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Nucleotide-binding, oligomerization domain (NOD)-like receptor (NLR) proteins are a family of innate immune
receptors that play a pivotal role in microbial sensing, leading to the initiation of antimicrobial immune
responses. Dysregulation of the function of multiple NLR family members has been linked, both in mice
and humans, to a propensity for infection and autoinflammatory disease. Despite our increased under-
standing of NLR function and interactions, many aspects related to mechanisms of sensing, downstream
signaling, and in vivo functions remain elusive. In this review, we focus on key members of the NLR family,
describing their activation by diverse microbes, downstream effector functions, and interactions with each
other and with other innate sensor protein families. Also discussed is the role of microbial sensing by NLR
receptors leading to activation of the adaptive immune arm that collaborates in the antimicrobial defense.

Introduction

Nucleotide-binding, oligomerization domain-like receptor (NLR)
proteins are a family of proteins with diverse functions in the
immune system, characterized by a shared domain architecture
that includes a nucleotide-binding domain (NBD) and a leucine-
rich repeat (LRR) domain. The latter, which is shared with other
innate immune proteins such as the Toll-like receptor (TLR)
family, is thought to play a role in recognition and autoregulation
of pathogen- and danger-associated molecular patterns (PAMPs
and DAMPs, respectively). The NBD can bind nucleotides and is
possibly involved in the induction of conformational changes and
self-oligomerization that are necessary for NLR function. On the
basis of the presence of additional domains, NLRs were grouped
into subfamilies (Table 1) (Ting et al., 2008). Typical domains
present in NLRs are the caspase activation and recruitment
domains (CARDs) and the pyrin domains (PYDs). These domains
are involved in homeotypic protein interactions and allow the
recruitment of downstream effector molecules.

In this review, we will highlight the function of several members
of the NLR family that are involved in the regulation of the antimi-
crobial immune response and focus on concepts of pathogen
recognition as well as their interplay with other innate immune
receptors.

NOD1 and NOD2

Two widely studied members of the NLRC (NOD-like receptor
containing a CARD domain) family are NOD1 and NOD2. The
discovery that mutations in NOD2 are strongly associated with
Crohn’s disease, an autoinflammatory disorder that is thought
to be driven by aberrant immune response against intestinal
microbes (reviewed in Cho, 2008), highlighted the importance
of NLRs in the regulation of antimicrobial responses. NOD1
and NOD2 are cytosolic receptors that recognize distinct
building blocks of peptidoglycan (PGN), a polymer consisting
of glycan chains crosslinked to each other via short peptides
(Fritz et al., 2006). In Gram-positive bacteria, it is the major

building block of the cell wall. Although it is present only in
smaller amounts in Gram-negative bacteria, its general abun-
dance and its highly conserved structure make PGN a prime
target for recognition by pattern recognition receptors (PRRs).
NOD?2 recognizes a minimal motif of muramyl dipeptide (MDP)
that is found in all PGNs. In contrast, NOD1 recognizes muro-
peptides (iE-DAPs) that are found in the PGN of Gram-negative
and only some Gram-positive bacteria (Figure 1). Because
PGN structures are actively remodeled during bacterial cell
growth and division, the constant release of NOD1 and NOD2
ligands from bacteria allows the innate immune system to survey
its surrounding for the presence of bacteria. Interestingly, recent
studies have identified additional agonists for NOD2, N-glycolyl
muramyl dipeptide from mycobacteria (Coulombe et al., 2009)
and viral ssRNA (Sabbah et al., 2009) (discussed below) demon-
strating that NOD1 and NOD2 initiate innate responses upon
recognition of a larger variety of pathogen-derived molecules.
The mechanisms by which these agonists cross the host’s cell
membrane to stimulate NOD1 and NOD2 remain not fully under-
stood. This is important given that only a minority of bacteria
replicates in the cytoplasm, where they can be directly sensed,
yet bacteria localized in phagosomes and outside the cell can
effectively activate both NOD1 and NOD2. Several transport
systems, including pannexin, PepT1, and PepT2, as well as
endocytosis, have been demonstrated to enable hydrophilic
muramyl peptides to cross to the cytoplasm (Lee et al., 2009;
Marina-Garcia et al., 2009; Vavricka et al., 2004).

Signaling downstream of NOD1 and NOD2 was thought to
mainly result in the activation of NF-kB signaling (Fritz et al.,
2006; Kanneganti et al., 2007) (Figure 1). Indeed, recognition of
PGN ligands by NOD1 and NOD2 leads to a conformational
change that activates receptor-interacting serine-threonine
kinase 2 (RIP2) via cellular inhibitors of apoptosis 1 and 2
(clAP1 and 2) (Bertrand et al., 2009), subsequently leading to
ubiquitination of NF-kB essential modulator (NEMO) and the
activation of the proinflammatory NF-kB pathway. In parallel,
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Table 1. The NLR Family

Subfamily Human Mouse N Terminus Other Names
NLRA
CIITA CARD NLRA;MHCIITA;C2TA
Cllta CARD Nira; MHCIITA;C2ta
NLRB
NAIP BIR BIRC1;CLR5.1
Naip1-7 BIR Birc1a-g
NLRC
NOD1 CARD NLRC1;CARD4;CLR7.1
Nod1 CARD Nirc1;Card4
NOD2 CARD NLRC2;CARD15;CD;BLAU;IBD1;PSORAS1; CLR16.3
Nod2 CARD Nirc2;Card15
NLRC3 CARD? NODS3;CLR16.2
Nirc3 CARD? Clr16.2
NLRC4 CARD IPAF;CARD12;CLAN;CLR2.1
Nirc4 CARD Ipaf;Card12;CLAN
NLRC5 CARD? NOD27;NOD4;CLR16.1
Nirc5 CARD?
NLRP
NLRP1 PYD NALP1;CARD7;NAC;DEFCAP;CLR17.1
Nirpi1a-c PYD Nalp1a-c
NLRP2 PYD NALP2;PYPAF2;NBS1;PAN1;CLR19.9
Nirp2 PYD Nalp2;Pypaf2;Nbs1;Pan1
NLRP3 PYD NALP3;Cryopyrin;CIAS1;PYPAF1;CLR1.1
Nirp3 PYD Nalp3;Cryopyrin;Cias1;Pypaf1;Mmig1
NLRP4 PYD NALP4;PYPAF4;PAN2;RNH2;CLR19.5
Nirp4a PYD Nalp4a;Nalp-eta;NalpOD
Nirp4b PYD Nalp4b;Nalp-gamma;Nalp9E
Nirp4c PYD Nalp4c;Nalp-alpha;RNH2
Nirp4d PYD Nalp4d;Nalp-beta
Nirp4e PYD Nalp4e;Nalp-epsilon
Nirp4f PYD Nalp4f;Nalp-kappa;Nalp9F
Nirp4g PYD Nalp4g
NLRP5 PYD NALP5;PYPAF8;MATER;PAN11;CLR19.8
Nirp5 PYD Mater;Op1
NLRP6 PYD NALP6;PYPAF5;PAN3;CLR11.4
Nirp6 PYD Nalp6
NLRP7 PYD NALP7;PYPAF3;NOD12;PAN7;CLR19.4
NLRP8 PYD NALP8;PAN4;NOD16;CLR19.2
NLRP9 PYD NALP9;NOD6;PAN12;CLR19.1
Nirp9a PYD Nalp9a;Nalp-theta
Nirp9b PYD Nalp9b;Nalp-delta
Nirp9c PYD Nalp9c;Nalp-zeta
NLRP10 PYD NALP10;PAN5;NOD8;PYNOD;CLR11.1
Nirp10 PYD Nalp10;Pynod
NLRP11 PYD NALP11;PYPAF6;NOD17;PAN10;CLR19.6
PYD
NLRP12 PYD NALP12;PYPAF7;Monarch1;RNOS;PAN6;CLR19.3
Nirp12 PYD Nalp12
NLRP13 PYD NALP13;NOD14;PAN13;CLR19.7
PYD
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Table 1. Continued

Subfamily Human Mouse N Terminus Other Names
NLRP14 PYD NALP14;NOD5;PAN8;CLR11.2
Nirp14 PYD Nalp14;Nalp-iota;,GC-LRR
NLRX1
NLRX1 CARD? NOD9;CLR11.3
Nirx1 CARD?

This table is adapted from Kanneganti et al. (2006) and Bryant and Fitzgerald (2009).
2Currently disputed as to whether it contains a CARD, PYD, or another N terminus binding domain.

MDP recognition can also lead to the activation of the mitogen-
activated protein kinase (MAPK) pathway via RIP2, which con-
tributes to cytokine production. Importantly, numerous studies
have highlighted the interaction with other signaling pathways
that stimulate NF-kB, including TLRs (Lee and Kim, 2007).
Depending on the cell type, NOD agonists modulate the magni-
tude of TLR ligand-induced cytokine production. In dendritic
cells, NOD1 and NOD2 agonists can synergize with TLR ligands
leading to enhanced production of proinflammatory cytokines
(Fritz et al., 2005). In contrast, in splenocytes MDP treatment
leads to a hyporesponsive state and decreased TLR ligand-
induced NF-kB signaling (Watanabe et al., 2004), indicating
that the interaction between the different PRR pathways is
strongly dependent on the cellular context as well as the inflam-
matory setting.

Both NOD1 and NOD2 are highly expressed in antigen-
presenting cells (APCs) such as monocytes, macrophages, and
dendritic cells (Fritz et al., 2006; Kanneganti et al., 2007). Several
recent studies identified NOD2 expression also in other hemato-
poietic lineages (Petterson et al., 2011; Shaw et al., 2009). In
addition, NOD1 is expressed in many epithelial cell subsets,
whereas NOD2 seems to be more restricted to specialized cell
types such as Paneth cells in the small intestine. NOD2 expres-
sion is potently induced by TLR ligands including LPS and by
inflammatory mediators such as TNF-a, IFN-v, and IL-17 in other
nonhematopoietic tissues. Furthermore, a recent study demon-
strated that NOD2 expression in the intestine is regulated by
signals from the microbiota, given that germfree mice had lower
NOD2 expression that was reversible upon monocolonization
with commensal bacteria (Petnicki-Ocwieja et al., 2009).

Role of NOD1 in the Antimicrobial Response

A role for NOD1 as a modulator of the in vivo antimicrobial
response was described first in infection with the pathogen
Helicobacter pylori, in which Nod?1~/~ mice featured enhanced
susceptibility to infection with this pathogen (Viala et al., 2004).
This phenotype correlated with an impaired acute inflammatory
response, probably due to decreased production of chemokines
by gastric epithelial cells as well as to impaired innate immune cell
recruitment. Subsequent studies established roles for NOD1 in
the induction of cytokines, antimicrobial peptides, and type |
interferons during H. pylori infection (Watanabe et al., 2010a). In
the later study, Strober and colleagues found an unexpected
signaling pathway in epithelial cells leading to the induction of
IFN-B via RIP2 and TNF-receptor-associated factor 3 (TRAF3)
(Watanabe et al., 2010b). NOD2-mediated immune control of
the infection further required members of the canonical type |

interferon cascade consisting of IFN-regulatory factor 7 (IRF7),
and the IFN-stimulated gene factor 3 (ISGF3) complex. Similar
to studies with TLR-deficient mice, Nod7~~ mice also had
reduced T helper 1 (Th1) cell responses upon H. pylori infection,
suggesting that the two pathways may cooperate in the induction
of adaptive immune responses.

NOD1 has also been involved in the recognition of other patho-
gens including Clostridium difficile (Hasegawa et al., 2011),
Legionella pneumophila (Berrington et al., 2010a; Frutuoso et al.,
2010), Listeria monocytogenes (Boneca et al., 2007), Staphylo-
coccus aureus (Travassos et al., 2004), and Pseudomonas
aeruginosa (Travassos et al., 2005). In many of these studies,
either animpaired recruitment or function of neutrophils was noted
during the inflammatory process. An interesting finding was re-
ported, in which impaired neutrophil function in Nod1~'~ mice
was observed already in the steady state that could have con-
tributed to the results of the other studies (Clarke et al., 2010). It
was hypothesized that PGNs derived from commensal bacteria
circulating in the serum prime neutrophils at distant sites through
NOD1 signaling. Accordingly, broad-spectrum antibiotic-treat-
ment that leads to suppression of certain commensal microflora
communities resulted in similarly diminished neutrophil-mediated
antimicrobial responses, whereas injection of NOD1 ligands was
able to restore the normal response.

