unclear (Fritz et al., 2007).
In vitro studies have demonstrated that many bacteria
express Nod1-stimulatory activity, which is highest in
Bacillus species (Hasegawa etal, 2007). Moreover,
infection of host cells by several pathogenic bacteria,
including Shigella flexneri (Girardin et al., 2001), entero-
invasive Escherichia coli (Kim et al., 2004), Listeria mono-
cytogenes (Park et al., 2007b) and Campylobacter jejuni
(Zilbauer et al., 2007), results in Nod1-dependent NF-xB
activation. However, the role of Nod1 during in vivo infec-
tion with the exception of Helicobacter pylori remains
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poorly understood (Viala etal., 2004; Boughan et al.,
2006).

Similar to Nod1, Nod2 has been implicated in the
detection of several pathogenic bacteria and induction of
innate immune responses to Streptococcus pneumoniae
(Opitz et al., 2004), Mycobacterium tuberculosis (Fer-
werda etal., 2005), Staphylococcus aureus (Kapet-
anovic etal. 2007) and L. monocytogenes (Kobayashi
etal., 2005; Herskovits et al, 2007). The mechanism
involved in the entry of MDP into the host cytosol is still
unknown, although in epithelial cells, an active transport
mechanism for MDP through the peptide transporter
hPepT1 has been proposed (Ismair et al., 2006). MDP
might also be generated from phagocytosed bacteria
and recognized via Nod2 in the cytosol (Herskovits
et al., 2007). Stimulation of TLRs and Nod1 or Nod2 by
their respective agonists results in synergistic production
of pro-inflammatory cytokines (Fritz et al., 2005; Koba-
yashi et al., 2005; Tada et al., 2005). This type of coop-
erative signalling may increase the sensitivity of bacterial
detection and reduce the threshold for Nod1/Nod2 and
TLR activation.

Nod2 is associated with inflammatory disease

Genetic variation in Nod2 is associated with susceptibil-
ity to several inflammatory diseases. Crohn’s disease
(CD), a chronic inflammatory disorder of the intestinal
wall, is associated with three common mutations
(R702W, G908R and L1007insC) involving amino acid
residues near or within the LRRs of Nod2 (Hugot et al.,
2001; Ogura etal, 2001). Functional studies have
revealed that the human CD-associated Nod2 variants
exhibit reduced or loss of activity when compared with
the wild-type protein (Inohara et al., 2003). Intriguingly,
mouse macrophages, but not human monocytes,
expressing the disease-associated L1007InsC NOD2
variant exhibit increased IL-1B levels when stimulated
with MDP (van Heel et al., 2005; Maeda et al., 2005).
Although the mechanism by which Nod2 mutations
increase the susceptibility to CD remains poorly under-
stood, impaired sensing of bacteria may trigger an
abnormal inflammatory response to unclear bacteria.
Alternatively, reduced expression of o-defensins in
Paneth cells or dysregulated TLR2 signalling have been
proposed (Watanabe etal, 2004; Kobayashi etal.,
2005). Clearly, further studies are needed to understand
the link between Nod2 mutations and the development
of CD. In addition, several missense mutations involving
amino acid residues in the NOD domain of Nod2 cause
two autosomal dominant disorders characterized by
granulomatous inflammation in multiple organ tissues,
called Blau syndrome (BS) and early-onset sarcoidosis
(EOS) (Miceli-Richard etal., 2001; Kanazawa etal.,
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2005). In contrast to CD, the Nod2 mutations associated
with BS and EOS represent gain-of-function mutations
(Tanabe et al., 2004), which is consistent with the domi-
nant mode of inheritance of these diseases.

