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Summary
Nucleotide oligomerization domain (NOD)-like receptors (NLRs) are a specialized group of
intracellular proteins that play a critical role in the regulation of the host innate immune response.
NLRs act as scaffolding proteins that assemble signaling platforms that trigger nuclear factor-κB
and mitogen-activated protein kinase signaling pathways and control the activation of
inflammatory caspases. Importantly, mutations in several members of the NLR family have been
linked to a variety of inflammatory diseases consistent with these molecules playing an important
role in host-pathogen interactions and the inflammatory response. In this review, we focus on the
role of Nod1 and Nod2 in host defense and in particular discuss recent finding regarding the role
of Nlrc4, Nlpr1, and Nlrp3 inflammasomes in caspase-1 activation and subsequent release of
proinflammatory cytokines such as interleukin-1β.
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Introduction
The immune system deals with the daunting task of regulating the encounter of the host with
microbes, allowing useful partnerships with commensal bacteria but rejecting potentially
harmful pathogens. The innate immune system, the first line of defense, is involved in the
initial detection and removal of harmful microbes. Unlike immune reactions induced
through the adaptive immune system, innate immune responses are activated within minutes
upon encounter with invading organisms. While the mechanisms that allow symbiotic
relationships with commensal bacteria remain poorly understood, our knowledge about how
the innate immune system senses microbial pathogens has greatly expanded in the last
decade. A main conceptual advance has been the discovery of host germline-encoded
pathogen recognition receptors (PRRs) that recognize conserved microbial structures often
referred to pathogen-associated molecular patterns (PAMPs) (1). These PAMPs often play a
critical function in the life of the microbe and include lipopolysaccharide (LPS), a major
component of the outer layer of Gram-negative bacteria, peptidoglycan (PGN), the main
component of the cell wall of Gram-positive bacteria, flagellin, and microbial nucleic acids.
PRRs comprise an array of sensors present in the plasma, plasma membranes, and host
cytosol. The existence of multiple PRRs capable of recognizing a single microorganism
ensures the induction of immune responses even when a sensor or its signaling pathway is
targeted by the pathogen. In addition, the activation of multiple PRRs in response to a
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pathogen often results in a combinatorial code that specifically tailors the host response to a
particular class of microbes (2,3). There is mounting evidence that certain PRRs are
involved not only in sensing microorganisms but also endogenous non-microbial ‘danger’
signals (4). The activation of PRRs by microbial or endogenous stimuli results in the
activation of multiple signaling pathways including nuclear factor-κB (NF-κB), mitogen-
activated protein kinases (MAPKs), and type I interferon (IFN) response, which lead to the
induction of proinflammatory and anti-microbial responses (5).

Most of our knowledge about PRRs derives from studies of Toll-like receptors (TLRs), the
first class of cellular PRRs to be identified. Toll receptors were first defined in the fruit fly
and localize either at the cell surface or within endosomes (6,7). In contrast, the nucleotide
oligomerization domain (Nod)-like receptors (NLRs) and the retinoid acid-inducible gene-I
(RIG-I)-like receptors (RLRs) are intracellular cytosolic sensors. RLRs are helicases that
sense primarily viruses (8,9). This review focuses on NLRs, which are primarily involved in
bacterial recognition. An important finding has been the discovery that immune
dysregulation linked to genetic variation in NLR genes causes disease or is associated with
increased susceptibility to several inflammatory diseases. NLRs were first identified in
plants where they play a critical function in disease resistance (R genes) against microbial
and parasite pathogens (10,11). Homologues of the NLRs are present in vertebrates and
phylogenetically more primitive organisms such as the sea urchin, whose genome contains
at least 203 putative NLRs (12). The evolutionary conservation of the NLRs suggests that
they play an important function in host defense.

The NLR family
There are 23 NLR family members in humans and at least 34 NLR genes in mice (Table 1).
NLRs are expressed in many cell types including immune cells and epithelial cells, although
certain NLR family members are expressed primarily in phagocytes including macrophages
and neutrophils. NLRs are multi-domain proteins composed of a variable N-terminal
effector region consisting of caspase recruitment domain (CARD), pyrin domain (PYD),
acidic domain, or baculovirus inhibitor repeats (BIRs), a centrally located NOD that is
critical for activation, and C-terminal leucine-rich repeats (LRRs) that senses PAMPs. The
NOD domain (also referred as the NACHT cassette) is closely related to the oligomerization
module found in the AAA+ family of adenosine triphosphatases (ATPases) (13). Mutation
of conserved residues in the Walker’s A and B boxes of Nod1 and Nod2 proteins abolished
signaling, indicating that nucleotide hydrolysis is essential for protein activation (14).
Consistently, purified NLRP3 and NLRP12 bind adenosine triphosphate (ATP) and exhibit
ATPase activity (15,16). However, the precise molecular function of ATP hydrolysis in the
regulation of NLR proteins is presently unknown.

The N-terminal domain of the NLRs mediates signaling through its interaction with
downstream factors. CARD and PYD domains belong to the death domain-fold superfamily,
which are involved in several cellular processes including apoptosis and inflammation. Both
CARD and PYD domains mediate homophilic interactions with other CARD and PYD-
containing proteins. BIR-containing proteins were originally identified as regulators of
apoptosis in the so-called inhibitor of apoptosis proteins (IAPs). A class of IAPs termed
neuronal apoptosis inhibitor proteins (NAIPs) are NLR family members. A nomenclature
that subdivides the NLR family into five subfamilies (A–E) based on the class of N-terminal
effector domain has been recently proposed and approved by the Human Genome
Organization Gene Nomenclature Committee (17). Four subfamilies are defined for the
presence of N-terminal CARD, PYD, BIR, and acidic domains (18,19). An additional
subfamily, NLRX, characterized by the presence of a N-terminal domain without significant
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homology to any known domains and by its localization to the mitochondria, has been
recognized (20,21).

Nod1 and Nod2 signaling
Nod1 and Nod2 were first discovered as mammalian members of the Ced4/Apaf-1 family of
apoptosis regulators (22,23). Nod1 and Nod2 (Fig. 1) are multi-domain proteins consisting
of one or two CARD domains respectively, a centrally located NOD domain followed by a
number of C-terminal LRRs in contrast to apoptosis protease activating factor-1 (Apaf-1),
which contains C-terminal WD40 repeats. Nod1 and Nod2 orthologs are found across higher
order vertebrates but are absent in insects or worms. Nod1 is widely expressed in many cell
types and organs. Although Nod2 expression is believed to be more restricted, it has been
described in macrophages (23), dendritic cells (24), Paneth cells (25), keratinocytes (26),
and epithelial cells of the intestine (27), lung (28), and oral cavity (29). Both Nod1 and
Nod2 are expressed in the cytosol, but more recently a fraction of Nod1 (30) and Nod2 (31)
has been shown to be associated with the plasma membrane. In the case of Nod2, point
mutants that prevent membrane association exhibit a decreased ability to activate
downstream signaling (31). However, the same mutations are known to affect microbial
recognition and secondarily Nod2 activation, so the role of membrane localization in Nod2
signaling remains unclear.

NLRs including Nod1 and Nod2 are thought to be kept in an inactive state by intra-
molecular interactions. Experimental evidence supporting this model includes the
observation that truncation or mutation of the C-terminal LRR region of a variety of NLRs
typically result in a constitutively active form of the receptor (14). In the case of Nod2, a C-
terminal fragment consisting of only the LRRs interacts with an N-terminal fragment
consisting of the CARD and NOD domains, when co-expressed in cells, an interaction
which is disrupted in the presence of the Nod2 bacterial ligand (32). Collectively, the results
have suggested a model in which ligand recognition results in a conformation change in the
protein relieving these autoinhibitory intramolecular interactions and allowing NOD
domain-dependent nucleotide binding and oligomerization. However, evidence for a direct
interaction between NLRs including Nod1 and Nod2 and their putative ligands is still
lacking, so it is possible that the activation of Nod1 and Nod2 by microbial stimulation is
indirect. Understanding of Nod1 and Nod2 activation has been hampered by the lack of
structural data of NLR family members which is only limited to the N-terminal effector
domains in isolation (33,34). Clearly, more structural, biochemical, and functional results
are needed to confirm these models.