NOD1 was also demonstrated to provide protection against
infection with the intracellular parasite Trypanosome cruzi, the
etiological agent of Chagas disease (Silva et al., 2010). Nod 1™/~
mice featured worsened disease, normal production of cyto-
kines, and levels of parasitemia similar to those of Myd88~/~
mice, which, in turn, featured a near complete lack of cytokine
induction. The exacerbated disease in Nod?~'~ mice was
suggested to be the result of impaired ability of macrophages
to kill intracellular parasites. These results indicate that, in
some infections, TLRs and NOD1 may orchestrate different
aspects of the immune response upon infection. Additional
in vivo studies will be needed to understand the role of NOD1
during systemic immune responses, which may lead to new ther-
apeutic approaches.

Role of NOD2 in the Antimicrobial Response

In vitro studies have implicated NOD2 in a number of bacterial
infectious models including Listeria monocytogenes (Kobayashi
et al., 2005), Staphylococcus aureus (Deshmukh et al., 2009),
Chlamydophila pneumoniae (Shimada et al., 2009), Strepto-
coccus pneumoniae (Opitz et al., 2004), and Mycobacterium
tuberculosis (Divangahi et al., 2008). Interestingly, NOD2 was
found to be required for immune control of L. monocytogenes
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Figure 1. Microbial Activation of NLRs

(A) Activation of NOD1 and NOD2 results, depending on the recognized ligand, in transcription of genes encoding chemokines, cytokines, antimicrobial peptides,
and type | interferons. MDPs and iE-DAPs are derived from extracellular, intracytosolic, or intravesicular bacteria, whose recognition can stimulate activation of
the NF-kB and MAPK pathways. NOD1-mediated recognition of H. pylori and NOD2-mediated recognition of ssRNA stimulate type | interferon transcription via
IRF7 and IRF3, respectively. NOD1 and NOD2 recruit ATG16L to sites of bacterial phagocytosis to initiate autophagy.

(B) Activation of NLRC4 and NLRP3 results in assembly of inflammasomes that activate caspase-1. This activation requires two signals. Signal | induces
transcription of pro-IL-18 and pro-IL-18; signal Il is provided by PAMPs and DAMPs. In the case of NLRC4, recognition of cytoplasmatic flagellin leads to
pyropotosis, a specialized form of cell death, via an ASC-independent mechanism. NLRC4 also induces processing of pro-IL-18 and pro-IL-18 via ASC-
dependent mechanisms. NLRP3 senses either directly microbial molecules or indirectly signals associated with cellular perturbations such as increased ROS
production, release of lysosomal proteases into the cytoplasm upon “frustrated” phagocytosis, and potassium efflux. Assembly of the NLRP3 inflammasome

leads to processing of pro-IL-1B and pro-IL-18 by caspase-1.

after oral, but not intravenous and intraperitoneal infection, indi-
cating that NOD2 might have nonredundant functions in intes-
tinal antimicrobial responses, whereas other PRRs such as
TLRs could be sufficient for the host antimicrobial response
when infected via different routes. A recent study highlighted
collaboration between NOD1 and NOD2 in the Salmonella typhi-
murium colitis model (Geddes et al., 2010). Although mice defi-
cient in either NOD1 or NOD2 had normal susceptibility for infec-
tion, mice deficient in both NOD1 and NOD2 featured decreased
inflammation but increased bacterial colonization of the intes-
tine. Notably, NOD1 and NOD2 expression in both hematopoi-
etic and nonhematopoietic cells contributed to resistance
against infection. Although this was in an apparent conflict with
a previous study demonstrating that Ripk2~/~ mice have compa-
rable disease to wild-type (WT) controls (Bruno et al., 2009), the
authors found that RIP2 (encoded by Ripk2) was only involved in
S. typhimurium-induced colitis with bacteria expressing prefer-
entially a particular type lll secretion system (Salmonella patho-
genicity island [SPI]-2). This suggests that pathogen-sensing
requirements are not only distinct for different microbes, but
may differ among subtypes within the same species.

668 Immunity 34, May 27, 2011 ©2011 Elsevier Inc.

The traditional view that NOD2 only recognizes MDP was
recently challenged as Nod2~'~ cells were found to be impaired
in the expression of type | interferons upon stimulation with viral
single-stranded RNA (ssRNA)(Sabbah et al., 2009). Interestingly,
this pathway is independent of RIP2 and does not require the
CARD domain, but is rather dependent on the mitochondrial
antiviral signaling protein (MAVS) and interferon regulatory factor
3 (IRF3) (Figure 1). Strikingly, Nod2~'~ mice have an enhanced
susceptibility to infection with respiratory syncytial virus (RSV)
and decreased production of IFN- after influenza virus infection
(Figure 2). The authors were able to demonstrate direct binding
of NOD2 to viral ssRNA, but not host mRNA, by PCR methods.
Therefore, NOD2 has the ability to recognize a larger variety of
structural elements than previously appreciated.

Induction of Autophagy by NOD1 and NOD2

Autophagy is a lysosomal degradation pathway that was origi-
nally shown to be important during development and in meta-
bolic states of stress such as starvation, but was subsequently
demonstrated to be central in antimicrobial immunity (Minz,
2009). Recently, it has been reported that NOD1 and NOD2 are
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Figure 2. Crosstalk between NLRs and Other Innate Inmune Pathways

(A) Influenza virus infection. Extracellular PRRs (TLR4) recognizes microbial products, whereas influenza virus is detected by TLR7. This leads to transcriptional
activation of genes encoding proinflammatory cytokines (pro-IL-18, pro-IL-18, TNF-«, and IL-6) in an NF-kB-dependent manner (signal I). Influenza virus M2 ionic
channel mediates the activation of the NLRP3 inflammasome that leads to pro-IL-1p and pro-IL-18 processing and secretion (signal Il). NOD2 recognizes

influenza virus ssRNA stimulating type | interferon transcription via IRF3.

(B) Salmonella infection. Salmonella is recognized by extracellular PRRs (TLR2, TLR4, and TLR5) resulting in transcriptional activation of genes encoding
pro-inflammatory cytokines (pro-IL-1B, pro-IL-18, TNF-a, and IL-6) in an NF-kB-dependent manner (signal I). Intracellular Salmonella activate NLRP3 and NLRC4
inflammasomes, which leads to pro-IL-1B, pro-IL-18 processing into their biological active forms. NLRC4 responds to flagellin injected by the T3SS, whereas
NLRP3 is activated through an undefined T3SS-independent signal (signal Il). NLRP3 inflammasome assembly is completely dependent on ASC, whereas NLRC4
may assemble an inflammasome without ASC. NLRC4 inflammasome activation also results in pyroptosis and release of bacteria into the extracellular space.
Activation of NOD1 and NOD2 by Salmonella leads to chemokine secretion and neutrophil recruitment to the site of infection. NOD1 and NOD2 also target

ATG16L to sites of bacterial phagocytosis to initiate autophagy.

able to regulate autophagy, as stimulation with NOD1 and NOD2
agonists leads to the NOD-dependent recruitment of ATG16L to
the plasma membrane at sites of Salmonella typhimurium and
Shigella flexneri intrusion (Figure 2) (Cooney et al., 2010; Travas-
sos et al., 2010). This recruitment resulted in efficient degrada-
tion of bacteria in autophagosomes and subsequent processing
of bacterial antigens for presentation on MHC class Il molecules.
In these studies, conflicting results were reported on RIP2
dependency of this pathway, which could potentially be attrib-
uted, at least partially, to the different model systems (human
versus mouse) and cell types (dendritic cells versus fibroblasts).
Further studies are needed to determine the details of this
pathway. Mutations in NOD2 that are associated with Crohn’s
disease resulted in its impaired abilities to recruit ATG16L to
the plasma membrane, induce autophagy, and promote antigen
presentation. Importantly, this finding was able to link mutations
that have been associated with Crohn’s disease, i.e., NOD2 as
well as ATG16L mutations, into a single pathway (Cho, 2008). It

will be of extraordinary interest to understand the molecular
details of this pathway, which may lead to aberrant bacterial pro-
cessing and defective presentation of antigens to CD4* T cells,
resulting in an inflammatory cascade characteristic of Crohn’s
disease.

Regulation of the Antimicrobial Adaptive Immune
Response by NOD1 and NOD2

Beyond NOD1 and NOD2’s roles in modulation of innate immu-
nity, they also direct adaptive immune responses. Such effects
were already demonstrated in early studies identifying MDP as
the minimal adjuvant components of complete Freund’s adju-
vant (Strominger, 2007). Indeed, NOD1 and NOD2 were shown
to be directly involved in the priming of adaptive immunity
when cognate ligands were used as adjuvant (Kobayashi et al.,
2005; Werts et al.,, 2007). Notably, nonhematopoietic cells
required NOD1, indicting an important role for this molecule in
epithelial and stromal cells upstream of APCs (Werts et al.,
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2007). In addition to NOD2’s role in the regulation of the adaptive
immune response via APCs and the microenvironment, it was
found to directly act in T cells as part of a modulatory network
that controls the antimicrobial response. There is an enhanced
susceptibility of Nod2~~ mice to Toxoplasma gondii infection,
which was attributed to a diminished T cell IFN-y production
(Shaw et al., 2009). This cell-intrinsic effect was suggested to
involve a defect in signaling downstream of the costimulatory
molecule CD28. Studies in other T cell-dependent models,
including graft-versus-host disease (GVHD) (Penack et al.,
2009) and an in vivo Th2 cell model (Magalhaes et al., 2008),
did not report NOD2-dependent intrinsic defects in T cell func-
tion, suggesting that NOD2 functions in a nonredundant manner
in T cells under specific conditions, possibly depending on the
level of CD28 requirement.

Inflammasome Forming NLR Proteins

In contrast to the NOD proteins, several other members of the
NLR protein family (see Table 1) may form multiprotein com-
plexes, named “inflammasomes.” This results in activation of
inflammatory caspases, cysteine proteases that are synthesized
as inactive zymogens. Upon activation, caspases trigger cellular
programs that lead to inflammation or cell death. Caspase-1 is
the most prominent member of the proinflammatory group of
caspases that also includes caspase-4, caspase-5, caspase-11,
and caspase-12. Activation of pro-caspase-1 is essential for the
processing of pro-IL-1B and pro-IL-18 and for the secretion of
their mature active forms. Caspase-1’s catalytic activity is tightly
regulated by the inflammasomes, in a signal-dependent manner.
Inflammasomes require two signals to accomplish their biolog-
ical function. Signal | initiates transcriptional activation of inflam-
masome components and is often provided through TLR and
NF-kB signaling, whereas signal Il is required to initiate inflamma-
some assembly.

Known inflammasomes are composed of one of several NLR
and PYHIN proteins, including NLRP1, NLRP3, NLRC4, and
AIM2 that function as sensors of endogenous or exogenous
PAMPs or DAMPs (Sutterwala et al., 2007b). After sensing the
relevant signal, inflammasomes are assembled through homo-
philic CARD-CARD and PYD-PYD interactions between NLRs,
apoptosis-associated speck-like protein containing a CARD
(ASC), and pro-caspase-1 (Agostini et al., 2004; Martinon
et al., 2002). Inflammasome components and the activation of
downstream pathways depend on the nature of the stimuli, the
sensor protein and, to some extent, on the presence of absence
of ASC. Although there is conclusive evidence that NLRP1,
NLRP3, and NLRC4 regulate proinflammatory responses
through caspase-1 activation, domain structure conservation
through the NLRP family suggests that other uncharacterized
members might also regulate inflammasome assembly.

NLRC4

NLRC4 contains an N-terminal CARD, a central NOD domain,
and a C-terminal LRR. NLRC4 is expressed mainly in lymphoid
tissues, more specifically in myeloid cells, but also in the gastro-
intestinal tract (Hu et al., 2010). Activation of the NLRC4 inflam-
masome leads to caspase-1 activation, release of IL-183, and
a rapid form of cell death called pyroptosis (Sutterwala and
Flavell, 2009) (Figure 1). Because NLRC4 contains a CARD
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domain, it can interact directly with pro-caspase-1; therefore,
the role of ASC in NLRC4-mediated responses has remained
elusive. Infection of ASC-deficient macrophages with NLRC4-
activating bacteria results in defective caspase-1 activation
and IL-1p secretion (Mariathasan et al., 2004; Sutterwala et al.,
2007a; Suzuki et al., 2007), yet normal pyroptosis, suggesting
that pathways downstream NLRC4 are independently regulated
through the presence of ASC. In concordance, Broz and
colleagues demonstrated that NLRC4-Inflammasomes con-
taining ASC form a single large “focus” in which Caspase-1
undergoes autoproteolysis and processes IL-18 /IL-18. In
contrast, NLRC4-ASC-independent inflammasomes activate
Caspase-1 without autoproteolysis and do not form any large
structures in the cytosol. Moreover, Caspase-1 mutants that
were unable to undergo autoproteolysis promoted rapid cell
death and processed IL-1p /IL-18 inefficiently, which suggests
that NLRC4 forms spatially and functionally distinct inflamma-
somes complexes in response to bacterial pathogens (Broz
et al., 2010b). Interestingly, NLRC4 and ASC probably do not
interact directly as NLRC4 does not contain a PYD; therefore,
it is possible that additional PYD-containing proteins are
required for NLRC4-ASC-dependent processing of IL-1f in
response to pathogens.