The inflammasome: a molecular machinery for
caspase-1 activation

Caspase-1 is the prototypical inflammatory caspase and
mediates the proteolytic maturation of the cytokines IL-13
and IL-18 (Lamkanfi et al., 2007a). Upon detection of
specific microbial motifs, some NLRs switch conformation
and assemble a molecular platform, the inflammasome,
which is responsible for the processing and activation of
pro-caspase-1 into the enzymatically active heterodimer
composed of a 10 kDa and a 20 kDa chain (Fig. 2). Ipaf
senses cytosolic flagellin (Amer etal., 2006; Franchi
et al., 2006b; Miao et al., 2006), while the detection of
microbial molecules by Cryopyrin depends on membrane
pore formation induced by several toxins, including mai-
totoxin and nigericin, which are thought to aid the trans-
location of microbial products into the host cytosol, where
they can be detected by NLRs (Mariathasan et al., 2006;
Sutterwala et al.,, 2006; Kanneganti etal., 2007). The
delivery of microbial products into the cytosol is also pro-
moted by endogenous molecules, such as ATP, which
activate the P2X7 receptor and the opening of a large
pore mediated by the hemichannel pannexin-1 (Kanne-
ganti et al., 2007). The bipartite adaptor protein ASC has
been implicated in the activity of the NALP1-3 and Ipaf-
containing inflammasomes by linking the interaction
between NLR proteins and inflammatory caspases
(Tschopp et al., 2003; Franchi et al., 2006a). ASC plays a
central role in the assembly of the inflammasomes and
the activation of caspase-1 in response to a broad range
of PAMPs and intracellular pathogens (Tschopp et al.,
20083; Franchi et al., 2006a). Although production of pro-
IL-1B is induced through TLR stimulation, activation of
caspase-1 via NLRs is independent of TLR signalling
(Kanneganti et al., 2007). The dissociation between pro-
IL-1B production and caspase-1 activation via TLRs and
NLRs may serve to tailor the quality of the inflammatory
response against invasive microbes and to safeguard
against IL-1B overproduction.

Dysregulated inflammasome activation can result in the
development of inflammatory disorders. For example,
point mutations in Cryopyrin are the cause of familial cold
autoinflammatory syndrome, Muckle-Wells syndrome,
and neonatal-onset multisystem inflammatory disease.
Functional studies revealed that the Cryopyrin mutants
exhibit enhanced activity to induce IL-13 secretion
(Dowds et al., 2004) and mononuclear cells from patients
with autoinflammatory syndromes spontaneously secrete
IL-1B (Agostini et al., 2004). These observations suggest
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Fig. 2. Model for NLR-mediated caspase-1 activation. Bacteria and bacterial products enter the cytosol via pore-forming toxins, type Il or IV
secretion systems, or ATP-mediated activation of the pannexin-1 pore. Activation of NLR proteins by cytosolic PAMPs results in the formation
of caspase-1-activating inflammasomes independently of TLRs. The inflammasome adaptor ASC is required for recruitment of caspase-1.
Salmonella and Legionella flagellin are sensed by Ipaf, whereas mouse Nalp1b recognizes anthrax lethal toxin. Cryopyrin/Nalp3 mediates
caspase-1 activation in response to a wide variety of microbial components and the endogenous danger signal uric acid. Active caspase-1
processes the IL-1B precursor into the mature cytokine and mediates its secretion by a poorly understood mechanism.

that the disease-associated mutations confer a state of
constitutive activation to Cryopyrin, leading to increased
caspase-1 activity. Importantly, treatment with IL-1 recep-
tor antagonist is effective in controlling the disease activity
in patients with these autoinflammatory syndromes,
indicating a critical role for IL-1 in pathogenesis of these
diseases (Hoffman et al., 2004).

Role of NLRs in bacterial infection

Nucleotide binding oligomerization domain-like receptors
represent an immune surveillance system that detect the
presence of microbial molecules inside the cell. In the
following sections, we have selected certain pathogenic
bacteria to illustrate the regulation of host immune
responses through Nod1 and Nod2 as well as the
inflammasome.

Salmonella: caspase-1 mediates inflammation and
cell death

Salmonella species cause human diseases that range
from self-limiting gastroenteritis to systemic infection.