Stimulation of Nod1 or Nod2 results in the activation of NF-κB and MAPKs, which drive
the transcription of numerous genes involved in both innate and adaptive immune responses
(Fig. 1) (35). Both Nod1 and Nod2 sense bacterial molecules produced during the synthesis,
degradation, and remodeling of PGN, a major component of bacterial cell walls. PGN is a
polymer composed of glycan chains of alternating N-acylglucosamine (GlcNAc) and N-
acetylmuramic acid (MurNAc) units cross-linked to each other by short peptides. The cross-
linking of two parallel glycan chains is mediated by stem peptides that can be further linked
by bridging amino acids (36). Nod2 senses muramyl dipeptide (MDP), which is found in the
PGN of nearly all Gram-positive and Gram-negative organisms (36), whereas Nod1
recognizes meso-diaminopimelic acid (meso-DAP)-containing PGN fragments (37,38). DAP
is an usual amino acid residue that is unique to PGN from most Gram-negative bacteria and
certain Gram-positive bacteria, including the genus Listeria and Bacillus species (39).
Analysis of synthetic compounds revealed the dipeptide γ-D-glutamyl-meso-DAP (iE-DAP)
as the core motif that is sufficient to trigger Nod1 activation (37,38). Nod1 and Nod2 null
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cells or mice are unable to activate NF-κB and MAPKs as well as to produce cytokines and
chemokine in response to ligand stimulation (40–45).

Following microbial sensing, Nod1 or Nod2 directly recruit the serine-threonine kinase
RICK [also known as receptor-interacting protein 2 (Rip2)] through CARD-CARD
interactions (22,23). A critical function of Nod1 and Nod2 signaling appears to be the
induced proximity of RICK molecules through oligomerization of Nod1 and Nod2 (46). The
inability of RICK null cells or mice to activate NF-κB signaling downstream of Nod1/2
ligand stimulation indicates that RICK is required in vivo for signaling (40,42). Interestingly,
the kinase activity of RICK does not appear to be essential for NF-κB activation, although it
is required for protein stabilization (47). RICK directly binds to NF-κB essential modulator
(NEMO) [also known as inhibitor of NF-κB kinase γ (IKKγ)], the regulatory subunit of
IKK, and promotes its ubiquination and activation of the catalytic subunits IKKα and IKKβ
(46,48). Once activated, IKK phosphorylates the inhibitor IκB, leading to its degradation via
the proteasome releasing NF-κB and allowing it to translocate to the nucleus (35). In
addition, RICK mediates the recruitment of transforming growth factor β-activated kinase
(TAK1) in an ubiquitin-dependent manner, which is essential for IKK activation (47,49).
Both Nod1 and Nod2 induce K63-linked polyubiquitination of RICK that is necessary for
TAK1 recruitment via its N-terminal ubiquitin-binding CUE domain (47,49). TAK1, a
serine-threonine kinase that forms a complex with the ubiquitin binding proteins TAK1-
binding protein 1 (Tab1), Tab2, and/or Tab3, activates IKK by phosphorylation in response
to a variety of stimuli including interleukin-1β (IL-1β), tumor necrosis factor (TNF), and
several TLR ligands (50–52). In addition to NF-κB signaling, TAK1 is also required for the
upregulation of Nod2 in response to MDP stimulation (49). Similar to the NF-κB pathway,
TAK1 and RICK are required for Nod1- and Nod2-mediated MAPK activation, although the
intermediate steps in this pathway are less well characterized (42,53,54). Signaling through
NF-κB and MAPKs produces a robust inflammatory response. Stimulation of Nod1 or Nod2
results in the secretion of proinflammatory cytokines and chemokines [IL-6, CXCL8/IL-8,
CXCL1/KC, CXCL2/macrophage inflammatory protein-2 (MIP-2), CCL2, CCL5/regulated
upon activation, normal T-cell expressed, and presumably secreted (RANTES)] (55–60).
Nod1 activation induces neutrophil recruitment in vivo (60), and both Nod1 and Nod2
signaling lead to the production of antimicrobial peptides (26,28,61,62).

Although a number of downstream mediators of Nod1 and Nod2 signaling have been
identified, the molecular details of how these signaling pathways are downregulated are less
well understood and are just beginning to emerge. For example, an alternatively transcribed
CARD domain only isoform of Nod2 appears to function as a dominant negative regulator
(63). Additionally, disruption of the Nod2/RICK CARD-CARD interaction appears to be the
molecular mechanism by which caspase-12 (64) and MEKK4 (65) downregulate Nod2
signaling. Thirdly, a negative regulatory role for the cell polarity protein, Erbin, has been
proposed based on its ability to associate with Nod2 and to inhibit NF-κB activation and
subsequent inflammatory cytokine secretion (66,67). Finally, deubiquination of RICK by the
A20 protein has been shown to downregulate Nod1/2-induced NF-κB signaling by inhibiting
RICK ubiquitination (47,68). A20 has a conserved role in dampening TNF and TLR
signaling via RIP1 (69–71), indicating that A20 acts broadly to suppress proinflammatory
pathways

Nod1 and Nod2 in bacterial infections
Although the Nod1 ligand iE-DAP is primarily found in Gram-negative bacteria, several
Gram-positive bacteria including Listeria monocytogenes and Bacillus species also produce
the Nod1 agonist (72–74). Most of the Nod1 agonist activity produced by bacteria is found
in the culture supernatant of growing bacteria (74). This finding is consistent with the
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observation that the cell wall of Gram-negative bacteria is remodeled by hydrolases that
degrade intact PGN into smaller fragments (75). Gram-negative bacteria have evolved
mechanisms for importation and recycling of PGN fragments released during bacterial
growth (76). Shigella mutants that are defective in the recycling of PGN fragments exhibit
increased Nod1-dependent NF-κB activation (77). Collectively, these results suggest that
Nod1 senses bacterial growth through the recognition of PGN fragments released by
growing bacteria.

Nod1 and Nod2 are involved in the sensing of numerous pathogenic bacteria. Nod1 detects
the Gram-negative Shigella flexneri (78), enteroinvasive Escherichia coli (56), Chlamydia
(55,58,72), Pseudomonas aeruginosa (57), Campylobacter jejuni (62), and Helicobacter
pylori (61,79). Although there is compelling evidence that Nod1 mediates bacterial sensing,
in vivo observations confirming the importance of Nod1 in host defense are less abundant.
While Nod1 senses Chlamydia in vitro, studies using vaginally infected mice revealed no in
vivo role for Nod1 (55). Similarly, evidence for a role of Nod1 in host defense against
enteric pathogens is lacking with the exception of H. pylori, a human pathogen involved in
the development of gastritis, duodenal ulcers, and stomach cancer. Mice deficient in Nod1
have greater bacterial loads after intragastric infection with H. pylori (79), which might be
explained, at least in part, by impaired expression of the antimicrobial peptide β-defensin 4
(61). Although H. pylori is a noninvasive bacterium, it activates Nod1 by injecting PGN
fragments into epithelial cells via a type IV secretion system (79). Consistently, mutant H.
pylori lacking the cag pathogenicity island that encodes the secretion apparatus are not
detected by Nod1 (79).

The mechanisms by which PGN fragments enter host cells to induce Nod1 and Nod2
activation are poorly understood. There is evidence that Nod1 agonists can enter the cytosol
of epithelial cells via pore-forming toxins produced by bacteria. For example,
Staphylococcus aureus, Bacillus anthrasis, and Streptococcus pneumonia secrete toxins that
mediate cytosolic sensing of Nod1 agonists (80). Neither S. pneumonia nor Haemophilus
influenza alone activates Nod1. However, when co-cultured with epithelial cells, the
pneumolysin of S. pneumonia promotes the cell uptake of iE-DAP-containing fragments
released by H. influenza, leading to Nod1 activation (80). In addition to the pathogen
secretion systems and pore-forming toxins described above, there is evidence that Nod1 or
Nod2 ligands produced by bacteria enter the cell via endocytosis and epithelial transporters.
It has been demonstrated that MDP is internalized by macrophages and localized to acidified
vesicles (81), suggesting that uptake of the Nod2 is mediated via endocytosis, although the
mechanism involved remains unclear. The transporter PepT1 selectively delivers MDP but
not iE-DAP to the cytosol (82), while the reverse is true for the recently described PepT2
transporter (83). Interestingly, PepT1 and PepT2 have different tissue-specific expression
patterns, which may lead to differential responses to extracellular Nod1 and Nod2 ligands
(84). The expression of PepT1 is largely confined to intestinal epithelial cells, so it is unclear
whether this transporter regulates MDP uptake in innate immunity cells such as monocytes
and macrophages where Nod2 is primarily expressed. Furthermore, a role for PepT1 and
PepT1 in MDP-induced signaling in vivo remains to be investigated.