Bacterial Activation of the NLRC4 Inflammasome
The NLRC4 inflammasome activators are mainly Gram-negative
bacteria that contain bacterial type Il (T3SS) or type IV (T4SS)
secretion systems. These include Salmonella (Mariathasan
et al., 2004), Legionella (Zamboni et al., 2006), Shigella (Suzuki
etal., 2007), Pseudomonas (Sutterwala et al., 2007a), and Yersinia
(Brodsky et al., 2010). The microbial molecule flagellin is re-
quired to induce NLRC4-mediated caspase-1 activation during
Legionella, Salmonella, and low burden infection of Pseudo-
monas (Franchi et al., 2006; Franchi et al., 2007; Miao et al.,
2006; Miao et al., 2008; Molofsky et al., 2006). L. pneumophila
and S. typhimurium mutant strains lacking flagellin or expressing
point mutations in its gene are defective in their ability to induce
caspase-1 activation (Franchi et al., 2006; Miao et al., 2006).
Moreover, delivery of flagellin molecules to the cytosol through
transfection or retroviral transduction results in caspase-1 activa-
tion in an NLRC4-dependent manner (Franchi et al., 2006; Light-
field et al., 2008; Miao et al., 2006). In contrast, extracellular
flagellin is unable to induce the activation of the NLRC4 inflamma-
some, suggesting that additional factors are required to enable
flagellin transport into the cytosol (Franchi et al., 2006; Miao
et al., 2006). Because NLRC4 activation is dependent on func-
tional bacterial secretion systems (T3SS, T4SS) (Franchi et al.,
2006; Sutterwala et al., 2007a; Suzuki et al., 2007; Zamboni
et al., 2006), it has been proposed that the T3SS can serve as a
route for flagellin monomers to gain entry into the cytosol, leading
to caspase-1 activation (Sun et al., 2007). L. pneumophila is
unique in that the activation of the NLRC4 inflammasome by the
C-terminal portion of its flagellin requires the presence of a second
NLRP, NAIP5 (Coers et al., 2007; Zamboni et al., 2006). NLRC4
and NAIP5 had been suggested to physically interact to regulate
caspase-1 activation; however, the exact role of NAIP5 in this
process remains uncertain.

The NLRC4 inflammasome can also be activated in a flagellin-
independent manner. The nonflagellated bacterium S. flexneri
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and the P. aeruginosa mutant PAKA(fIiC (flagellin-deficient) have
been shown to activate capase-1 through NLRC4 (Sutterwala
et al., 2007a; Suzuki et al., 2007). These observations suggest
that additional microbial molecules can trigger assembly of the
NLRC4 inflammasome. Indeed, Miao and colleagues recently
demonstrated that NLRC4 detects the rod protein of the T3SS
of multiple Gram-negative bacteria through a sequence motif
that is also found in flagellin (Miao et al., 2010b).

NLRC4 Interaction with Other Proinflammatory
Signaling Pathways

NLRC4 plays a critical role during pulmonary and peritoneal
P. aeruginosa infection (Franchi et al., 2007; Sutterwala et al.,
2007a). However, NLRC4 contribution during other bacterial
infections is less clearly defined, suggesting that it may have
redundant or additive roles during host immune responses.
S. typhimurium-infected NLRC4-deficient macrophages feature
marked defects in caspase-1 activation and pyroptosis (Maria-
thasan et al., 2004). In contrast, in vivo studies suggested that
the absence of caspase-1 but not of NLRC4 results in enhanced
susceptibility to S. typhimurium infection (Lara-Tejero et al.,
2006). The discrepancy between the in vitro and in vivo results
suggests that additional pathways contribute to Salmonella-
induced caspase-1 activation. In fact, although NLRC4 is acti-
vated by Salmonella flagellin, NLRP3 responds to another, unde-
fined, Salmonella-T3SS-independent signal (Figure 2) (Broz
et al., 2010a). Accordingly, mice lacking both NLRs were more
susceptible to S. typhimurium infection (Broz et al., 2010a). Simi-
larly, Yersinia-T3SS triggers ASC-dependent caspase-1 activa-
tion through the NLRP3 and NLRC4 inflammasomes (Brodsky
et al.,, 2010). Interestingly, NLRP3 was not essential for the
in vivo bacterial clearance in this study (Brodsky et al., 2010).

In vivo restriction of L. pneumophila is dependent on complex
interactions between the MyD88, NOD1 and NOD2, and NLRC4
pathways. Rip2-deficient mice infected with a flagellin-deficient
L. pneumophila (4flaA) were able to clear the bacteria, indicating
that MyD88 signaling, independently of RIP2 and NLRC4, is able
to protect the host against L. pneumophila infection (Archer
et al., 2010). Concurrently, WT and 4flaA L. pneumophila grew
to comparable levels in the lung of Myd88~'~ mice, which
suggests that replication of L. pneumophila was not restricted
severely by the NLRC4 pathway. However, Myd88~'~ mice
survived a high-dose challenge of WT L. pneumophila but
succumbed to equal doses of AflaA strain; therefore, NLRC4
provides a level of host protection under high bacterial burden
that is independent of MyD88 (Archer et al., 2010). In this
context, signaling through RIP2 and MyD88 cooperate to attract
neutrophils to the site of L .pneumophila infection; this can be of
particular importance in light of recent evidence indicating that
NLRC4-dependent, ASC-independent pyroptosis results in
bacterial release from macrophages, exposing bacteria to
uptake and killing by neutrophils (Miao et al., 2010a).

Finally, a crosstalk between NLRC4 and TLR5 (flagellin-
extracellular receptor) has been recently identified. TLR5 has
a protective role in S. typhimurium and P. aeruginosa infection
in mice (Hawn et al., 2003; Morris et al., 2009). Likewise, humans
carrying a dominant-negative allele of TLR5 are more suscep-
tible to L. pneumophila infection, suggesting that TLR5 and
NLRC4 have nonredundant roles in these infections (Hawn

et al., 2003). In contrast, flagellin and OVA immunization elicits
a normal humoral immune response in single Nirc4~'~ or Tir5~/~
mice but not in Nlrc4~'~TIr5~/~ mice (Vijay-Kumar et al., 2010).

NLRP3

NLRP3, like most other members of the NLRP subfamily (with the
exception of NLRP10), consists of a carboxy-terminal LRR
domain, a central NOD domain, and an amino-terminal PYD,
mainly interacting with ASC (Schroder and Tschopp, 2010).
NLRP3 is mainly expressed in multiple cells of the hematopoietic
system, of the lymphocytic and myelogenic lineages, and in
other cell types such as skin keratinocytes, transitional epithe-
lium of the urinary tract, and osteoblasts. Noninfectious triggers
for NLRP3 inflammasome formation include crystal activators
such as monosodium urate (MSU), calcium pyrophosphate
dihydrate (CPPD), asbestos, silica, and alum, protein aggregates
such as fibrillar B-amyloid, haptens such as trinitrophenylchlor-
ide, and ultraviolet irradiation. A detailed description of these
DAMPs is provided elsewhere (Schroder and Tschopp, 2010).

In general, inflammasome activation is believed to involve two
steps, the first involving transcription of the “building blocks,”
e.g., pro- IL-1B8, pro-IL-18, and pro-caspase-1, as well as
expression of NLRP3 itself in the case of NLRP3 inflammasome
activation. The second step, through poorly understood interac-
tions of activators with the relevant NLRP, leads to inflamma-
some assembly that in turn drives cleavage and release of active
IL-1B and IL-18. This process is best studied in the NLRP3
inflammasome. The first priming event of NLRP3 inflammasome
activation involves intricate interaction with other PRR such as
TLR and NOD2, resulting in NF-kB-driven transcriptional activa-
tion. TLR-induced priming can be performed through both the
MyD88 and TRIF pathways, given that only deficiency of both
adaptor proteins results in abrogated priming (Bauernfeind
et al.,, 2009). Interestingly, cytokines including TNF-a, IL-1c,
and IL-1B have been suggested to be capable to provide this
priming signal for NLRP3 assembly, providing an alternative
mechanism for inflammasome activation in “sterile inflamma-
tion” in the absence of microbial interactions (Franchi et al.,
2009a). In vivo, some of the NLRP3 activators can induce inflam-
masome formation in the absence of a priming signal. Whether
such signal is provided constitutively in the in vivo setting
remains to be determined.

The precise mechanism whereby NLRP3 senses the presence
of its activators remains elusive. Although physical interaction of
microbial activators with NLRP3 may occur in some cases
(Marina-Garcia et al.,, 2008), a more general mechanism is
thought to involve a cellular mediator(s) that interacts with the
structurally diverse DAMPs and PAMPs to provide signals for
NLRP3 inflammasome formation. Similar indirect innate trig-
gering systems have been described in plants, in which path-
ogen-induced alterations in endogenous proteins are sensed
by NLR-like R proteins that, in turn, trigger canonical resistance
mechanisms against these pathogens (Mackey et al., 2002).

Three nonexclusive models for indirect NLRP3 activation have
been proposed and were reviewed in (Schroder and Tschopp,
2010) (Figure 1). The first involves ATP-induced activation of
the nonselective cation channel P2X;, which in turn activates
the larger pore-forming Pannexin-1, leading to potassium efflux
and potentially cytoplasmic migration of PAMPs and DAMPs,
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resulting in NLRP3 inflammasome activation. Nonetheless, cells
devoid of Pannexin-1 activity retain normal potassium efflux
despite failure to assemble the NLRP3 inflammasome. The
second model suggests that NLRP3 inflammasome formation
is triggered through production of ROS, e.g., following “frus-
trated” endocytosis, with NADPH oxidase suggested to be
central in this process. However, although chemical inhibition
of ROS synthesis or knockdown of NADPH oxidase subunits
result in diminished inflammasome formation, monocytes
derived from NADPH-oxidase-deficient patients feature normal
IL-1B production (Meissner et al., 2010a). Recently, an alternative
source for ROS was suggested to be functionally impaired mito-
chondria. Inhibition of key steps in the respiratory chain or abro-
gation of defective mitochondria clearance by autophagy or
mitophagy resulted in enhanced mitochondrial production of
ROS, leading to NLRP3 inflammasome activation (Zhou et al.,
2011). The third mechanism involves lysosomal destabilization
after phagocytosis, leading to cytoplasmic leakage of inflamma-
some activators such as cathepsin B. Interestingly, the pore-
forming toxin nigericin, which triggers the NLRP3 inflammasome,
promotes potassium efflux but may also promote lysosomal
leakage. Nonetheless, cathepsin B-deficient mice feature normal
NLRP3 inflammasome assembly, which could indicate that other
lysosomal proteases are involved in proteolytic activation of the
NLRP3 inflammasome. In summary, it remains unclear at this
point whether the different proposed models are mutually exclu-
sive or whether these pathways can interact at different levels
regulating this important multiprotein complex.

Microbial Activators of the NLRP3 Inflammasome
Mounting evidence implicates the NLRP3 inflammasome as an
important molecular pathway mediating the response against
amyriad of pathogenic microbial infections. Although the precise
mechanisms of microbial sensing remain elusive, it is becoming
clear that many of the pathogens induce the formation of the
NLRP3 inflammasome through conserved pathways. At some
instances, activation of the NLRP3 inflammasome results in the
potentiation of the host antimicrobial response, while in others
it initiates pathogen-derived immune evasive mechanisms.