The virulence of Salmonella is mainly due to genes
within the pathogenicity islands SPI-1 and SPI-2 that
encode for type Ill secretion systems (TTSS). While
SPI-1 is crucial for enteric colonization, SPI-2 is impor-
tant in the systemic phase of the infection (Hueffer and
Galan, 2004). Recent studies have revealed that
caspase-1 activation in response to Salmonella is medi-
ated by Ipaf and the adaptor ASC (Mariathasan et al.,
2004) through the detection of bacterial flagellin (Franchi
et al., 2006b; Miao et al., 2006). The sensing of flagellin
requires the expression of the TTSS encoded by SPI-1
and is independent of TLR5 (Franchi et al., 2006b; Miao
et al.,, 2006). The role of TTSS in the delivery of flagellin
for Ipaf recognition, however, remains unclear. One pos-
sibility is that flagellin leaks through a pore formed by
the TTSS. Alternatively, flagellin may be produced by the
small number of bacteria that, through the action of the
TTSS, escape the vacuolar compartment. Once acti-
vated, Ipaf induces the activation of caspase-1, which, in
turn, mediates the maturation of IL-1p and IL-18 and the
induction of cell death. Notably, while the adaptor ASC is
required for the activation of caspase-1 and production
of IL-1B, it is dispensable for the induction of macroph-
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age cell death (Mariathasan et al., 2004). The dissocia-
tion between Ipaf/caspase-1 and ASC for the induction
of cell death may be explained by the observation that
ASC exerts a prosurvival effect through the activation of
NF-kB (Masumoto et al., 2003). In agreement with the
hypothesis that Ipaf activation induces a host response
that confers protection to mice infected with Salmonella,
caspase-1 deficiency is associated with increased sus-
ceptibility to the oral-gastric infection with Salmonella
(Lara-Tejero et al., 2006). It is also interesting to note
that during Salmonella infection, the inflammatory
response mediated by TLR5 has a detrimental role for
the host (Uematsu et al., 2006).

Shigella: caspase-1 mediates inhibition of
autophagy

Shigella are highly adapted human pathogens that cause
bacillary dysentery. The intestinal epithelial barrier repre-
sents the first line of defence against Shigella. Experiments
in human intestinal cell lines showed that sensing of Shi-
gellais largely mediated by Nod1, which is required for the
activation of JNK and the secretion of IL-8 (Girardin et al.,
2001). Macrophages are another component in the host
defence against Shigella. Upon infection of macrophages,
Shigella can escape from within the membrane vacuoles
and enter the cytosol. This event is dependent on IpaB and
triggers the activation of caspase-1, which, in turn, is
responsible for the induction of pyroptosis, a form of cell
death, and the production of the pro-inflammatory cytok-
ines IL-1B and IL-18 (Hilbi et al, 1998). Recent studies
have identified Ipaf as the critical NLR responsible for
caspase-1 activation in Shigella-infected macrophages
(Suzuki et al., 2007). Shigella do not express flagellin and,
accordingly, the activation of caspase-1 in Shigella-
infected macrophages is flagellin-independent. Thus, Ipaf
mediates both flagellin-dependent and independent
caspase-1 activation in response to pathogenic bacteria.
Autophagy, an intracellular degradation system
employed for the turnover of cytoplasmic constituents, is
another host response mechanism that is induced by the
presence of cytoplasmic bacteria (Levine, 2005). In epi-
thelial cells infected with Shigella, autophagy is triggered
by the recognition of the bacterial effector protein VirG by
ATGS5, which is involved in autophagy (Ogawa et al.,
2005). The bacterium avoids the autophagic response via
IcsB (Ogawa et al., 2005). In macrophages, however, the
induction of autophagy occurs independently of VirG and
is inhibited by Ipaf and caspase-1. Notably, the negative
regulation of autophagy mediated by the inflammasome is
stimulus-dependent, as Ipaf and caspase-1 do not regu-
late autophagy induced by serum starvation (Suzuki et al.,
2007). Thus, NLR proteins not only play a role in the
induction of the inflammatory response, but also appear to
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regulate other host defence mechanisms, such as the
autophagic response.