Similar to Nod1, in vitro studies have identified a variety of pathogens that activate Nod2
including S. pneumonia (85), Mycobacterium tuberculosis (86), S. aureus (87), Salmonella
typhimurium (27), and S. flexneri (66). The in vivo relevance of Nod2 during host defense
has been clearly demonstrated using Nod2 null mice infected orally with Gram-positive L.
monocytogenes, which were more susceptible to infection, had increased bacterial load, and
exhibited diminished expression of certain antimicrobial α-defensin peptides relative to
wildtype controls (41). Similarly, Nod2-deficient mice exhibited a slight increase in the
susceptibility to oral infection with Yersinia pseudotuberculosis (88). Yet, there is no
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difference in cytokine responses of wildtype and Nod2-deficient macrophages to infection
with Y. pseudotuberculosis in vitro (44). Collectively, the results suggest that Nod1 and
Nod2 have a redundant role with TLRs in the recognition of bacteria and contribute to the
production of proinflammatory and anti-microbial molecules. Consistently, the function of
Nod1 and Nod2 appears to be important when TLR signaling is absent or reduced.

Nod1 and Nod2 crosstalk with the innate and adaptive immune system
Recognition of bacteria induces the activation of multiple PRRs including NLRs and TLRs.
There is evidence that Nod1 and Nod2 cooperate with TLRs in shaping the host response to
bacteria. This is not surprising given that Nod1, Nod2, and TLR signaling converge to
common pathways including NF-κB and MAPK activation. A reasonable purpose for having
multiple PRRs which induce overlapping signaling pathways is to increase the sensitivity for
pathogen detection and to potentiate the cellular response against invading bacteria.
Consistently, there is extensive evidence that Nod1 and Nod2 agonists synergize with TLR
ligands to produce proinflammatory cytokines and anti-microbial molecules (24,38,43,89).
In addition, Nod2 signaling promotes IFN-β production in response to the cytosolic presence
of L. monocytogenes or M. tuberculosis, although the mechanism involved is unclear (90).
The potentiation of the IFN-β response by Nod2 may serve to boost cytosolic recognition of
invasive bacteria. Thus, Nod1 or Nod2 signaling enhances both redundant TLR and non-
redundant signaling pathways.

Proinflammatory cytokines are critical for the elimination of bacterial pathogens from the
host. However, overproduction of these cytokines via stimulation of innate immune cells
with TLR ligands is harmful to the host and can lead to septic shock and multi-organ failure
(91,92). As a form of protection against these deleterious effects, exposure to LPS and other
TLR ligands induces a transient state of tolerance to subsequent TLR ligand challenge, thus
reducing the negative effects associated with excessive cytokine production. However, TLR
tolerization also increases the risk of succumbing to bacterial superinfection in patients
(93,94). Recent studies have revealed that macrophages and mice rendered tolerant to TLR
stimulation remain fully responsive to Nod1 and Nod2 agonists (44,45). In fact, there is a
heightened response to MDP in macrophages and mice pre-stimulated with TLR agonists
(44,45). The lack of cross-inhibition between TLR and Nod1/Nod2 signaling is consistent
with observations that TLR tolerization targets upstream components of the TLR pathway
that are not involved in Nod1/Nod2 signaling (95). In addition, MDP induces refractoriness
not only to a subsequent stimulation with MDP but also to iE-DAP stimulation (44). Some
studies did not find cross-tolerization between MDP and TLR2 in human monocytes or
TLR4 signaling in the production of IL-6 in human monocytes (96). In contrast, other
studies found cross-tolerization between MDP and LPS in human cells (96,97). The
discrepancy may be in part due to differences between mice and humans and/or in the
experimental systems. Further studies are needed to clarify the discrepancies observed
among the different studies.

The priming of immune responses mediated through Nod1 and Nod2 in TLR-tolerant
macrophages may serve to prepare the host against intracellular pathogens and to tailor the
immune response to harmful invasive bacteria. Consistently, mice deficient in Nod1 and
Nod2 are highly susceptible to systemic infection with Listeria when the animals are first
exposed to LPS or E. coli (45). A possible implication of these results is that cells that are
constantly exposed to microbial stimuli in vivo and are characterized by reduced TLR
signaling (e.g. intestinal tissue), can become re-sensitized if intracellular Nod1 and Nod2
signaling is triggered by the presence of invasive bacteria. Indeed, several studies have
shown that recognition of pathogenic bacteria in intestinal cells lacking TLRs relies on Nod1
(56,62,78). Together these results suggest that the intracellular sensors Nod1 and Nod2 play
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a critical role in host defense when TLR signaling is reduced such as in intestinal cells or
inhibited via tolerization.

MDP and iE-DAP derivatives have been known to act as adjuvants of antigen-specific IgG
production for over two decades (98). Analysis of stereoisomeric MDP analogs has revealed
a good correlation between Nod2 recognition and adjuvant activity, suggesting that the
adjuvant activity of MDP is mediated via Nod2 (87,99). Indeed, the ability of MDP to
induce ovalbumin (OVA)-specific IgG responses is abolished in mice deficient in Nod2
(41). The mechanism by which MDP exerts adjuvant activity is poorly understood, but it has
been suggested to be mediated, at least in part, through the expression of costimulatory
molecules in monocytes and dendritic cells which mediate differentiation of naive T cells
into effector T cells (100–102). In addition, MDP enhances the differentiation of CD4+ T
cells into T-helper 17 (Th17) cells (103). Recent studies have provided new insight into the
function of Nod1 in the activation of adaptive immunity. For example, Nod1 contributes to
adjuvant activity induced by complete Freud’s adjuvant, a crude extract from the cell wall of
Mycobacteria (104). Furthermore, it was shown that stimulation with Nod1 agonists was
sufficient to drive Th2-dependent antigen-specific adaptive immunity and to promote TLR-
mediated Th1, Th2, and Th17 cell responses (104). Intriguingly, Nod1 primes antigen-
specific immunity by acting on radiation-resistant non-hematopoietic cells (104), although
the mechanism involved remains unknown. Together these studies provide evidence for an
instructive role for Nod1 and Nod2 signaling in dictating the adaptive immune response.

Association of Nod1 and Nod2 with disease
There is mounting evidence that deregulation of Nod1 and Nod2 signaling causes or
contributes to a variety of human diseases. 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 and particularly of the distal
ileum. Although multiple variants of Nod2 have been found be linked to CD, three of them
(R702W, G908R, and L1007insC) involving amino acid residues near or within the LRRs of
Nod2 are relatively common (105,106). Individuals homozygous or compound heterozygous
for the common Nod2 mutations have about 20-fold increased risk for disease development,
whereas heterozygous subjects have only about twofold increase risk (107). Biochemical
and functional studies revealed that the human CD-associated Nod2 variants exhibit reduced
or loss of ability to activate NF-κB in response to MDP, but they maintain a normal response
to LPS stimulation (99,108). Furthermore, monocytes isolated from CD patients or healthy
individuals homozygous or compound heterozygous for the common Nod2 mutations have
been reported to exhibit diminished secretion of inflammatory cytokines including TNFα,
IL-6, IL-10, and IL-1β after MDP stimulation (105,109). The selective impairment in MDP
recognition exhibited by the CD-associated Nod2 mutations suggests that they result in a
loss-of-function phenotype (109–112). The latter is consistent the observation that that
homozygosity for the common Nod2 mutations is required for susceptibility to CD (107).

The mechanism by which Nod2 mutations contributes to CD remains poorly understood.
Several hypotheses have been proposed to explain the role of Nod2 mutations in the
pathogenesis of CD. The first hypothesis argues that Nod2 mutations confer an
immunodeficiency state in phagocytic cells and/or the intestinal epithelium that promotes
bacterial invasion or impairs the clearance of bacteria. In support of this notion, monocytes
harboring mutant Nod2 exhibit impaired microbial sensing and production of anti-microbial
molecules which are known to impact on microbial elimination by the host (109,110,112).
Furthermore, there is increased susceptibility to oral administration of Listeria in Nod2-
deficient mice (41). In addition, Nod2 is highly expressed in Paneth cells, which are
specialized epithelial cells located at the base of the crypts of the small intestine. Notably,
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Nod2-deficient mice and CD patients harboring mutant Nod2 have reduced expression of α–
defensins, a class of antimicrobial peptides produced by Paneth cells (25,111,113).
However, it is unclear whether reduced expression of α– defensins is a pathogenic event or
merely reflects Paneth cells loss due to damaged epithelium (114). The notion that loss-of-
function Nod2 mutations results in increased inflammation appears at first glance
counterintuitive, but it is not surprising because bacteria are recognized by multiple
proinflammatory pathways. For example, mutant mice deficient in TLR2 or TLR4 exhibit
increased inflammatory responses after challenge with pathogenic bacteria (115,116).
Similarly, loss of NEMO, a protein critical for NF-κB activation via multiple
proinflammatory pathways, leads to spontaneous colitis presumably triggered by the
presence of commensal bacteria in the lamina propria (117). Thus, Nod2 deficiency may
lead to increased bacterial invasion and/or impaired clearance of bacteria driving
deregulated inflammation at intestinal sites.