Bacterial Activators of the NLRP3 Inflammasome

Multiple bacterial pathogens were shown to activate the NLRP3
inflammasome. One common bacterial-mediated NLRP3 inflam-
masome-inducing mechanism involves secretion of pore-form-
ing toxins that promote potassium efflux and resultant NLRP3
inflammasome formation. One such example is the Gram-
positive rod L. monocytogenes in which NLRP3-dependent
inflammasome activation depends on the pore-forming toxin lis-
teriolysin (Mariathasan et al., 2006). Nirp3~'~ mice have an
impaired immune response manifesting as delayed clearance of
L. monocytogenes. Interestingly, clearance is unaltered during
secondary infection of caspase-1-deficient mice, suggesting
that other host-derived anti microbial mechanisms bypass the
need for NLRP3 inflammasome sensing upon repeated infec-
tion (Tsuji et al., 2004). Likewise, secretion of Pneumolysin by
Streptococcus pneumoniae or Streptolysin O by Streptococcus
pyogenes induces NLRP3 inflammasome activation through
both potassium efflux and lysosomal leakage induction, whereas
NiIrp3~'~ mice display impaired Pneumococcal clearance (Harder
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etal., 2009; McNeela et al., 2010). Staphylococcus aureus NLRP3
activation is mediated by secretion of one of several toxins
(Craven et al., 2009; Mariathasan et al., 2006). Of these, a-hemo-
lysin acts independent of TLR signaling but may require cosignal-
ing by bacterial-released lipoproteins (Mufioz-Planillo et al.,
2009). Interestingly, differences in responsiveness to «-hemolysin
activation of the NLRP3 inflammasome were found between
human and mouse cells, hinting toward species and cell-specific
differences in the inflammasome-related host response (Craven
et al., 2009).

Another mechanism of NLRP3 inflammasome activation is
employed by Mycobacteria. Infection of mice with Mycobacte-
rium marinum requires a functioning Esx-1 (type VII) secretion
system that induced IL-1B secretion through formation of
a NLRP3 inflammasome. Both Nirp3~'~ and Asc™'~ mice had
attenuated disease compared to WT mice but an equal bacterial
burden, suggesting that IL-18 may have a detrimental effect for
the host in mycobacterium infection (Carlsson et al., 2010). Simi-
larly in Mycobacterium tuberculosis, the Esx-1 secretion system
was found to contribute to bacterial virulence through the activity
of its substrate ESAT-6 that induced macrophage membrane
disruption, enabling cytoplasmic translocation of PAMPs that,
in turn, induced NLRP3 inflammasome activation (Mishra et al.,
2010).

Finally, intracellular bacteria may activate the NLRP3 inflam-
masome directly, through cytoplasmic release of bacterial-
derived molecules (enabling signal I) and concomitant activation
of host-derived inflammasome activation pathways. One such
example is the intracellular pathogen Chlamydia trachomatis,
whose growth was enhanced in a cervical epithelial cell line, by
the activation of the NLRP3 inflammasome in a type Il secretion
system-dependent manner through induction of potassium
efflux and ROS production. Inflammasome-mediated pathogen
growth in this study was mediated by unknown IL-1B-indepen-
dent mechanisms. Nevertheless, the in vivo correlate of this
observation remains to be determined (Abdul-Sater et al., 2009).

A NLRP3 and ASC-mediated host response to bacterial infec-
tions that does not require caspase-1 was recently discovered. It
involves induction of necrosis of bacterially infected myeloid
cells and was coined pyronecrosis to distinguish it from pyropto-
sis, which requires caspase-1. Examples of pathogens sug-
gested to employ this mechanism include S. aureus, S. flexneri,
K. pneumonia, Porphyromonas gingivalis, and Neisseria gonor-
rhoeae (Craven et al., 2009; Duncan et al., 2009; Huang et al.,
2009; Willingham et al., 2009; Willingham et al., 2007). In these
infections, monocyte pyronecrosis was shown to be induced
by cytoplasmic leakage of cathepsin-B and to result in the
release of the proinflammatory factor HMGB1 from necrotic
cells. In vivo, NIrp3~'~ mice infected with K. pneumonia were
characterized by attenuated lung inflammation, but diminished
survival, suggesting a role for pyronecrosis and the ensuing
inflammation in host protection against this infection.

Viral Activators of the NLRP3 Inflammasome

NLRP3 has been shown to be activated by viral ssRNA and
dsRNA and to play a major modulatory role in several viral infec-
tions like influenza and sendai viruses (Allen et al., 2009; Kanne-
ganti et al., 2006). Influenza virus is a potent inducer of IL-1B
secretion by macrophages and dendritic cells (Allen et al.,
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2009; Ichinohe et al., 2009; Ichinohe et al., 2010; Thomas et al.,
2009). In Nlrp3’/’ mice inoculated with influenza A, survival
during viral infection was shown to be impaired. It is unclear
whether this effect stems from defective clearance of the virus,
delayed pulmonary epithelial repair, or a combination of the
two. During influenza infection, transcriptional activation of the
inflammasome components (signal 1) was found to depend on
viral RNA recognized through TLR7, whereas inflammasome
activation (signal Il) was mediated by the M2 ionic channel,
through pH neutralization of the trans golgi network (TGN) that
results in potassium efflux and ROS production (Figure 2)
(Ichinohe et al., 2010). Importantly, the exact role of the NLRP3
inflammasome in modulation of antiviral adaptive immune
response remains controversial. A recent study suggests that
defined communities within the intestinal microbiota are required
for NLRP3 function during influenza infection. Bacterial signals
provide a constitutive “signal I” necessary for baseline expres-
sion of NLRP3 inflammasome components, enabling DC migra-
tion and resultant adaptive immune activation upon sensing of
influenza infection by the NLRP3 inflammasome. Impaired base-
line expression of inflammasome components as a consequence
of oral antibiotic treatment was overcome by intestinal or pulmo-
nary administration of TLR agonists, possibly providing the
missing signal | (Figure 2) (Ichinohe et al., 2011). Detailed review
of inflammasome regulation of influenza infection is given else-
where (Pang and Iwasaki, 2011). Other viruses, such as the
DNA viruses vaccinia (Delaloye et al., 2009), adenovirus (Barlan
et al., 2011), and varicella zoster (Nour et al., 2011) and the
RNA viruses encephalomyocarditis virus and vesicular stomatitis
virus (Rajan et al., 2011) have been demonstrated to activate the
NLRP3 inflammasome, yet in vivo infection of caspase-1-defi-
cient mice with the later two viruses did not result in impaired
survival. The physiological importance of these observations
remains to be determined.

Fungal Activators of the NLRP3 Inflammasome

Several studies have recently shown that the NLRP3 inflamma-
some is essential for systemic antifungal immune response
against Candida albicans and Saccharomyces cerevisiae (Gross
et al., 2009; Hise et al., 2009; Kumar et al., 2009). In one study
(Hise et al., 2009), the Candida PAMPs B-glucan and zymosan,
which bind Dectin-1 and TLR2 respectively, were shown to
induce pro-IL-1B transcriptional activation (signal 1), whereas
a yet uncharacterized Candida-derived molecule induced
assembly of the NLRP3 inflammasome (signal ll). Interestingly,
inactivated immature hyphal forms were also able to induce
this assembly. In another study (Gross et al., 2009), C. albicans
was shown to specifically activate the NLRP3 inflammasome
by signaling through Syk, which functions downstream of several
PRR including Dectin-1. Syk was found to regulate both produc-
tion of pro-IL-18 (signal ) and inflammasome formation (signal 1),
by inducing potassium efflux and production of ROS. Nirp3~/~
mice featured an impaired containment of C. albicans, mani-
fested as widespread fungal dissemination leading to enhanced
mortality. Interestingly, fungal B-glucan-induced humoral
response was also found to be dependent upon NLRP3 (Kumar
et al., 2009). Coupling Syk to inflammasome signaling may link
the NLRP3 inflammasome pathway to other Syk-dependent
pathways such as those downstream of C-type Lectin Receptors

that also function as PRR (Kumar et al., 2009; Robinson et al.,
2006). In vitro, Aspergillus fumigatus is similarly capable of acti-
vating the NLRP3 inflammasome, although it remains unknown
whether NLRPS3 is also required in vivo to limit infection (Said-
Sadier et al., 2010).

Parasitic Activators of the NLRP3 Inflammasome

The role of NLRP3 in parasitic infections is just beginning to be
revealed. The plasmodium-secreted crystal hemozoin was
recently shown to induce IL-1pB secretion through activation of
the NLRP3 inflammasome via Syk and Lyn kinase-dependent
mechanisms. In vivo, malaria severity was found to be attenu-
ated in Nlrp3*/* mice (Dostert et al., 2009; Shio et al., 2009).
Similarly in another study, Nirp3~'~ mice featured delayed onset
of cerebral malaria, yet this phenotype was not observed in mice
deficient of caspase-1, ASC, and IL-1 receptor, suggesting that
this NLRP3-induced effect was not mediated by formation of an
inflammasome (Reimer et al., 2010). Even less is known about
possible inflammasome-related roles in helminthic infection.
Schistosomal egg antigens activate the NLRP3 inflammasome
(Ritter et al., 2010). This effect was dependent on the PRR
dectin-2, as well as on potassium efflux, ROS production, and
Syk activity. In vivo, Schistosoma-infected Nirp3~/~ and Asc ™/~
mice featured an aberrant adaptive immune response, manifest-
ing reduced IL-17A, IFN-v, IL-5, and IL-10 levels, elevated IL-13
levels, and reduced hepatic granuloma formation.

NLRP1

Although the NLRP3 inflammasome has been the main focus of
many research groups, the NLRP1 inflammasome was the first
to be described (Martinon et al., 2002). NLRP1 is expressed in
multiple cell types including granulocytes, monocytes, dendritic
cells, T and B cells, neurons, and testes. In humans, a single
gene encodes NLRP1 that contains a PYD, a NBD, a LRR,
a FIIND, and a C-terminal CARD. In mice, three highly polymor-
phic paralogues (Nirp1a, Nirp1b, and Nirpi1c) have been
described (Franchi et al., 2009b). Unlike human NLRP1, murine
NLRP1 lacks functional PYD and FIIND domains and is predicted
to not be able to interact with ASC. Indeed, NLRP1b has been
shown to activate caspase-1 in an ASC-independent manner
(Hsu et al., 2008).

Genetic studies identified the Nirp7b gene as the key determi-
nant of susceptibility to Bacillus anthracis lethal toxin (LeTx) in
mice (Boyden and Dietrich, 2006). Subsequently, it was revealed
that LeTx-induced macrophage cell death is dependent on
caspase-1 activation by the Nirp1b-sensitive allele (Boyden
and Dietrich, 2006; Hsu et al., 2008). However, the mechanism
of LeTx activation of the NLRP1 inflammasome remains to be
determined. As is the case for the NLRP3 inflammasome
(Marina-Garcia et al., 2008), NLRP1 can also be activated by
MDP. MDP was suggested to induce conformational changes
in NLRP1, which enable its oligomerization, thus creating a plat-
form for caspase-1 activation (Faustin et al., 2007). In addition,
recent studies indicate that NLRP1 and NOD?2 interaction is
required for proper responses to LeTx and MDP in vivo. NOD2
promotes pro-IL-1p (signal I) transcription in an NF-kB-depen-
dent manner and it regulates caspase-1 activation by MDP
through direct interaction with NLRP1 (Hsu et al., 2008). Further
studies are required to determine the physiological relevance of
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NOD2-NLRP1 interactions and the individual contribution of
the NLRP1 and NLRP3 inflammasomes during host responses
to MDP.

The importance of the NLRP1 inflammasome during host
responses is highlighted by the existence of host and microbial
inhibitors to its assembly and function. The antiapoptotic
proteins Bcl-2 and Bcl-X(L) bind and suppress NLRP1, reducing
caspase-1 activation and IL-1B production (Bruey et al., 2007).
CD4* effector and memory T cells suppress NLRP1 and
NLRP3-inflammasome activation through TNF family ligands in
a cell contact-dependent manner (Guarda et al., 2009). Similarly,
type | interferons inhibit Nlrp1b and NLRP3 inflammasome-
dependent caspase-1 activation through a yet to be determined
STAT-1-mediated mechanism (Guarda et al., 2011). Finally,
Kaposi sarcoma herpes virus Orf63 is a viral homolog of human
NLRP1 that interacts with NLRP1, NLRP3, and NOD2. Orf63
blocks NLRP1-dependent innate immune responses and is
required for reactivation and generation of progeny virus (Greg-
ory et al., 2011).

Other NLR Proteins in Antimicrobial Responses

Multiple other NLR proteins have been identified in humans and
mice, yet with a few exceptions their functions, including the host
antimicrobial response, are currently unknown. The role of CIITA
in regulating MHC class Il expression has been reviewed else-
where (Wright and Ting, 2006). NLRP2, NLRP6, and NLRP12
have been proposed to activate caspase-1 through inflamma-
some assembly and to negatively regulate proinflammatory
signaling pathways (Bruey et al., 2004; Grenier et al., 2002;
Wang et al., 2002). Interestingly, NLRP2 mediates the induction
of human beta defensins (HBD) by Fusubacterium nucleatum in
gingival epithelial cells, suggesting that it may be involved in
regulation of microbial communities in the oral cavity (Ji et al.,
2009). NLRP12 has been suggested to possess anti-inflamma-
tory regulatory properties, potentially through modulation of
IRAK1 phosphorylation, and during infection its levels drop
sharply, enhancing TLR signaling (Williams et al., 2005). Interest-
ingly, Niro712~'~ mice were shown to exhibit attenuated inflam-
matory responses in two models of contact hypersensitivity
because of reduced dendritic cell migration (Arthur et al.,
2010). This mechanism could also potentially affect the antimi-
crobial host response.