Legionella: caspase-1 mediates the maturation of
the phagolysosome

Legionella pneumophila is a Gram-negative intracellular
facultative pathogen that is responsible for Legionnaires’
disease. In human macrophages, Legionella manipulates
the endosome—-lysosome pathway, avoiding the fusion of
late endosomes with lysosomes, a feature that contributes
to the creation of a vacuolar replicative niche known as
the Legionella-containing vacuole (LCV). In contrast,
macrophages from most inbred mouse strains restrict
Legionella replication by promoting the fusion of the LCV
with lysosomes (Fortier et al., 2005). The latter is mediated
by the recognition of bacterial flagellin, delivered to the
cytosol via a type IV secretion system (Amer et al., 2006;
Molofsky et al., 2006; Ren et al., 2006; Zamboni et al.,
2006). Consistently, flagellin-deficient Legionella multiply
inside macrophages from mouse strains that are normally
restrictive to Legionella replication (Amer et al., 2006;
Molofsky et al., 2006; Ren et al., 2006; Zamboni et al.,
2006). The fusion of the LCV with lysosomes is regulated
by two different NLRs, Ipaf and Naip5. Ipaf senses the
presence of flagellin inside the host cell and promotes
phagolysosome fusion through the activation of caspase-1
(Amer et al., 2006). Accordingly, macrophages lacking
Ipaf or caspase-1 exhibit impaired LCV maturation and
Legionella degradation, which allows replication of the
bacterium (Amer et al., 2006). Consistently, mice deficient
in Ipaf show increased bacterial burden after pulmonary
infection (Amer et al., 2006). In contrast to Ipaf, the role of
Naip5 in the regulation of Legionella replication is less
clear. Initial studies suggested that Naip5 controls replica-
tion of the bacterium via flagellin- and caspase-1-mediated
cell death (Zamboni et al., 2006). However, recent experi-
ments indicate that Naip5 acts independently of flagellin
and caspase-1 to regulate the replication of Legionella in
macrophages by controlling phagolysosome formation
(Lamkanfi et al., 2007b). At present, itis unclear how Naip5
senses Legionella and NLRs control LCV maturation.

Listeria: a role for NLRs in intestinal inflammation

Immunocompromised individuals are particularly vulner-
able to infection with Listeria and can develop septicemia
and meningitis. To clarify the role of Nod1 in host immune
responses to Listeria infection, in vitro studies have been
performed in several cell types, such as endothelial cells,
mesothelial cells and macrophages (Opitz et al., 2006;
Boneca et al., 2007; Park et al., 2007b). Opitz et al. (2006)
revealed that only invasive Listeria can induce activation of
p38 MAPK and IL-8 secretion in endothelial cells via Nod1.
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Similarly, secretion of the neutrophil chemoattractant factor
KC induced by Listeria infection was reduced in Nod1- and
RICK-deficient mesothelial cells (Park et al., 2007a). In
macrophages, there is evidence for a redundant role for
TLRs and Nod1/Nod2 in cytokine production induced by
Listeria (Park et al., 2007a). Consistently, RICK-deficient
mice are more susceptible to Listeria infection delivered
intravenously (Hsu et al., 2007). In contrast, mice lacking
Nod2 exhibit impaired Listeria clearance only when
infected orogastrically (Kobayashi et al., 2005), suggest-
ing a critical role for Nod2 in the intestinal tract. Although
the mechanism responsible for this phenotype is unclear,
mMRNA levels of several a-defensins, including defensin-
related cryptidin 4 (Defcr4), which has potent antimicrobial
activity, was reduced in the terminal ileum from Nod2-
deficient mice (Kobayashi et al., 2005).

There is clear evidence that cytosolic invasion by
Listeria is required for IL-1B/IL-18 production as well
as caspase-1 activation (Mariathasan etal, 2006;
Ozoren et al., 2006; Franchi et al., 2007b). Furthermore,
caspase-1 activation induced by Listeria is TLR-
independent, but requires the adaptor ASC (Ozoren et al.,
2006). However, the specific NLR involved in the regula-
tion of caspase-1 activation in response to Listeria
remains controversial. Cryopyrin was necessary for IL-13
and IL-18 production as well as caspase-1 activation in
macrophages treated with heat-killed Listeria in the pres-
ence of ATP (Kanneganti et al., 2007) or in the presence
of the pore-forming protein Streptolysin O (Kanneganti
et al., 2007). However, while some studies suggested a
critical role for Cryopyrin in caspase-1 activation induced
by Listeria infection (Mariathasan et al., 2006), other
studies did not support such a role (Franchi et al., 2007b).

Concluding remarks

There is now conclusive evidence that several members
of the NLR family play important roles in innate immune
responses to pathogenic bacteria. These include the acti-
vation of caspase-1 and NF-xB in response to several
intracellular bacteria. However, the mechanisms involved
in microbial recognition, including the delivery of PAMPS
to the cytosol, and the interplay between TLRs and NLRs,
require further elucidation. This will require additional
studies with mutant mice deficient in NLR genes and
better characterization of the players involved in NLR
signalling pathways that are activated during the host
immune response.
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