The second hypothesis suggests that Nod2 functions as a negative regulator of TLR-
mediated signaling, and loss-of-function Nod2 mutations result in dysregulated TLR
signaling and increased inflammation. Consistent with this model, IL-12 production induced
by TLR agonists was increased in macrophages and dendritic cells deficient in Nod2 (118–
120). In this model, lamina propria phagocytic cells are normally exposed to commensal
products including TLR ligands, and Nod2 acts as a brake to dampen immune responses, a
function which is lost in patients expressing mutant Nod2. The deregulated TLR-mediated
responses will result in high IL-12 levels and create an environment conducive to
pathological Th1 responses in the intestine. However, several studies have not found
increased production of cytokines including IL-12 in Nod2-deficient macrophages or human
dendritic cells harboring mutant Nod2 after stimulation with TLR agonists
(42,44,45,103,121–123). Finally, macrophages from knockin mice generated to express the
disease-associated L1007insC Nod2 variant exhibit increased NF-κB activation and IL-1β
secretion when stimulated with MDP (124), suggesting that this common mutation acts as a
gain-of-function mutation in this model. However, unlike this knockin Nod2 mouse model,
monocytes from patients or healthy individuals homozygous for the L1007insC mutation
display a marked defect in NF-κB activation and IL-1β production in response to MDP
(109,110,112). Thus, further studies are needed to reconcile these conflicting observations
and to understand the link between Nod2 and CD.

Several missense mutations resulting in single amino acid substitutions within the NOD
domain of Nod2 cause Blau syndrome (125) and early-onset sarcoidosis (126), two
autosomal dominant disorders characterized by early-onset granulomatous inflammation
involving the skin, eyes, and joints. In contrast to CD, the Nod2 mutations associated with
these diseases exhibit constitutive NF-κB activation and enhanced response to MDP
(125,126), which is consistent with the dominant mode of inheritance of these disorders.

Several Nod1 polymorphisms have been identified that are associated with increased risk of
developing atopic eczema and asthma as well as with increased levels of serum IgE in
several human populations (127,128). The mechanism by which Nod1 variants increase the
susceptibility to these allergic diseases is unknown, but it might be explained through the
interaction of the host with the microbial environment during childhood, which is known to
protect against the development of disease (129,130). Consistently, Nod1 gene
polymorphisms have been reported to significantly modify the protective effect against
allergic disease afforded by exposure to a farming environment (131). Thus, it is possible
that stimulation by bacterial products via Nod1 in the skin and mucosal surfaces might
regulate directly or indirectly Th2 polarization and IgE levels as well as susceptibility to
allergic disease.
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The inflammasome
Caspases are a family of intracellular cysteine proteases that cleave a limited number of
substrates after an aspartic acid residue in the P1 position of the scissile bond. Human
caspases can be divided into two different groups based on their biological function: the
proinflammatory caspases, caspase-1, caspase-4, caspase-5, caspase-11, and caspase-12, and
the pro-apoptotic caspases that include caspase-2, caspase-3, caspase-7, caspase-8,
caspase-9, and caspase-10 (132). Caspase-1 was the first caspase to be identified and is
present in the cytosol of phagocytic cells as an inactive zymogen (133,134). Upon
stimulation by a variety of microbial and endogenous signals, the dormant pro-caspase-1
molecule is self-activated by proteolytic cleavage into the enzymatically active heterodimer
composed of a 10 and a 20 kDa chain (135,136) (Fig. 2). There is conclusive evidence now
implicating NLR family members including NLRP1, NLRP3, and NLRP4 as critical factors
in the activation of caspase-1 in response to proinflammatory stimuli (137,138). The
activation of caspase-1 is essential for the processing of pro-IL-1β and pro-IL-18 and
secretion of their mature biologically active forms (139–141). A critical step in the
activation of caspase-1 is the assembly of a large protein complex that includes NLR
proteins, the adapter ASC (apoptosis-associated speck-like protein containing a C-terminal
CARD) and pro-caspase-1 (142,143) (Fig. 3). This molecular platform has been termed the
inflammasome as an analogy to the apoptosome, the protein platform that directs the
activation of the caspase-9 during apoptosis (18,19). The regulation of the inflammasome
formation is poorly understood, although it is thought that it is mediated, at least in part,
through homophilic CARD-CARD and PYD-PYD domain interactions between NLRs,
ASC, and pro-caspase-1. Inflammasome assembly and initial characterization was originally
described in cell extracts using low K+ buffer, but whether NLR-specific inflammasome
formation occurs in intact cells under physiological conditions such as bacterial infection
remains unknown (144). In this review, we discuss recent literature on the major
inflammasomes described, the Nlrp3-inflammasome, the Nlrc4-inflammasome, and the
Nlrp1-inflammasome.

Genetic studies using macrophages from mutant mice deficient in single NLR genes have
shown Nlrc4, Nlrp3, and Nlrp1b are required for caspase-1 activation and IL-1β secretion in
response to specific microbial stimuli. Phagocytes including monocytes and macrophages
express little or no pro-IL-1β, and induction of this cytokine is mediated through
transcriptional activation of the IL-1β gene in response to microbial stimulation via TLRs
and NOD2, but independently of the inflammasome. Thus, IL-1β secretion requires two
steps, namely pro-IL-1β induction and pro-IL-1β processing, which are independently
regulated by separate classes of PRRs and intracellular pathways (Fig. 2). Nlrc4, Nlrp3, and
Nlrp1b are thought to induce caspase-1 activation in a manner similar to the activation of
caspase-9 mediated by Apaf-1. Nlrc4 is composed of an N-terminal CARD domain, a NOD
domain and a C-terminal LRR domain while Nalp3 contains an N-terminal Pyrin domain,
followed by a NOD domain and LRRs. Human NLRP1 is composed of Pyrin, NOD, LRR,
FIIND, and CARD domains (Fig. 3). Biochemical data indicate that Nlrc4 can directly bind
caspase-1 through a homotypic CARD-CARD interaction (145). In humans, NLRP3 and
NLRP1 associate with caspase-1 through the adapter molecule ASC (144,146–148). In
contrast, Nlrc4 is thought to directly interact with caspase-1 via CARD-CARD interactions,
and therefore, it will be predicted that the adapter ASC is not required for the activation of
caspase-1 through the Nlrc4 inflammasome. However, genetic studies have revealed that
ASC is also required for Nlrc4-dependent caspase-1 activation. For example, activation of
caspase-1 induced by microbial stimuli known to involve Nlrc4, such as cytosolic flagellin
(149,150) or infection with Salmonella (151), Shigella (152), Pseudomonas (153,154), or
Legionella (155) is impaired in ASC-deficient macrophages. Notably, both Nlrc4 and ASC
are required for caspase-1 activation and the production of IL-1β in response to infection
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with Salmonella and Pseudomonas. Yet, while Nlrc4 and caspase-1 are required for early
induction of cell death, the presence of ASC is dispensable. Thus, ASC does not act
exclusively as an adapter for the activation of caspase-1 but also contributes to cell survival.
In agreement with this, ASC has been linked to NF-κB activation, although the mechanism
involved remains poorly understood (156).

Nlrc4 inflammasome
Initial experiments showed that Nlrc4 mediates caspase-1 activation in macrophages
infected with Salmonella (151). Recent studies indicate that a single microbial molecule,
flagellin, is required to induce Nlrc4 mediated caspase-1 activation and that Salmonella
mutants lacking flagellin or expressing point mutations in flagellin are impaired in their
ability to induce caspase-1 activation (149,150). The observation that cytosolic delivery of
purified flagellin, but not other PAMPS, activates caspase-1 in an Nlrc4-dependent manner
(149,157,158) suggests that the presence of flagellin in the cytosol is sufficient to drive the
Nlcc4 inflammasome. In contrast, stimulation with extracellular flagellin is unable to induce
the activation of caspase-1 (149,150). The role of flagellin in promoting Nlrc4-dependent
caspase-1 activation was later confirmed with other bacteria including Legionella
pneumophila (157) and P. aeruginosa (153,154,159). Importantly, cytosolic flagellin or
infection with Salmonella (149), Legionella (157), or Pseudomonas (154), induces a
comparable activation of caspase-1 in TLR5 and TLR5-deficient macrophages. Collectively,
these results indicate the recognition of flagellin is independent of TLR5, the TLR
responsible for the detection of extracellular flagellin. In the case of Legionella, but not
Salmonella or Pseudomonas, Nlrc4 activation is mediated by Naip5 that contributes to the
recognition of the C-terminal portion of flagellin (160). The mechanism by which both
Nlrc4 and Naip5 contribute to caspase-1 activation in response to Legionella infection
remains unclear, but it has been suggested that Nlrc4 and Naip5 physically interact to
regulate caspase-1 activation (160). Nlrc4 also plays a crucial role in the activation of
caspase-1 induced by certain aflagellated bacteria, such as Shigella, suggesting that at least
another unknown microbial molecule can induce the activation of Nlrc4 (152). The
recognition of multiple PAMPs by the same PRR is not surprising because there is evidence
that single TLRs are capable of recognizing different PAMPs. For example, TLR2 can
recognize bacterial lipoprotein, lipoteichoic acid, and certain forms of LPS (7). Recently,
Sutterwala et al. (161) reported that Pseudomonas may also activate caspase-1 through a
Nlrc4-dependent, but flagellin-independent, pathway. Consistently, we also found the
existence of a minor pathway that leads to caspase-1 activation in the absence of Nlrc4 and
flagellin in macrophages infected with Pseudomonas (L.F., unpublished observations). The
activation of caspase-1 by pathogenic bacteria requires a functional bacterial secretion
systems [type III in Salmonella (149), Shigella (152), and Pseudomonas (154), versus type
IV in Legionella (157)]. Bacterial secretion systems are molecular machines used by
bacteria to deliver effectors proteins inside the host cell which manipulate cellular behavior
and subvert host defense mechanisms. In the case of Salmonella, the type III secretion
system promotes the translocation of flagellin into the cytosol of host cells (162). These
results suggest that during infection small amounts of flagellin are leaked through the
secretion bacterial system into the host cytosol to induce Nlrc4-dependent caspase-1
activation.