NLRGCS is a highly conserved member of the same subfamily
as the NOD proteins. It contains a large LRR region, a central
NOD domain, and a C-terminal CARD-like domain (Schroder
and Tschopp, 2010). The role of NLRC5 as a modulator of the
inflammatory immune response remains unclear and controver-
sial. Earlier studies showed that NLRC5 inhibits NF-kB and type |
interferon pathways through interaction with IKKe. and $ and
RIG-I and MDAD5, respectively (Cui et al., 2010). Accordingly,
knockdown of NLRCS5 resulted in enhanced antiviral immunity
(Cui et al., 2010). Benko et al. (2010) also demonstrated that
NLRCS5 limits activation of proinflammatory pathways via tran-
scriptional repression. In contrast to these studies, two groups
reported that NLRC5 potentiates antiviral responses (Kuenzel
et al,, 2010; Neerincx et al.,, 2010); moreover, macrophages
from Nirc5~/~ mice stimulated ex vivo-induced normal levels of
IFN-B, IL-6, and TNF-o. after treatment with RNA viruses, DNA
viruses, and bacteria (Kumar et al., 2011). These results indicate
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that NLRC5 may be dispensable for cytokine induction during
viral infections under physiological conditions. Finally, two inde-
pendent studies demonstrated that NLRC5 regulates processing
of IL-1B upon overexpression or in response to NLRP3 inflamma-
some-activating molecular patterns (Kumar et al., 2011) and that
NLRC5 physically interacts with NLRP3 (Davis et al., 2011).
These results invoke the possibility that NLRC5 might cooperate
with NLRP3 to activate the NLRP3 inflammasome. Interestingly,
NLRC5 has been shown to be a transcriptional regulator of MHC
class | genes, supporting the observation that NLRC5 is most
similar to CIITA (Meissner et al., 2010b).

NLRX1 is a member of the NLR family that contains an N
terminus CARD-related “X” domain. NLRX1 is targeted to the
mitochondria matrix where it has been shown to interact with
MAVS and modulate antiviral responses (Arnoult et al., 2009;
Moore et al., 2008). Moreover, NLRX1 can also potentiate proin-
flammatory signaling pathways by inducing reactive oxygen
species (ROS) in Hela cells (Tattoli et al., 2008), which in turn
impacts the growth of the intracellular bacteria Chlamydia
trachomatis (Abdul-Sater et al., 2010). Analysis of mice deficient
for NLRX1 is required to elucidate the role of this NLR in the regu-
lation of host anti-microbial immune responses.

Finally, emerging evidence suggests that non-NLR innate
receptors may cooperate with NLR proteins and with other in-
flammasome adaptors in microbial sensing. One such example
is the non-NLR protein AIM2, which was recently shown to
form an ASC-dependent inflammasome and to recognize
dsDNA and was also shown to play a central role in cytosolic
sensing of bacteria and DNA viruses, including Fransicella tular-
ensis, vaccinia virus, mouse cytomegalovirus (MCMV), and to
a certain extent L. monocytogenes (Fernandes-Alnemri et al.,
2010; Jones et al., 2010; Rathinam et al., 2010). Another example
is the viral nucleic acid recognition receptor RIG-I, which was
recently shown to bind ASC and activate caspase-1 in response
to viral infection, resulting in IL-18 production, a process that is
independent of NLRP3 (Poeck et al., 2010). Altogether, these
data suggest that cytosolic pathogen sensing may involve
complex interactions, in which the NLR family members and in-
flammasome adaptors may actively interact with sensors and
adaptors of other pathways, depending on the infectious
context.

NLR Mutations in Human Infectious Disease

In recent years, multiple members of the NLR family have been
associated with human disease (reviewed in Hoffman and
Brydges, 2011). Examples include monogenic auto-inflammatory
disorders such as Muckle-Wells syndrome (MWS), familial cold
auto-inflammatory syndrome (FCAS), and chronic infantile neuro-
logical cutaneous and articular syndrome (CINCA), which are
associated with NLRP3 gain-of-function mutations, whereas
Blau syndrome is associated with NOD2 gain-of-function muta-
tions (Borzutzky et al., 2010). The most well established NLR link
to a multifactorial autoinflammatory disorder is the association
between mutations in NOD2 and Crohn’s disease, which occur
in 30% of patients of European ancestry as compared to <1%
in unaffected individuals (Cho, 2008). A number of aberrations
have been found in patient immune cells including impaired cyto-
kine secretion, reduced Paneth cell antimicrobial peptide pro-
duction, diminished IL-10 secretion after microbial stimulation,
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and defective regulation of autophagy. Lately, a systematic SNP
analysis revealed that mutations within the NLRP3 locus are
also strongly associated with risk factors for the development of
Crohn’s disease (Villani et al., 2009). Sporadic reports on success-
ful IL-1 receptor antagonist (Anakinra) treatment in patients with
intractable gout (Abdul-Sater et al., 2009) and pseudogout (sug-
gested in mice to be regulated by the NLRP3 inflammasome) point
to the possibility that human gout, and possibly other crystal
deposition diseases, are also NLRP3 regulated (McGonagle
et al., 2007). Similarly, mutations in NLRP1 are associated with
some cases of vitiligo and Addison’s disease (Jin et al., 2007; Zur-
awek et al., 2010).

Less studied are the possible associations between NLR
mutations and the propensity for infection. Mutations in the
NOD2 gene were recently suggested to be associated with an
increased risk for the development of spontaneous bacterial peri-
tonitis (SBP) in cirrhotic patients with ascites, possibly linking
NOD2’s effects on the intestinal barrier function to enhanced
bacterial translocation in susceptible patient populations (Ap-
penrodt et al., 2010; Nischalke et al., 2011). A recent genome-
wide association analysis revealed that single-nucleotide poly-
morphisms (SNPs) related to several genes in the NOD2 signaling
pathway were significantly associated with leprosy. This raised
the possibility that Crohn’s disease and multibacillary leprosy,
both of which involve granuloma formation possibly driven by
aberrant Th1 responses, share underlying NOD2 pathway aber-
rations (Berrington et al., 2010b; Zhang et al., 2009).

Future studies in human patients may unravel roles of these
and other NLR proteins, through the mechanisms discussed in
this review in other multifactorial diseases, including infectious
diseases. Studying their mechanisms of action will be of signifi-
cant clinical importance and may enable the development of
novel therapeutic interventions for these disorders.

Concluding Remarks

NLRs are central mediators of microbial sensing. In most cases,
NLR-mediated pathogen recognition is employed by the host as
part of the antimicrobial immune response. In a minority of cases,
this sensing is manipulated by pathogens as part of immune-
evasive mechanisms. However, many important open questions
remain. These include how microbial signals are sensed by the
different NLRs, how different NLRs interact with each other
and with other host signaling pathways, how NLR binding and
activation leads to initiation of the anti-microbial response, how
NLRs modulate the adaptive anti-microbial immune response,
and what is the clinical significance of aberrations in NLR
signaling with respect to host vulnerability to infection. Decipher-
ing these mechanisms will undoubtedly enable further under-
standing of the innate immune response against pathogens.

ACKNOWLEDGMENTS

We thank H. Elinav and C.A. Thaiss for their valuable critique of this manu-
script. E.E. is supported by Cancer Research Institute (2010-2012) and is
arecipient of the Claire and Emmanuel G. Rosenblatt award from the American
Physicians for Medicine in Israel (2010). J.H.M. is supported by a Leukemia
and Lymphoma Society Postdoctoral Fellowship. This work was supported
in part by the Howard Hughes Medical Institute (R.A.F.). We dedicate this
review to the memory of Jurg Tschopp, a colleague and pioneer in the
field of innate immunology, whose contribution to the study of NLRs is
immeasurable.

REFERENCES

Abdul-Sater, A.A., Koo, E., Hacker, G., and Ojcius, D.M. (2009). Inflamma-
some-dependent caspase-1 activation in cervical epithelial cells stimulates
growth of the intracellular pathogen Chlamydia trachomatis. J. Biol. Chem.
284, 26789-26796.

Abdul-Sater, A.A., Said-Sadier, N., Lam, V.M., Singh, B., Pettengill, M.A.,
Soares, F., Tattoli, I., Lipinski, S., Girardin, S.E., Rosenstiel, P., and Ojcius,
D.M. (2010). Enhancement of reactive oxygen species production and chla-
mydial infection by the mitochondrial Nod-like family member NLRX1. J.
Biol. Chem. 285, 41637-41645.

Agostini, L., Martinon, F., Burns, K., McDermott, M.F., Hawkins, P.N., and
Tschopp, J. (2004). NALP3 forms an IL-1beta-processing inflammasome
with increased activity in Muckle-Wells autoinflammatory disorder. Immunity
20, 319-325.

Allen, I.C., Scull, M.A., Moore, C.B., Holl, E.K., McElvania-TeKippe, E.,
Taxman, D.J., Guthrie, E.H., Pickles, R.J., and Ting, J.P. (2009). The NLRP3
inflammasome mediates in vivo innate immunity to influenza A virus through
recognition of viral RNA. Immunity 30, 556-565.

Appenrodt, B., Grinhage, F., Gentemann, M.G., Thyssen, L., Sauerbruch, T.,
and Lammert, F. (2010). Nucleotide-binding oligomerization domain contain-
ing 2 (NOD2) variants are genetic risk factors for death and spontaneous
bacterial peritonitis in liver cirrhosis. Hepatology 57, 1327-1333.

Archer, K.A., Ader, F., Kobayashi, K.S., Flavell, R.A., and Roy, C.R. (2010).
Cooperation between multiple microbial pattern recognition systems is impor-
tant for host protection against the intracellular pathogen Legionella pneumo-
phila. Infect. Immun. 78, 2477-2487.

Arnoult, D., Soares, F., Tattoli, |., Castanier, C., Philpott, D.J., and Girardin,
S.E. (2009). An N-terminal addressing sequence targets NLRX1 to the mito-
chondrial matrix. J. Cell Sci. 122, 3161-3168.

Arthur, J.C., Lich, J.D., Ye, Z., Allen, |.C., Gris, D., Wilson, J.E., Schneider, M.,
Roney, K.E., O’Connor, B.P., Moore, C.B., et al. (2010). Cutting edge: NLRP12
controls dendritic and myeloid cell migration to affect contact hypersensitivity.
J. Immunol. 785, 4515-4519.

Barlan, A.U., Griffin, T.M., McGuire, K.A., and Wiethoff, C.M. (2011).
Adenovirus membrane penetration activates the NLRP3 inflammasome.
J. Virol. 85, 146-155.

Bauernfeind, F.G., Horvath, G., Stutz, A., Alnemri, E.S., MacDonald, K.,
Speert, D., Fernandes-Alnemri, T., Wu, J., Monks, B.G., Fitzgerald, K.A,,
et al. (2009). Cutting edge: NF-kappaB activating pattern recognition and
cytokine receptors license NLRP3 inflammasome activation by regulating
NLRP3 expression. J. Immunol. 7183, 787-791.

Benko, S., Magalhaes, J.G., Philpott, D.J., and Girardin, S.E. (2010). NLRC5
limits the activation of inflammatory pathways. J. Immunol. 7185, 1681-1691.

Berrington, W.R., lyer, R., Wells, R.D., Smith, K.D., Skerrett, S.J., and Hawn,
T.R. (2010a). NOD1 and NOD2 regulation of pulmonary innate immunity to
Legionella pneumophila. Eur. J. Immunol. 40, 3519-3527.

Berrington, W.R., Macdonald, M., Khadge, S., Sapkota, B.R., Janer, M.,
Hagge, D.A., Kaplan, G., and Hawn, T.R. (2010b). Common polymorphisms
in the NOD2 gene region are associated with leprosy and its reactive states.
J. Infect. Dis. 207, 1422-1435.

Bertrand, M.J., Doiron, K., Labbé, K., Korneluk, R.G., Barker, P.A., and Saleh,
M. (2009). Cellular inhibitors of apoptosis clAP1 and clAP2 are required for
innate immunity signaling by the pattern recognition receptors NOD1 and
NOD2. Immunity 30, 789-801.

Boneca, I.G., Dussurget, O., Cabanes, D., Nahori, M.A., Sousa, S., Lecuit, M.,
Psylinakis, E., Bouriotis, V., Hugot, J.P., Giovannini, M., et al. (2007). A critical
role for peptidoglycan N-deacetylation in Listeria evasion from the host innate
immune system. Proc. Natl. Acad. Sci. USA 104, 997-1002.

Borzutzky, A., Fried, A., Chou, J., Bonilla, F.A., Kim, S., and Dedeoglu, F.
(2010). NOD2-associated diseases: Bridging innate immunity and autoinflam-
mation. Clin. Immunol. 134, 251-261.

Boyden, E.D., and Dietrich, W.F. (2006). Nalp1b controls mouse macrophage
susceptibility to anthrax lethal toxin. Nat. Genet. 38, 240-244.

Immunity 34, May 27, 2011 ©2011 Elsevier Inc. 675



Brodsky, I.E., Palm, N.W., Sadanand, S., Ryndak, M.B., Sutterwala, F.S.,
Flavell, R.A., Bliska, J.B., and Medzhitov, R. (2010). A Yersinia effector protein
promotes virulence by preventing inflammasome recognition of the type Il
secretion system. Cell Host Microbe 7, 376-387.

Broz, P., Newton, K., Lamkanfi, M., Mariathasan, S., Dixit, V.M., and Monack,
D.M. (2010a). Redundant roles for inflammasome receptors NLRP3 and
NLRC4 in host defense against Salmonella. J. Exp. Med. 207, 1745-1755.

Broz, P., von Moltke, J., Jones, J.W., Vance, R.E., and Monack, D.M. (2010b).
Differential requirement for Caspase-1 autoproteolysis in pathogen-induced
cell death and cytokine processing. Cell Host Microbe 8, 471-483.

Bruey, J.M., Bruey-Sedano, N., Newman, R., Chandler, S., Stehlik, C., and
Reed, J.C. (2004). PAN1/NALP2/PYPAF2, an inducible inflammatory mediator
that regulates NF-kappaB and caspase-1 activation in macrophages. J. Biol.
Chem. 279, 51897-51907.

Bruey, J.M., Bruey-Sedano, N., Luciano, F., Zhai, D., Balpai, R., Xu, C., Kress,
C.L., Bailly-Maitre, B., Li, X., Osterman, A., et al. (2007). Bcl-2 and Bcl-XL
regulate proinflammatory caspase-1 activation by interaction with NALP1.
Cell 129, 45-56.

Bruno, V.M., Hannemann, S., Lara-Tejero, M., Flavell, R.A., Kleinstein, S.H.,
and Galan, J.E. (2009). Salmonella Typhimurium type Il secretion effectors
stimulate innate immune responses in cultured epithelial cells. PLoS Pathog.
5, e1000538.

Bryant, C., and Fitzgerald, K.A. (2009). Molecular mechanisms involved in
inflammasome activation. Trends Cell Biol. 79, 455-464.

Carlsson, F., Kim, J., Dumitru, C., Barck, K.H., Carano, R.A., Sun, M., Diehl, L.,
and Brown, E.J. (2010). Host-detrimental role of Esx-1-mediated inflamma-
some activation in mycobacterial infection. PLoS Pathog. 6, €1000895.

Cho, J.H. (2008). The genetics and immunopathogenesis of inflammatory
bowel disease. Nat. Rev. Immunol. 8, 458-466.

Clarke, T.B., Davis, K.M., Lysenko, E.S., Zhou, A.Y., Yu, Y., and Weiser, J.N.
(2010). Recognition of peptidoglycan from the microbiota by Nod1 enhances
systemic innate immunity. Nat. Med. 16, 228-231.

Coers, J., Vance, R.E., Fontana, M.F., and Dietrich, W.F. (2007). Restriction of
Legionella pneumophila growth in macrophages requires the concerted action
of cytokine and Naip5/Ipaf signalling pathways. Cell. Microbiol. 9, 2344-2357.

Cooney, R., Baker, J., Brain, O., Danis, B., Pichulik, T., Allan, P., Ferguson,
D.J., Campbell, B.J., Jewell, D., and Simmons, A. (2010). NOD2 stimulation
induces autophagy in dendritic cells influencing bacterial handling and antigen
presentation. Nat. Med. 16, 90-97.

Coulombe, F., Divangahi, M., Veyrier, F., de Léséleuc, L., Gleason, J.L., Yang,
Y., Kelliher, M.A., Pandey, A.K., Sassetti, C.M., Reed, M.B., and Behr, M.A.
(2009). Increased NOD2-mediated recognition of N-glycolyl muramy! dipep-
tide. J. Exp. Med. 206, 1709-1716.

Craven, R.R., Gao, X., Allen, |.C., Gris, D., Bubeck Wardenburg, J., McElvania-
Tekippe, E., Ting, J.P., and Duncan, J.A. (2009). Staphylococcus aureus
alpha-hemolysin activates the NLRP3-inflammasome in human and mouse
monocytic cells. PLoS ONE 4, e7446.

Cui, J., Zhu, L., Xia, X., Wang, H.Y., Legras, X., Hong, J., Ji, J., Shen, P., Zheng,
S., Chen, Z.J., and Wang, R.F. (2010). NLRC5 negatively regulates the NF-
kappaB and type | interferon signaling pathways. Cell 141, 483-496.

Davis, B.K., Roberts, R.A., Huang, M.T., Willingham, S.B., Conti, B.J., Brickey,
W.J., Barker, B.R., Kwan, M., Taxman, D.J., Accavitti-Loper, M.A., et al.
(2011). Cutting edge: NLRC5-dependent activation of the inflammasome. J.
Immunol. 786, 1333-1337.

Delaloye, J., Roger, T., Steiner-Tardivel, Q.G., Le Roy, D., Knaup Reymond, M.,
Akira, S., Petrilli, V., Gomez, C.E., Perdiguero, B., Tschopp, J., etal. (2009). Innate
immune sensing of modified vaccinia virus Ankara (MVA) is mediated by
TLR2-TLR6, MDA-5 and the NALP3 inflammasome. PLoS Pathog. 5, €1000480.

Deshmukh, H.S., Hamburger, J.B., Ahn, S.H., McCafferty, D.G., Yang, S.R.,
and Fowler, V.G., Jr. (2009). Critical role of NOD2 in regulating the immune
response to Staphylococcus aureus. Infect. Immun. 77, 1376-1382.

Divangahi, M., Mostowy, S., Coulombe, F., Kozak, R., Guillot, L., Veyrier, F.,
Kobayashi, K.S., Flavell, R.A., Gros, P., and Behr, M.A. (2008). NOD2-deficient
mice have impaired resistance to Mycobacterium tuberculosis infection
through defective innate and adaptive immunity. J. Immunol. 181, 7157-7165.

676 Immunity 34, May 27, 2011 ©2011 Elsevier Inc.

Immunity

Dostert, C., Guarda, G., Romero, J.F., Menu, P., Gross, O., Tardivel, A., Suva,
M.L., Stehle, J.C., Kopf, M., Stamenkovic, I., et al. (2009). Malarial hemozoin is
a Nalp3 inflammasome activating danger signal. PLoS ONE 4, e6510.

Duncan, J.A., Gao, X., Huang, M.T., O’Connor, B.P., Thomas, C.E., Willing-
ham, S.B., Bergstralh, D.T., Jarvis, G.A., Sparling, P.F., and Ting, J.P.
(2009). Neisseria gonorrhoeae activates the proteinase cathepsin B to mediate
the signaling activities of the NLRP3 and ASC-containing inflammasome. J.
Immunol. 182, 6460-6469.

Faustin, B., Lartigue, L., Bruey, J.M., Luciano, F., Sergienko, E., Bailly-Maitre,
B., Volkmann, N., Hanein, D., Rouiiller, |., and Reed, J.C. (2007). Reconstituted
NALP1 inflammasome reveals two-step mechanism of caspase-1 activation.
Mol. Cell 25, 713-724.

Fernandes-Alnemri, T., Yu, J.W., Juliana, C., Solorzano, L., Kang, S., Wu, J.,
Datta, P., McCormick, M., Huang, L., McDermott, E., et al. (2010). The AIM2
inflammasome is critical for innate immunity to Francisella tularensis. Nat.
Immunol. 77, 385-393.

Franchi, L., Amer, A., Body-Malapel, M., Kanneganti, T.D., Ozbren, N.,
Jagirdar, R., Inohara, N., Vandenabeele, P., Bertin, J., Coyle, A., et al.
(2006). Cytosolic flagellin requires Ipaf for activation of caspase-1 and inter-
leukin 1beta in salmonella-infected macrophages. Nat. Immunol. 7, 576-582.

Franchi, L., Stoolman, J., Kanneganti, T.D., Verma, A., Ramphal, R., and
NufAez, G. (2007). Critical role for Ipaf in Pseudomonas aeruginosa-induced
caspase-1 activation. Eur. J. Immunol. 37, 3030-3039.

Franchi, L., Eigenbrod, T., and Nufez, G. (2009a). Cutting edge: TNF-alpha
mediates sensitization to ATP and silica via the NLRP3 inflammasome in the
absence of microbial stimulation. J. Immunol. 783, 792-796.

Franchi, L., Warner, N., Viani, K., and Nufiez, G. (2009b). Function of Nod-like
receptors in microbial recognition and host defense. Immunol. Rev. 227,
106-128.

Fritz, J.H., Girardin, S.E., Fitting, C., Werts, C., Mengin-Lecreulx, D., Caroff, M.,
Cavaillon, J.M., Philpott, D.J., and Adib-Conquy, M. (2005). Synergistic
stimulation of human monocytes and dendritic cells by Toll-like receptor 4
and NOD1- and NOD2-activating agonists. Eur. J. Immunol. 35, 2459-2470.

Fritz, J.H., Ferrero, R.L., Philpott, D.J., and Girardin, S.E. (2006). Nod-like
proteins in immunity, inflammation and disease. Nat. Immunol. 7, 1250-1257.

Frutuoso, M.S., Hori, J.I., Pereira, M.S., Junior, D.S., S6nego, F., Kobayashi,
K.S., Flavell, R.A., Cunha, F.Q., and Zamboni, D.S. (2010). The pattern recog-
nition receptors Nod1 and Nod2 account for neutrophil recruitment to the
lungs of mice infected with Legionella pneumophila. Microbes Infect. 72,
819-827.

Geddes, K., Rubino, S., Streutker, C., Cho, J.H., Magalhaes, J.G., Le Bourhis,
L., Selvanantham, T., Girardin, S.E., and Philpott, D.J. (2010). Nod1 and Nod2
regulation of inflammation in the Salmonella colitis model. Infect. Immun. 78,
5107-5115.

Gregory, S.M., Davis, B.K., West, J.A., Taxman, D.J., Matsuzawa, S., Reed,
J.C., Ting, J.P., and Damania, B. (2011). Discovery of a viral NLR homolog
that inhibits the inflammasome. Science 331, 330-334.

Grenier, .M., Wang, L., Manji, G.A., Huang, W.J., Al-Garawi, A., Kelly, R., Carl-
son, A., Merriam, S., Lora, J.M., Briskin, M., et al. (2002). Functional screening
of five PYPAF family members identifies PYPAF5 as a novel regulator of
NF-kappaB and caspase-1. FEBS Lett. 530, 73-78.

Gross, O., Poeck, H., Bscheider, M., Dostert, C., Hannesschlager, N., Endres,
S., Hartmann, G., Tardivel, A., Schweighoffer, E., Tybulewicz, V., et al. (2009).
Syk kinase signalling couples to the NIrp3 inflammasome for anti-fungal host
defence. Nature 459, 433-436.

Guarda, G., Dostert, C., Staehli, F., Cabalzar, K., Castillo, R., Tardivel, A.,
Schneider, P., and Tschopp, J. (2009). T cells dampen innate immune
responses through inhibition of NLRP1 and NLRP3 inflammasomes. Nature
460, 269-273.

Guarda, G., Braun, M., Staehli, F., Tardivel, A., Mattmann, C., Forster, |., Farlik,
M., Decker, T., Du Pasquier, R.A., Romero, P., and Tschopp, J. (2011). Type |
interferon inhibits interleukin-1 production and inflammasome activation.
Immunity 34, 213-223.

Harder, J., Franchi, L., Mufioz-Planillo, R., Park, J.H., Reimer, T., and Nufez,
G. (2009). Activation of the NIrp3 inflammasome by Streptococcus pyogenes



Immunity

requires streptolysin O and NF-kappa B activation but proceeds indepen-
dently of TLR signaling and P2X7 receptor. J. Immunol. 783, 5823-5829.

Hasegawa, M., Yamazaki, T., Kamada, N., Tawaratsumida, K., Kim, Y.G.,
Nunez, G., and Inohara, N. (2011). Nucleotide-binding oligomerization domain
1 mediates recognition of clostridium difficile and induces neutrophil recruit-
ment and protection against the pathogen. J. Immunol. 786, 4872-4880.