One interesting characteristic of the Nlrc4 inflammasome is that it remains active in
macrophages tolerant to TLR stimulation. Macrophages exposed to TLR ligands become
hyporesponsive to subsequent stimulation with the same or different TLR ligands. This
phenomenon, which has been called TLR tolerization, may provide a mechanism to avoid an
excessive inflammatory response. When TLR-tolerant macrophages are infected with
Salmonella, the activation of caspase-1 is comparable to that obtained in non-tolerized
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macrophages (149). Furthermore, the production of IL-1β in TLR-tolerant macrophages is
about 10 times higher than in naive macrophages stimulated with Salmonella, presumably
due to the increased levels of pro-IL-1β expressed in the TLR-stimulated cell. Although the
physiological relevance of the latter findings remains unclear, IL-1β production in tolerized
cells may be important in tissues such as the intestine which are normally exposed to
commensal bacteria and hyporesponsive to TLRs. The necessity to constrain the
inflammatory response in the gut is suggested by the observation that mice with genetic
defects that prevent TLR-induced tolerization develop an exaggerated inflammatory
response when infected with Salmonella (163). Therefore, it will be important to determine
the role of the inflammasome after bacterial infection in the intestinal tract and other tissues
that are normally exposed to commensal bacteria.

NLRP1 inflammasome
PYR domain-containing NLRP proteins are the largest class of NLRs. NLRP1 was the first
member of this subfamily to be identified. In humans, a single NLRP1 gene exists encoding
an N-terminal PYR domain, a centrally located NOD domain followed by several LRRs, a
FIIND domain, and a C-terminal CARD domain. In mice, three paralogs (Nlrp1a, Nlrp1b,
and Nlrp1c) located in tandem in the same chromosomal region have been described, all of
which lack the Pyrin and FIIND domains. Human NLRP1 is expressed in a wide variety of
tissues but particularly in the thymus and spleen consistent with a functional role in the
immune system (164). The importance of NLRP1 is underscored by the finding that a locus
containing NLRP1 is responsible for familial vitiligo, a chronic skin disorder characterized
by a loss of pigmentation and association with a variety of autoimmune and
autoinflammatory conditions such as hypothyroidism and rheumatoid arthritis (165).
However, the mechanism by which NLRP1 regulates disease susceptibility remains obscure.

The NLRP1 inflammasome was initially characterized in cell extracts and found to contain
NLRP1, caspase-1, caspase-5, and ASC (144). Biochemical reconstitution experiments with
purified components revealed that in the presence of MDP and ATP, NLRP1 oligomerizes
forming a multi-protein complex that induces caspase-1 activation (166). The authors
suggested a model in which caspase-1 activation involves a two-step mechanism, whereby
microbial MDP induces a conformational change in NLRP1, which in turn allows it to bind
nucleotide and oligomerize, thus creating a platform for caspase activation. Intriguingly, the
adapter molecule ASC was not required for caspase-1 activation, but its presence did
enhance NLRP1-mediated caspase-1 activation in vitro (166). These studies suggest that
MDP activates the NLRP1 inflammasome, although direct binding of MDP to NLRP1 was
not demonstrated. The physiological role of NLRP1 as a cytosolic sensor of MDP is
controversial, as other NLRs, namely NLRP3 (81,143) and Nod2 (32), have also been
implicated in MDP-induced caspase-1 activation. Clearly, more studies using genetic and
biochemical approaches are required to address the role of NLRP1 in MDP-induced
caspase-1 activation and its relation to NLRP3 and Nod2.

There is compelling evidence that the mouse Nlrp1b inflammasome is activated in response
to B. anthracis. The pathogenicity of B. anthracis is largely mediated by lethal toxin (LT), a
dimeric complex consisting of protective antigen (PA), a pore forming toxin, and lethal
factor, a protease that is delivered by the PA into the cytosol of infected cells (167). Genetic
studies of mouse strains with different susceptibility to LT-induced death identified a single
dominant locus designated Ltxs1 (168). Boyden and Dietrich (169) went on to identify
mutations in the Nlrp1b gene as the key determinant of LT susceptibility in mice. Functional
studies revealed that inhibition of Nlrp1b rendered LT-sensitive macrophages resistant.
Furthermore, LT-induced toxicity was restored in macrophages by expressing the
susceptible Nlrp1b allele in a LT-resistant background (169). Importantly, LT induces

Franchi et al. Page 11

Immunol Rev. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



caspase-1 only in macrophages expressing the LT-sensitive Nlrp1b allele and macrophages
lacking caspase-1 are protected from LT-induced death, even in the presence of a sensitive
Nlrp1b allele (169). These studies establish LT as a critical microbial activator of the Nlrp1b
inflammasome. However, further studies are needed to understand the mechanism by which
LT activates caspase-1 through Nlrp1b.

NLRP3 inflammasome
Initial studies revealed that the NLRP3 forms an inflammasome with ASC, Cardinal, and
caspase-1 in human cells (144). NLRP3 senses multiple PAMPs including LPS, MDP,
bacterial and viral RNA, the double-stranded RNA analog polyinosinic-polycytidylic acid
(polyI:C) (170–173) as well as the imidazoquinoline antiviral compounds R837 and R848
(170). In addition, NLRP3 has been implicated in the activation of caspase-1 in response to
non-microbial signals including uric acid crystals and particulate matter such as asbestos and
silica (174–176). Collectively, it has been proposed that activation of the NLRP3
inflammasome requires two separate signals (Fig. 2). The first is provided by a microbial
molecule such as LPS or MDP. The second signal is induced by extracellular ATP or pore-
forming molecules such as shellfish maitotoxin or bacterial toxins.

Significant insight into the mechanism by which NLRP3 recognizes various microbial
molecules came from the observation that the addition of ATP to macrophages pre-
stimulated with bacterial PAMPs such as LPS can significantly potentiate caspase-1
activation and IL-1β production (177). Whereas human and mouse macrophages require
ATP stimulation to produce large amounts of IL-1β, human monocytes secrete robust levels
of IL-1β in the absence of ATP (178,179). Recently, Rubartelli and coworkers (180)
reported that human monocytes stimulated with a variety of microbial ligands release ATP
that acts in an autocrine fashion to promote the activation of caspase-1 and the release of
IL-1β. The autocrine activity of ATP was also previously described in microglial cells (181)
stimulated with microbial ligands and may explain the different sensitivity between
monocytes and macrophages. A physiological role for ATP in NLRP3 activation remains
controversial, since high concentrations of ATP, which are not normally found in the
extracellular milieu, are typically required for enhanced IL-1β production. Extracellular
ATP activates the purinergic ATP-gated P2X7 receptor, which actsas a non-desensitizing
cation channel to rapidly induce a completecollapse of normal ionic gradients (182). An
essential role forK+ efflux in the activation of caspase-1 has been suggested by the
observation that pro-IL-1β processing can also be induced by stimuli such as nigericine, a
bacterial derived molecule, that also cause a rapid lowering of cytoplasmic K+ (183).
However, it is possible that the concentration of K+ itself may not regulate caspase-1
activation since ATP stimulation via the P2X7 receptor is also associated with other ionic
fluxes or cellular events that may be what is critically involved in the activation of the
NLRP3 inflammasome (184,185). Moreover, in the absence of PAMP pre-stimulation, ATP
does not activate caspase-1, even though it can trigger potent efflux of intracellular K+