Hawn, T.R., Verbon, A., Lettinga, K.D., Zhao, L.P., Li, S.S., Laws, R.J., Skerrett,
S.J., Beutler, B., Schroeder, L., Nachman, A, et al. (2003). A common domi-
nant TLR5 stop codon polymorphism abolishes flagellin signaling and is asso-
ciated with susceptibility to legionnaires’ disease. J. Exp. Med. 7198, 1563—
1572.

Hise, A.G., Tomalka, J., Ganesan, S., Patel, K., Hall, B.A., Brown, G.D., and
Fitzgerald, K.A. (2009). An essential role for the NLRP3 inflammasome in
host defense against the human fungal pathogen Candida albicans. Cell
Host Microbe 5, 487-497.

Hoffman, H.M., and Brydges, S.D. (2011). The genetic and molecular basis of
inflammasome-mediated disease. J. Biol. Chem. 286, 10889-10896.

Hsu, L.C., Ali, S.R., McGillivray, S., Tseng, P.H., Mariathasan, S., Humke, E.W.,
Eckmann, L., Powell, J.J., Nizet, V., Dixit, V.M., and Karin, M. (2008). A NOD2-
NALP1 complex mediates caspase-1-dependent IL-1beta secretion in
response to Bacillus anthracis infection and muramyl dipeptide. Proc. Natl.
Acad. Sci. USA 105, 7803-7808.

Hu, B., Elinav, E., Huber, S., Booth, C.J., Strowig, T., Jin, C., Eisenbarth, S.C.,
and Flavell, R.A. (2010). Inflammation-induced tumorigenesis in the colon is
regulated by caspase-1 and NLRC4. Proc. Natl. Acad. Sci. USA 107, 21635-
21640.

Huang, M.T., Taxman, D.J., Holley-Guthrie, E.A., Moore, C.B., Willingham,
S.B., Madden, V., Parsons, R.K., Featherstone, G.L., Arnold, R.R., O’Connor,
B.P., and Ting, J.P. (2009). Critical role of apoptotic speck protein containing
a caspase recruitment domain (ASC) and NLRP3 in causing necrosis and
ASC speck formation induced by Porphyromonas gingivalis in human cells.
J. Immunol. 182, 2395-2404.

Ichinohe, T., Lee, H.K., Ogura, Y., Flavell, R., and Iwasaki, A. (2009). Inflamma-
some recognition of influenza virus is essential for adaptive immune
responses. J. Exp. Med. 206, 79-87.

Ichinohe, T., Pang, I.K., and Iwasaki, A. (2010). Influenza virus activates inflam-
masomes via its intracellular M2 ion channel. Nat. Immunol. 77, 404-410.

Ichinohe, T., Pang, I.K., Kumamoto, Y., Peaper, D.R., Ho, J.H., Murray, T.S.,
and lwasaki, A. (2011). Microbiota regulates immune defense against respira-
tory tract influenza A virus infection. Proc. Natl. Acad. Sci. USA 7108, 5354—
5359. Published online March 14, 2011.

Ji, 8., Shin, J.E., Kim, Y.S., Oh, J.E., Min, B.M., and Choi, Y. (2009). Toll-like
receptor 2 and NALP2 mediate induction of human beta-defensins by fuso-
bacterium nucleatum in gingival epithelial cells. Infect. Immun. 77, 1044-1052.

Jin, Y., Mailloux, C.M., Gowan, K., Riccardi, S.L., LaBerge, G., Bennett, D.C.,
Fain, P.R., and Spritz, R.A. (2007). NALP1 in vitiligo-associated multiple auto-
immune disease. N. Engl. J. Med. 356, 1216-1225.

Jones, J.W., Kayagaki, N., Broz, P., Henry, T., Newton, K., O’'Rourke, K., Chan,
S., Dong, J., Qu, Y., Roose-Girma, M., et al. (2010). Absent in melanoma 2 is
required for innate immune recognition of Francisella tularensis. Proc. Natl.
Acad. Sci. USA 107, 9771-9776.

Kanneganti, T.D., Body-Malapel, M., Amer, A., Park, J.H., Whitfield, J., Fran-
chi, L., Taraporewala, Z.F., Miller, D., Patton, J.T., Inohara, N., and Nufez,
G. (2006). Critical role for Cryopyrin/Nalp3 in activation of caspase-1 in
response to viral infection and double-stranded RNA. J. Biol. Chem. 287,
36560-36568.

Kanneganti, T.D., Lamkanfi, M., and Nufez, G. (2007). Intracellular NOD-like
receptors in host defense and disease. Immunity 27, 549-559.

Kobayashi, K.S., Chamaillard, M., Ogura, Y., Henegariu, O., Inohara, N.,
Nufiez, G., and Flavell, R.A. (2005). Nod2-dependent regulation of innate
and adaptive immunity in the intestinal tract. Science 307, 731-734.

Kuenzel, S., Till, A., Winkler, M., Hasler, R., Lipinski, S., Jung, S., Grétzinger, J.,
Fickenscher, H., Schreiber, S., and Rosenstiel, P. (2010). The nucleotide-
binding oligomerization domain-like receptor NLRCS5 is involved in IFN-depen-
dent antiviral immune responses. J. Immunol. 784, 1990-2000.

Kumar, H., Kumagai, Y., Tsuchida, T., Koenig, P.A., Satoh, T., Guo, Z., Jang,
M.H., Saitoh, T., Akira, S., and Kawai, T. (2009). Involvement of the NLRP3
inflammasome in innate and humoral adaptive immune responses to fungal
beta-glucan. J. Immunol. 783, 8061-8067.

Kumar, H., Pandey, S., Zou, J., Kumagai, Y., Takahashi, K., Akira, S., and
Kawai, T. (2011). NLRC5 deficiency does not influence cytokine induction by
virus and bacteria infections. J. Immunol. 786, 994-1000.

Lara-Tejero, M., Sutterwala, F.S., Ogura, Y., Grant, E.P., Bertin, J., Coyle, A.J.,
Flavell, R.A., and Galan, J.E. (2006). Role of the caspase-1 inflammasome in
Salmonella typhimurium pathogenesis. J. Exp. Med. 203, 1407-1412.

Lee, M.S., and Kim, Y.J. (2007). Signaling pathways downstream of pattern-
recognition receptors and their cross talk. Annu. Rev. Biochem. 76, 447-480.

Lee, J., Tattoli, I., Wojtal, K.A., Vavricka, S.R., Philpott, D.J., and Girardin, S.E.
(2009). pH-dependent internalization of muramyl peptides from early endo-
somes enables Nod1 and Nod2 signaling. J. Biol. Chem. 284, 23818-23829.

Lightfield, K.L., Persson, J., Brubaker, S.W., Witte, C.E., von Moltke, J., Duni-
pace, E.A., Henry, T., Sun, Y.H., Cado, D., Dietrich, W.F., et al. (2008). Critical
function for Naip5 in inflammasome activation by a conserved carboxy-
terminal domain of flagellin. Nat. Immunol. 9, 1171-1178.

Mackey, D., Holt, B.F., 3rd, Wiig, A., and Dangl, J.L. (2002). RIN4 interacts with
Pseudomonas syringae type Il effector molecules and is required for RPM1-
mediated resistance in Arabidopsis. Cell 108, 743-754.

Magalhaes, J.G., Fritz, J.H., Le Bourhis, L., Sellge, G., Travassos, L.H.,
Selvanantham, T., Girardin, S.E., Gommerman, J.L., and Philpott, D.J.
(2008). Nod2-dependent Th2 polarization of antigen-specific immunity.
J. Immunol. 187, 7925-7935.

Mariathasan, S., Newton, K., Monack, D.M., Vucic, D., French, D.M., Lee,
W.P., Roose-Girma, M., Erickson, S., and Dixit, V.M. (2004). Differential activa-
tion of the inflammasome by caspase-1 adaptors ASC and Ipaf. Nature 430,
213-218.

Mariathasan, S., Weiss, D.S., Newton, K., McBride, J., O’Rourke, K., Roose-
Girma, M., Lee, W.P., Weinrauch, Y., Monack, D.M., and Dixit, V.M. (2006).
Cryopyrin activates the inflammasome in response to toxins and ATP. Nature
440, 228-232.

Marina-Garcia, N., Franchi, L., Kim, Y.G., Miller, D., McDonald, C., Boons,
G.J., and Nuiez, G. (2008). Pannexin-1-mediated intracellular delivery of
muramyl dipeptide induces caspase-1 activation via cryopyrin/NLRP3 inde-
pendently of Nod2. J. Immunol. 780, 4050-4057.

Marina-Garcia, N., Franchi, L., Kim, Y.G., Hu, Y., Smith, D.E., Boons, G.J., and
Nunez, G. (2009). Clathrin- and dynamin-dependent endocytic pathway
regulates muramyl dipeptide internalization and NOD2 activation. J. Immunol.
182, 4321-4327.

Martinon, F., Burns, K., and Tschopp, J. (2002). The inflammasome: A molec-
ular platform triggering activation of inflammatory caspases and processing of
prolL-beta. Mol. Cell 10, 417-426.

McGonagle, D., Tan, A.L., Shankaranarayana, S., Madden, J., Emery, P., and
McDermott, M.F. (2007). Management of treatment resistant inflammation of
acute on chronic tophaceous gout with anakinra. Ann. Rheum. Dis. 66,
1683-1684.

McNeela, E.A., Burke, A., Neill, D.R., Baxter, C., Fernandes, V.E., Ferreira, D.,
Smeaton, S., EI-Rachkidy, R., McLoughlin, R.M., Mori, A., et al. (2010). Pneu-
molysin activates the NLRP3 inflammasome and promotes proinflammatory
cytokines independently of TLR4. PLoS Pathog. 6, e1001191.

Meissner, F., Seger, R.A., Moshous, D., Fischer, A., Reichenbach, J., and
Zychlinsky, A. (2010a). Inflammasome activation in NADPH oxidase defective
mononuclear phagocytes from patients with chronic granulomatous disease.
Blood 7176, 1570-1573.

Meissner, T.B., Li, A., Biswas, A., Lee, K.H., Liu, Y.J., Bayir, E., lliopoulos, D.,
van den Elsen, P.J., and Kobayashi, K.S. (2010b). NLR family member NLRC5
is a transcriptional regulator of MHC class | genes. Proc. Natl. Acad. Sci. USA
107, 13794-13799.

Miao, E.A., Alpuche-Aranda, C.M., Dors, M., Clark, A.E., Bader, M.W., Miller,

S.I., and Aderem, A. (2006). Cytoplasmic flagellin activates caspase-1 and
secretion of interleukin 1beta via Ipaf. Nat. Immunol. 7, 569-575.

Immunity 34, May 27, 2011 ©2011 Elsevier Inc. 677



Miao, E.A., Ernst, R.K., Dors, M., Mao, D.P., and Aderem, A. (2008). Pseudo-
monas aeruginosa activates caspase 1 through Ipaf. Proc. Natl. Acad. Sci.
USA 105, 2562-2567.

Miao, E.A,, Leaf, I.A., Treuting, P.M., Mao, D.P., Dors, M., Sarkar, A., Warren,
S.E., Wewers, M.D., and Aderem, A. (2010a). Caspase-1-induced pyroptosis
is an innate immune effector mechanism against intracellular bacteria. Nat.
Immunol. 77, 1136-1142.

Miao, E.A., Mao, D.P., Yudkovsky, N., Bonneau, R., Lorang, C.G., Warren,
S.E., Leaf, .A., and Aderem, A. (2010b). Innate immune detection of the type
Il secretion apparatus through the NLRC4 inflammasome. Proc. Natl. Acad.
Sci. USA 107, 3076-3080.

Mishra, B.B., Moura-Alves, P., Sonawane, A., Hacohen, N., Griffiths, G., Moita,
L.F., and Anes, E. (2010). Mycobacterium tuberculosis protein ESAT-6 is
a potent activator of the NLRP3/ASC inflammasome. Cell. Microbiol. 712,
1046-1063.

Molofsky, A.B., Byrne, B.G., Whitfield, N.N., Madigan, C.A., Fuse, E.T., Tateda,
K., and Swanson, M.S. (2006). Cytosolic recognition of flagellin by mouse
macrophages restricts Legionella pneumophila infection. J. Exp. Med. 203,
1093-1104.

Moore, C.B., Bergstralh, D.T., Duncan, J.A., Lei, Y., Morrison, T.E., Zimmer-
mann, A.G., Accavitti-Loper, M.A., Madden, V.J., Sun, L., Ye, Z., et al.
(2008). NLRX1 is a regulator of mitochondrial antiviral immunity. Nature 457,
573-577.