(186). Extracellular ATP also results in the opening of a pore mediated by the hemi-channel
protein Pannexin-1 (158,187,188). Recent studies suggest that P2X7 receptor activation by
ATP mediates the entry of microbial products into the cytosol through the Pannexin-1 pore
and subsequent activation of NLRP3 and caspase-1. Consistently, addition of ATP induces
NLRP3-dependent but TLR and RICK-independent caspase-1 activation in response to
several bacterial products and heat-killed bacteria (158). Moreover, the requirement for ATP
can be bypassed by cytosolic delivery of microbial molecules with pore-forming bacterial
toxins or through the lipophilic DOTAP delivery system (158). Furthermore, there is
evidence that microbial ligands contribute to the activation of the NLRP3 inflammasome in
a TLR-independent manner. This is best exemplified by the activation of the NLRP3
inflammasome induced by MDP (81) and other microbial ligands (158). MDP induces the
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activation of NF-κB and MAPKs through Nod2 in a TLR-independent fashion. A
consequence of Nod2-dependent gene transcription is the increase in the level of pro-IL-1β.
Pro-IL-1β is not, however, cleaved or secreted unless the cells are also stimulated with ATP.
ATP induces the translocation of MDP to the cytosol and the activation of caspase-1.
Remarkably, MDP-induced caspase-1 activation is Nlrp3 dependent but Nod2 independent
(81). The different contribution of Nod2 in the upregulation of proIL-1β and Nlrp3 in the
activation of caspase-1 explains why both pathways are required for the production of
mature IL-1β (81). The role of Nod2 in caspase-1 activation remains however controversial,
in that a recent report concluded that Nod2 was involved in caspase-1 activation in response
to MDP and that the absence of Nod2 prevented B. anthracis-induced IL-1β secretion (32).

Several hypotheses have been proposed to explain the role of signal 1, namely microbial
molecules, and signal 2, which is provided by extracellular ATP, membrane-damaging
molecules, or pore-forming toxins in the activation of the NLRP3 inflammasome. According
to one theory, the second signal promotes the translocation of microbial molecules into the
host cytosol where they are sensed directly or indirectly by NLRP3 (158,170,189). An
argument in favor of this hypothesis is that, in the absence of microbial ligands, cell
damaging signals such as exogenous ATP do not activate the NLRP3 inflammasome
(172,173). Furthermore, inhibition of the endogenous Pannexin-1 pore which is open
downstream of the P2X7 receptor suppresses microbial-induced inflammasome activation
(158,187,188). A second theory suggests that the inflammasome is kept in an inactive state
by high levels of intracellular K+. Two main arguments sustain this hypothesis. First,
molecules like nigericine, a K+ ionophore, that reduces the concentration of intracellular K+

promotes caspase-1 activation in the absence of ATP stimulation (183). Second, all stimuli
that are known to activate the NLRP3 fail to do so if the cells are incubated with buffers rich
in K+, which prevents the decrease in intracellular K+ concentrations induced by ATP
stimulation or damage of cellular integrity (186,190,191). However, high extracellular K+

concentrations may alter multiple cellular processes, and therefore, the latter experiments
must be interpreted with caution. It must also be mentioned that not all bacterial pathogens
that invade the cytosol activate NLRP3 since Salmonella, Franciscella, and Listeria, which
are capable of delivering bacterial products into the cytosol through type III secretion
systems or pore-forming molecules without ATP stimulation activate caspase-1
independently of NLRP3 (158,189). Thus, activation of the NLRP3 inflammasome appears
linked to specific PAMPs, P2X7 receptor activation, and Pannexin-1-dependent pore
formation.

There is also evidence that TLRs can modulate the activation of the NLRP3 inflammasome.
For example, stimulation of macrophages with TLR agonists not only induces the
upregulation of pro-IL-1β but can also potentiate, through a still poorly characterized
pathway, the activation of caspase-1 (177). This pathway may be important in patients with
familial cold autoinflammatory syndrome, chronic infantile neurologic cutaneous articular
syndrome, and Muckle-Wells syndrome, diseases caused by gain-of-function mutations in
NLRP3. In normal individuals, stimulation of monocytes with LPS induces the activation of
caspase-1 and the production of IL-1β, and this can be increased by stimulation with
exogenous ATP. Monocytes from patients who harbor a NALP3 mutation exhibit
spontaneous activation of caspase-1 and IL-1β production that can be further increased by
LPS stimulation but not ATP (192). Remarkably, these patients show a dramatic
improvement in their symptoms when treated with anakinra, a recombinant version of
IL-1Rα, an antagonist of IL-1 signaling, thus establishing a cause-effect relationship
between IL-1β production induced by NLRP3 mutations and the development of disease
(193,194).
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Activation of the NLRP3 inflammasome by uric acid, silica, asbestos, and
aluminum hydroxide

Elegant work by Rock and coworkers (195) demonstrated that necrotic cells induce the
activation of the adaptive immune system through uric acid. More recently, Tschopp and
coworkers (196) showed that the activation of caspase-1 in response to uric acid requires
Nlrp3. The capacity of uric acid crystals to activate the Nlrp3 inflammasome is not unique,
as other crystals such as calcium pyrophosphate dehydrate (CPPD), silica, and asbestos
particles also activate the Nlrp3 inflammasome (196). Further analysis suggests that the
activation of caspase-1 induced by uric acid and CPPD requires low cytosolic K+

concentrations (190). The mechanisms by which silica and asbestos trigger activation of the
Nlrp3 inflammasome remain unclear. It has been reported that activation of the Nlrp3
inflammasome induced by both silica and asbestos particles is inhibited by interfering with
the production of reactive oxygen species (174). There is also evidence that silica crystals
can be internalized into phagosomes by macrophages and cause lysosomal destabilization to
trigger caspase-1 activation (176). The latter study found that inhibition of either
phagosomal acidification or cathepsin B activity but not reactive oxygen species suppresses
silica-induced caspase-1 activation (176). It must be mentioned that pre-stimulation with
LPS (or another microbial ligand) is needed to observe caspase-1 activation in response to
uric acid crystals, asbestos, and silica, which suggests that these molecules may activate the
inflammasome, at least in part, by promoting PAMP internalization or some other microbial-
induced activity required for caspase-1 activation. Importantly, as uric acid and CPPD are
the etiologic factors responsible for the debilitating human conditions gout and pseudogout,
it is tantalizing to speculate that their induced pathology may be the result of deregulated
IL-1β production. Consistently, IL-1R signaling in non-myeloid cells appears to be required
for the proinflammatory effect of uric acid in a mouse model of peritonitis (197). Indeed,
preliminary results suggest that patients with gouty attacks improved their clinical
conditions when IL-1R signaling is antagonized by IL-1Rα (198).

Aluminiun hydroxide (Alum) is the most widely used adjuvant in human vaccines and has
recently been shown to promote the secretion of IL-1β in macrophages and dendritic cells.
Several groups have shown that Alum acts like a danger signal inducing the activation of
caspase-1 in cells stimulated with microbial ligands such as LPS, and this effect is
independent of the P2X7 receptor (199). Interestingly the Nlrp3 inflammasome has been
shown to participate in the innate and adaptive immune responses induced by Alum (200–
203). For example, using an asthma model, Eisenbarth et al. (201) showed a reduction in the
production of immunoglobulin G1 (IgG1) in Nlrp3-deficient mice. Consistently, Li et al.
(202) showed a reduction in Alum-mediated IgG1 antibody-specific responses in Nlrp3 null
mice. In contrast, we and others (200,203) did not observe a reduction in antigen-specific
IgG antibodies titers following intraperitoneal immunization. These results are difficult to
reconcile, but it is possible that the importance of Nlrp3 in the activation of the adaptive
immune response depends on the route of administration, the dose of antigen, the Alum
formulation, and/or the assay used to measure the adaptive immune response. Collectively,
these results indicate that Nlrp3 is not absolutely essential, but it can influence adaptive
immune responses. As the production of antibodies induced by Alum is independent of
TLRs, IL-1R, and IL-18R signaling (204), a major challenge for future studies will be the
elucidation of the pathway(s) through which Alum induces an adaptive immune response
and adjuvant activity.

Bacterial Toxins
Several lines of evidence indicate that the activation of the inflammasome induced by
extracellular microbial ligands or extracellular bacteria is inefficient unless the cell receives
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a second stimulus, that may be induced via ATP, membrane-damaging molecules, or certain
bacterial pore-forming toxins (205). Several bacterial pore-forming or membrane-damaging
toxins have been reported to induce the activation of the Nlrp3 inflammasome including
streptolysin O from Streptococcus pyrogens (158), maitotoxin from Gambierdiscus toxicus
(173), nigericin from Streptomices hydroscopicus (173), valinomycin from Streptomices sp
(206), and aerolysin from Aeromonas hydrophila (206). These microbial molecules can
induce membrane damage or mediate pore-formation in a manner reminiscent to that
induced by ATP stimulation of the purinergic P2X7 receptor. Thus, they may contribute to
the activation of the Nlrp3 inflammasome through multiple mechanisms including via the
production of reactive oxygen species (175,207), ionic imbalances (208,209), and
phagosomal destabilization (176). Alternatively, as proposed by Kanneganti et al. (158),
these toxins may promote the passage of microbial molecules into the cytosol. It is
interesting to note that in the presence of microbial ligands, the stimulation with maitotoxin
and nigericin induces the activation of caspase-1 in a Pannexin-1-dependent manner (187).
So, it is possible that danger signals and pore-forming bacterial molecules converge at the
level of Pannexin-1 to mediate caspase-1 activation via the Nlrp3 inflammasome.

Another pore-forming toxin that has been implicated in the activation of the inflammasome
is listerolysin O (LLO) from L. monocytogenes, an intracellular bacterium. LLO is a pore-
forming toxin that allows the bacteria to escape from the vacuole into the cytosol. Initial
experiments showed that Listeria-induced caspase-1 activation was independent of TLR2
but requires bacterial LLO and the host adapter ASC (210). Subsequently, Mariathasan et al.
(173)showed that the Nlrp3 inflammasome played an essential role in Listeria-induced
caspase-1 activation. Later studies, however, could not confirm the essential role of Nlrp3 in
Listeria-induced caspase-1 activation (186,211). One possible explanation is that the
activation of caspase-1 induced by Listeria is mediated through two or more NLRs and that
some experimental conditions may favor the recognition by Nlrp3 (186,211). As mice
deficient in caspase-1 (212) and ASC (210) showed increased susceptibility to Listeria
infection, the contribution of the Nlrp3 inflammasome awaits further in vivo studies that
compare mice null in Nlrp3 with mice deficient in ASC or caspase-1.

The inflammasome induces pyroptosis and regulates autophagy
Cell death is conventionally categorized as apoptosis and necrosis, although experimental
evidence suggest that these two distinct cell death processes represent two extremes of a
continuous spectrum of cellular demise. Apoptosis is an evolutionary conserved form of
programmed cell death that plays a crucial role in tissue development and homeostasis. This
form of cell death is generally not associated with the generation of the inflammatory
response, and there is evidence that the engulfment of apoptotic cells by macrophages may
actually elicit an anti-inflammatory response. Proapoptotic caspases play a crucial role in
this highly regulated form of cell death that is characterized by the organized dismantling of
the cell. In contrast, necrosis, which results from the exposure of cells to a wide variety of
toxic insults, is characterized by distortion and rupture of the plasma membrane and
organelles. There is mounting evidence that NLRs regulate cell death induced by microbial
pathogens. For example, caspase-1 plays an essential role in the induction a specialized form
of cell death called pyroptosis that is triggered by infection of macrophages with multiple
intracellular bacterial pathogens. Pyroptosis is typically associated with rapid disruption of
cell membrane integrity and the maturation of pro-IL-1β (213,214). Caspase-1 is essential
for the early induction of cell death, membrane swelling, and IL-1β production in
macrophages infected with Salmonella (149,215), Pseudomonas (154), Shigella (152),
Listeria (216), Legionella (155), or when macrophages are stimulated with anthrax LT (217)
or with ATP (218,219). In the presence of microbial ligands, some toxins such as nigericin
(220) and maitotoxin also appear to induce pyroptosis (187). Analysis of macrophages
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deficient in Nlrc4 revealed that this NLR is required for the induction of pyroptosis triggered
by infection of macrophages with Salmonella and Shigella (149,150,152), which is
consistent with its critical role in caspase-1 activation. Intriguingly, ASC, which is also
important for caspase-1 activation, was dispensable for pyroptosis (152). It is important to
mention that Salmonella or Shigella-induced cell death is only delayed in the absence of
Nlrc4 or caspase-1, implicating that cell death induced by these intracellular pathogens
involves alternate cell death mechanisms. Consistently, infection of macrophages with
Shigella at high bacteria-macrophage ratios induces necrosis, and this process was shown to
be independent of caspase-1 but reliant on Nlrp3 and ASC (221). The biological function of
pyroptosis during the bacterial infection in vivo remains poorly understood. It is possible
that pyroptosis by means of its rapid kinetics prevents the onset of other cell death pathways,
which implies that pyroptosis may actually prevent the anti-inflammatory consequences of
apoptotic cell death (222). However, it remains to be established whether pyroptosis plays a
role in host defense independent of the production of IL-1β and IL-18.

Autophagy is an intracellular degradation process that allows the cell to recycle their own
cytoplasmic constituents by delivering them to the lysosomes for degradation. Microbial
ligands are known activators of signaling pathways that increase autophagy (223,224).
Importantly, there is mounting evidence that autophagy contributes to the elimination of
microbial pathogens by promoting their degradation in lysosomes (225,226). However the
role of autophagy in host-pathogen interaction is complex, in that pathogens can produce
virulence factors that actively inhibit autophagy or can subvert the autophagic machinery to
create vacuolar compartment where the bacteria can reside and eventually replicate
(225,226). Recent studies suggest that caspase-1 is a negative regulator of the autophagic
response induced by Shigella (152). In macrophages, Shigella is detected by Nlrc4, in a
flagellin-independent manner, which in turn induces caspase-1 activation. Caspase-1 not
only promotes pyroptosis but also inhibits autophagy. The induction of autophagy was
independent of VirG, a virulence factor known to induce autophagy in epithelial cells.
Notably, the negative regulation of autophagy mediated by Nlrc4 and caspase-1 was
dependent on microbial invasion (152). Given the protective role of caspase-1 and IL-1β in a
mouse model of Shigella infection, it appears plausible that the inhibition of autophagy is
used by the host to select the most appropriate host-defense mechanism to fight Shigella.
Clearly, more studies are needed to understand the link between the inflammasome and
autophagy during bacterial infection.

Role of the inflammasome in host defense
Experiments using caspase-1-deficient mice have revealed a role for this caspase in
inflammation, innate immunity, and host defense (2). During infection with small number of
bacteria, there is evidence that caspase-1 plays a protective role against intracellular bacteria
including Salmonella (227,228), Shigella (229) Listeria (212), Legionella (155,157), and
Francisella (230). As the deficiency of single NLRs do not recapitulate the phenotype
observed in caspase-1-deficient mice, these results suggest there is redundancy between
NLRs in the recognition of bacteria in vivo. Alternatively, it is possible that caspase-1
mediates activities independent of NLRs in the animal. In contrast to the protective role
observed with infection with low number of bacteria, the caspase-1 dependent production of
cytokines is detrimental in models of septic shock (231).

Professional phagocytes engulf and destroy bacterial pathogens by phagocytosis. The
phagocytic process is essential for the elimination of both intracellular and extracellular
bacteria. To survive, intracellular bacteria must avoid phagosome maturation to prevent
degradation of the pathogen in lysosomes. Bacteria use different strategies to accomplish
this. For example, Salmonella and Legionella halt the maturation of the phagosome, M.
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tuberculosis prevents the acidification of the phagosome, while Shigella and Listeria escape
from the phagosome into the cytosol (232). Recent evidence indicates that microbial ligands
can also directly modulate phagocytosis in macrophages and dendritic cells through TLR
signaling pathways (233,234). There is evidence that recognition of cytosolic flagellin via
NLRs plays a crucial role in promoting the fusion of late endosomes with lysosomes and in
restricting bacterial replication (157). In the absence of flagellin, Nlrc4, or caspase-1,
Legionella can establish a vacuolar replicative niche known as the Legionella-containing
vacuole. The recognition of flagellin through the Naip5 and Nlrc4 inflammasome is critical
for phagosome maturation and restriction of Legionella replication inside macrophages
(157). Importantly, mice deficient in Nlrc4 exhibit an increased bacterial burden after
pulmonary infection with Legionella (157). The mechanism by which the inflammasome
controls phagosome maturation remains unknown.

Concluding remarks
There is now compelling evidence that NLRs are involved in the recognition of conserved
microbial components as well non-microbial signals including uric acid crystals and silica.
NLR signaling results in the activation of NF-κB, MAPK, and caspase-1 that result in the
induction of proinflammatory cytokines, chemokines, and anti-microbial molecules. The
intracellular location of NLRs suggests that these PRRs are involved in the recognition of
PAMPs derived from bacteria that directly invade the cell or enter the cell through
phagocytosis, bacterial secretion systems, pore-forming toxins, or host-derived pores such as
Pannexin-1. NLR signaling cooperates with TLR signaling in the production of cytokines in
response to bacterial infection. Finally, deregulated NLR signaling caused by either gain-of-
function or loss-of-function mutations result in human disease. Future studies need to
address the mechanistic aspects of microbial recognition through NLRs, the precise role of
NLRs in mucosal and systemic infection, and the mechanism by which genetic variants of
NLRs increase the susceptibility to disease.
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Fig. 1. Schematic representation of the Nod2 signaling pathway
The NLR Nod2 recognizes bacterial PGN fragments such as MDP and activates NF-κB and
MAPK signaling via the indicated proteins leading to the transcriptional upregulation of a
variety of proinflammatory cytokines and antimicrobial peptides. Negative feedback
regulation occurs upon induction of the deubiquitanase A20. The posttranslational regulation
of various components of the pathway is indicated by green circles (phosphorylation) and
red or blue circles (ubiquitination). In the case of RICK, K63-mediated polyubiquitination at
K209 is essential for recruitment of Tak1. For NEMO, K48-mediated ubiquitination at
residue K399 targets it for proteasome-dependent degradation. K63-linked
polyubiquitination at amino acid K285 is important for complex formation with RICK (48).
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Fig. 2. The two step model for the induction and maturation of the proinflammatory cytokine
IL-1β during the innate immune response
(A) In the absence of NLR signals, TLR signaling (Signal 1) leads to the upregulation of
pro-IL-1β transcription. (B) In response to a variety of intracellular signals (Signal 2) such
as bacterial ligands and endogenous danger signals, NLRs are released from their auto-
inhibited monomeric conformation leading to the assembly of a function inflammasome
capable of activating the cysteine protease caspase-1. Active caspase-1 catalyzes the
proteolytic processing of proIL-1β (and IL-18 not shown) into active cytokines that are then
released from the cell.
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Fig. 3. Schematic representation of the multi-domain architectures of various NLRs and their
assembly into a functional inflammasome
Apaf-1 is a multi-domain scaffolding protein critical for the assembly of the apoptosome
(not shown), a multi-protein complex critical for mediating apoptotic cell death.
Subsequently, several NLR proteins were identified as Apaf-1-related molecules based on
similar domain architectures (A). In response to various intracellular stimuli including
microbial moieties and endogenous products released by dying cells, NLRs are released
from their auto-inhibited monomeric conformation and act as molecular scaffolds to
assemble multi-protein complexes known as inflammasomes. Assembly of the
inflammasome leads to caspase-1 activation and proteolytic processing of proinflammatory
cytokines such as IL-1β (B). In this review we focus on three of the best characterized
inflammasomes: Ipaf1, Nalp3, and Nalp1.
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Table 1

NLR family members.

HGNC-approved symbol Other names and aliases Microbial motifs recognized NLR family

Human Mouse

CIITA Cllta NLRA; MHC2TA; C2TA
Nlra; MHC2TA; C2TA

NLRA

NAIP NLRB1; BIRC1; CLR5.1

Naip1 Birc1a

Naip2 Birc1b

Naip3 Birc1c NLRB

Naip4 Birc1d

Naip5 Birc1e Flagellin from Legionella (C- terminal residue)

Naip6 Birc1f

Naip7 Birc1g

NOD1 NLRC1; CARD4; CLR7.1 GM-tripeptide
γ-D-Glu-DAP(iEDAP)
D-lactyl-L-Ala-γ-Glu-meso-DAP-Gly (FK156)
heptanolyl-γ-Glu-meso-DAP-Ala (FK565)

NLRC

Nod1 Nlrc1; Card4

NOD2 NLRC2; CARD15; CD; MDP NLRC

BLAU; IBD1; PSORAS1; CLR16.3 MurNAc-L-Ala-g-D-Glu-L-Lys (M-TRILys)

Nod2 Nlrc2; Card15

NLRC3 NOD3; CLR16.2 NLRC

Nlrc3 CLR16.2

NLRC4 CARD12; CLAN; Flagellin from Salmonella, NLRC

CLR2.1; IPAF Legionella, Listeria, Pseudomonas

Nlrc4 Card12; CLAN; Ipaf

NLRC5 NOD27; CLR16.1 NLRC

NIrc5

NLRP1 NALP1; DEFCAP; NAC; CARD7; CLR17.1 MDP, Lethal Toxin ?

Nlrp1a NALP1a NLRP

Nlrp1b NALP1b Lethal Toxin

Nlrp1c NALP1c

NLRP2 NALP2; PYPAF2; NBS1; PAN1; CLR19.9 NLRP

Nlrp2 Pypaf2; Nbs1; Pan1

NLRP3 CIAS1; PYPAF1; Cryopyrin; NALP3; CLR1.1 bacterial RNA
viral RNA
uric acid crystals
LPS
LTA
MDP

NLRP

Nlrp3 Cias1; Pypaf1; Cryopyrin; Nalp3; Mmig1

NLRP4 NALP4; PYPAF4; PAN2; RNH2; CLR19.5

Nlrp4a Nalp4a; Nalp-eta; Nalp9D
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HGNC-approved symbol Other names and aliases Microbial motifs recognized NLR family

Human Mouse

Nlrp4b Nalp4b; Nalp-gamma; Nalp9E NLRP

Nlrp4c Nalp4c; Nalp-alpha; Rnh2

Nlrp4d Nalp4d; Nalp-beta

Nlrp4e Nalp4e; Nalp-epsilon

Nlrp4f Nalp4f; Nalp-kappa; Nalp9F

Nlrp4g Nalp4g

NLRP5 NALP5; PYPAF8; MATER; PAN11; CLR19.8 NLRP

Nlrp5 Mater; Op1

NLRP6 NALP6; PYPAF5; PANS; CLR11.4 NLRP

Nlrp6

NLRP7 NALP7; PYPAF3; NOD12; PAN7; CLR19.4 NLRP

NLRP8 NALP8; PAN4; NOD16; CLR19.2 NLRP

NLRP9 NALP9; NOD6; PAN12; CLR19.1

Nlrp9a Nalp9a; Nalp-theta NLRP

Nlrp9b Nalp9b; Nalp-delta

Nlrp9c Nalp9c; Nalp-zeta

NLRP 10 NALP10; PAN5; NOD8; PYNOD; CLR11.1 NLRP

Nlrp10 Nalp10; Pynod

NLRP 11 NALP11; PYPAF6; NOD17; PAN10; CLR19.6 NLRP

NLRP12 NALP12; PYPAF7; Monarch1; RNO2; PAN6;
CLR19.3

NLRP

Nlrp12 Nalp12

NLRP13 NALP13; NOD14; PAN13; CLR19.7 NLRP

NLRP14 NALP14; NOD5; PAN8; CLR11.2 NLRP

Nlrp14 Nalp14; Nalp-iota; GC- LRR

NLRX1 NOD9; CLR11.3 NLRX
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Table 2

Bacteria Microbial motif/activators NLR Signaling pathway References

Bacillus anthracis anthrax lethal toxin Nlrp1b caspase-1 (169)

Bacillus spp. iEDAP NOD1 NF-κB, MAPK (74)

Campylobacter jejuni iEDAP NOD1 NF-κB, MAPK (62)

Chlamydia pneumonia iEDAP NOD1 NF-κB, MAPK (72)

Enteropathogenic Escherichia coli iEDAP NOD1 NF-κB, MAPK (56)

Escherichia coli** microbial motifs Nalp3 caspase-1 (186)

Helicobacter pylori iEDAP NOD1 NF-κB, MAPK (61,79)

Legionella pneumophila Flagellin Nlrc4 caspase-1 (157,160,235)

Listeria monocytogenes flagellin + microbial motifs Nlrc4 + Nalp3 caspase-1 (173,186,210,211)

MDP NOD2 NF-κB, MAPK (41–45,90)

iEDAP NOD1 NF-κB, MAPK (42–45,73)

Mycobacterium tuberculosis microbial motifs Nlrp3 caspase-1 (236)

? Nlrc4# caspase-1 (237)

MDP NOD2 NF-κB, MAPK (86)

Pseudomonas aeruginosa Flagellin * Nlrc4 caspase-1 (153,154,159)

iEDAP NOD1 NF-κB, MAPK

Salmonella Flagellin Nlrc4 caspase-1 (149,150)

Typhimurium MDP NOD2 NF-κB, MAPK (27,122)

Shigella flexneri ? Nlrc4## caspase-1 (152)

MDP NOD2 NF-κB, MAPK (77)

iEDAP NOD1 NF-κB, MAPK (30,78)

Staphylococcus aureus MDP NOD2 NF-κB, MAPK (87)

microbial motifs Nalp3** caspase-1 (173)

Streptococcus pneumonia MDP NOD2 NF-κB, MAPK (85)

*
the existence of a flagellin independent has been reported (161).

#
only observed when macrophages are infected with bacteria deficient in ESX-1

**
activation of caspase-1 requires permeabilization induced by ATP or bacterial toxins.

##
A Nalp3 dependent pathway has been reported in macrophages infected with high number of bacteria (221).
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