Morris, A.E., Liggitt, H.D., Hawn, T.R., and Skerrett, S.J. (2009). Role of
Toll-like receptor 5 in the innate immune response to acute P. aeruginosa
pneumonia. Am. J. Physiol. Lung Cell. Mol. Physiol. 297, L1112-L1119.

Mufioz-Planillo, R., Franchi, L., Miller, L.S., and Nufiez, G. (2009). A critical role
for hemolysins and bacterial lipoproteins in Staphylococcus aureus-induced
activation of the NIrp3 inflammasome. J. Immunol. 183, 3942-3948.

Minz, C. (2009). Enhancing immunity through autophagy. Annu. Rev.
Immunol. 27, 423-449.

Neerincx, A., Lautz, K., Menning, M., Kremmer, E., Zigrino, P., Hosel, M.,
Blining, H., Schwarzenbacher, R., and Kufer, T.A. (2010). A role for the human
nucleotide-binding domain, leucine-rich repeat-containing family member
NLRCS5 in antiviral responses. J. Biol. Chem. 285, 26223-26232.

Nischalke, H.D., Berger, C., Aldenhoff, K., Thyssen, L., Gentemann, M.,
Grunhage, F., Lammert, F., Nattermann, J., Sauerbruch, T., Spengler, U.,
and Appenrodt, B. (2011). Toll-like receptor (TLR) 2 promotor and intron 2 poly-
morphisms are associated with increased risk for spontaneous bacterial peri-
tonitis in liver cirrhosis. J. Hepatol., in press. Published online February 26,
2011. 10.1016/j.jhep.2011.02.022.

Nour, A.M., Reichelt, M., Ku, C.C., Ho, M.Y., Heineman, T.C., and Arvin, A.M.
(2011). Varicella-Zoster virus infection triggers formation of an IL-1{beta} pro-
cessing inflammasome complex. J. Biol. Chem., in press. Published online
March 8, 2011. 10.1074/jbc.M110.210575.

Opitz, B., Pischel, A., Schmeck, B., Hocke, A.C., Rosseau, S., Hammersch-
midt, S., Schumann, R.R., Suttorp, N., and Hippenstiel, S. (2004). Nucleo-
tide-binding oligomerization domain proteins are innate immune receptors
for internalized Streptococcus pneumoniae. J. Biol. Chem. 279, 36426-36432.

Pang, I.K., and Iwasaki, A. (2011). Inflammasomes as mediators of immunity
against influenza virus. Trends Immunol. 32, 34-41.

Penack, O., Smith, O.M., Cunningham-Bussel, A., Liu, X., Rao, U., Yim, N., Na,
1.K., Holland, A.M., Ghosh, A., Lu, S.X., et al. (2009). NOD2 regulates hemato-
poietic cell function during graft-versus-host disease. J. Exp. Med. 206, 2101-
2110.

Petnicki-Ocwieja, T., Hrncir, T., Liu, Y.J., Biswas, A., Hudcovic, T., Tlaskalova-
Hogenova, H., and Kobayashi, K.S. (2009). Nod2 is required for the regulation
of commensal microbiota in the intestine. Proc. Natl. Acad. Sci. USA 706,
15813-15818.

Petterson, T., Jendholm, J., Mansson, A., Bjartell, A., Riesbeck, K., and
Cardell, L.O. (2011). Effects of NOD-like receptors in human B lymphocytes
and crosstalk between NOD1/NOD2 and Toll-like receptors. J. Leukoc. Biol.
89, 177-187.

Poeck, H., Bscheider, M., Gross, O., Finger, K., Roth, S., Rebsamen, M.,
Hannesschléger, N., Schlee, M., Rothenfusser, S., Barchet, W., et al. (2010).

678 Immunity 34, May 27, 2011 ©2011 Elsevier Inc.

Immunity

Recognition of RNA virus by RIG-I results in activation of CARD9 and inflam-
masome signaling for interleukin 1 beta production. Nat. Immunol. 77, 63-69.

Rajan, J.V., Rodriguez, D., Miao, E.A., and Aderem, A. (2011). The NLRP3
Inflammasome Detects Encephalomyocarditis Virus and Vesicular Stomatitis
Virus Infection. J. Virol. 85, 4167-4172.

Rathinam, V.A., Jiang, Z., Waggoner, S.N., Sharma, S., Cole, L.E., Waggoner,
L., Vanaja, S.K., Monks, B.G., Ganesan, S., Latz, E., et al. (2010). The AIM2
inflammasome is essential for host defense against cytosolic bacteria and
DNA viruses. Nat. Immunol. 77, 395-402.

Reimer, T., Shaw, M.H., Franchi, L., Coban, C., Ishii, K.J., Akira, S., Horii, T.,
Rodriguez, A., and Nufiez, G. (2010). Experimental cerebral malaria prog-
resses independently of the NIrp3 inflammasome. Eur. J. Immunol. 40,
764-769.

Ritter, M., Gross, O., Kays, S., Ruland, J., Nimmerjahn, F., Saijo, S., Tschopp,
J., Layland, L.E., and Prazeres da Costa, C. (2010). Schistosoma mansoni trig-
gers Dectin-2, which activates the NIrp3 inflammasome and alters adaptive
immune responses. Proc. Natl. Acad. Sci. USA 107, 20459-20464.

Robinson, M.J., Sancho, D., Slack, E.C., LeibundGut-Landmann, S., and Reis
e Sousa, C. (2006). Myeloid C-type lectins in innate immunity. Nat. Immunol. 7,
1258-1265.

Sabbah, A., Chang, T.H., Harnack, R., Frohlich, V., Tominaga, K., Dube, P.H.,
Xiang, Y., and Bose, S. (2009). Activation of innate immune antiviral responses
by Nod2. Nat. Immunol. 70, 1073-1080.

Said-Sadier, N., Padilla, E., Langsley, G., and Ojcius, D.M. (2010). Aspergillus
fumigatus stimulates the NLRP3 inflammasome through a pathway requiring
ROS production and the Syk tyrosine kinase. PLoS ONE 5, e10008.

Schroder, K., and Tschopp, J. (2010). The inflammasomes. Cell 740, 821-832.

Shaw, M.H., Reimer, T., Sanchez-Valdepefas, C., Warner, N., Kim, Y.G.,
Fresno, M., and Nufiez, G. (2009). T cell-intrinsic role of Nod2 in promoting
type 1 immunity to Toxoplasma gondii. Nat. Immunol. 70, 1267-1274.

Shimada, K., Chen, S., Dempsey, P.W., Sorrentino, R., Alsabeh, R., Slepenkin,
A.V., Peterson, E., Doherty, T.M., Underhill, D., Crother, T.R., and Arditi, M.
(2009). The NOD/RIP2 pathway is essential for host defenses against Chlamy-
dophila pneumoniae lung infection. PLoS Pathog. 5, €1000379.

Shio, M.T., Eisenbarth, S.C., Savaria, M., Vinet, A.F., Bellemare, M.J., Harder,
K.W., Sutterwala, F.S., Bohle, D.S., Descoteaux, A., Flavell, R.A., and Olivier,
M. (2009). Malarial hemozoin activates the NLRP3 inflammasome through Lyn
and Syk kinases. PLoS Pathog. 5, e1000559.

Silva, G.K., Gutierrez, F.R., Guedes, P.M., Horta, C.V., Cunha, L.D., Mineo,
T.W., Santiago-Silva, J., Kobayashi, K.S., Flavell, R.A., Silva, J.S., and
Zamboni, D.S. (2010). Cutting edge: Nucleotide-binding oligomerization
domain 1-dependent responses account for murine resistance against Trypa-
nosoma cruzi infection. J. Immunol. 7184, 1148-1152.

Strominger, J.L. (2007). Bacterial cell walls, innate immunity and immunoadiju-
vants. Nat. Immunol. 8, 1269-1271.

Sun, Y.H., Rolan, H.G., and Tsolis, R.M. (2007). Injection of flagellin into the
host cell cytosol by Salmonella enterica serotype Typhimurium. J. Biol.
Chem. 282, 33897-33901.

Sutterwala, F.S., and Flavell, R.A. (2009). NLRC4/IPAF: A CARD carrying
member of the NLR family. Clin. Immunol. 130, 2-6.

Sutterwala, F.S., Mijares, L.A., Li, L., Ogura, Y., Kazmierczak, B.I., and Flavell,
R.A. (2007a). Immune recognition of Pseudomonas aeruginosa mediated by
the IPAF/NLRC4 inflammasome. J. Exp. Med. 204, 3235-3245.

Sutterwala, F.S., Ogura, Y., and Flavell, R.A. (2007b). The inflammasome in
pathogen recognition and inflammation. J. Leukoc. Biol. 82, 259-264.

Suzuki, T., Franchi, L., Toma, C., Ashida, H., Ogawa, M., Yoshikawa, Y.,
Mimuro, H., Inohara, N., Sasakawa, C., and Nufiez, G. (2007). Differential regu-
lation of caspase-1 activation, pyroptosis, and autophagy via Ipaf and ASC in
Shigella-infected macrophages. PLoS Pathog. 3, e111.

Tattoli, I., Carneiro, L.A., Jéhanno, M., Magalhaes, J.G., Shu, Y., Philpott, D.J.,
Arnoult, D., and Girardin, S.E. (2008). NLRX1 is a mitochondrial NOD-like
receptor that amplifies NF-kappaB and JNK pathways by inducing reactive
oxygen species production. EMBO Rep. 9, 293-300.



Immunity

Thomas, P.G., Dash, P., Aldridge, J.R., Jr., Ellebedy, A.H., Reynolds, C., Funk,
A.J., Martin, W.J., Lamkanfi, M., Webby, R.J., Boyd, K.L., et al. (2009). The
intracellular sensor NLRP3 mediates key innate and healing responses to influ-
enza A virus via the regulation of caspase-1. Immunity 30, 566-575.

Ting, J.P., Lovering, R.C., Alnemri, E.S., Bertin, J., Boss, J.M., Davis, B.K,,
Flavell, R.A., Girardin, S.E., Godzik, A., Harton, J.A., et al. (2008). The NLR
gene family: a standard nomenclature. Immunity 28, 285-287.

Travassos, L.H., Girardin, S.E., Philpott, D.J., Blanot, D., Nahori, M.A., Werts,
C., and Boneca, I.G. (2004). Toll-like receptor 2-dependent bacterial sensing
does not occur via peptidoglycan recognition. EMBO Rep. 5, 1000-1006.

Travassos, L.H., Carneiro, L.A., Girardin, S.E., Boneca, |.G., Lemos, R., Bozza,
M.T., Domingues, R.C., Coyle, A.J., Bertin, J., Philpott, D.J., and Plotkowski,
M.C. (2005). Nod1 participates in the innate immune response to Pseudo-
monas aeruginosa. J. Biol. Chem. 280, 36714-36718.

Travassos, L.H., Carneiro, L.A., Ramjeet, M., Hussey, S., Kim, Y.G., Magal-
hées, J.G., Yuan, L., Soares, F., Chea, E., Le Bourhis, L., et al. (2010). Nod1
and Nod2 direct autophagy by recruiting ATG16L1 to the plasma membrane
at the site of bacterial entry. Nat. Immunol. 77, 55-62.

Tsuji, N.M., Tsutsui, H., Seki, E., Kuida, K., Okamura, H., Nakanishi, K., and
Flavell, R.A. (2004). Roles of caspase-1 in Listeria infection in mice. Int. Immu-
nol. 16, 335-343.

Vavricka, S.R., Musch, M.W., Chang, J.E., Nakagawa, Y., Phanvijhitsiri, K.,
Waypa, T.S., Merlin, D., Schneewind, O., and Chang, E.B. (2004). hPepT1
transports muramyl dipeptide, activating NF-kappaB and stimulating IL-8
secretion in human colonic Caco2/bbe cells. Gastroenterology 727, 1401-
1400.

Viala, J., Chaput, C., Boneca, I.G., Cardona, A., Girardin, S.E., Moran, A.P.,
Athman, R., Mémet, S., Huerre, M.R., Coyle, A.J., et al. (2004). Nod1 responds
to peptidoglycan delivered by the Helicobacter pylori cag pathogenicity island.
Nat. Immunol. 5, 1166-1174.

Vijay-Kumar, M., Carvalho, F.A., Aitken, J.D., Fifadara, N.H., and Gewirtz, A.T.
(2010). TLR5 or NLRC4 is necessary and sufficient for promotion of humoral
immunity by flagellin. Eur. J. Immunol. 40, 3528-3534.

Villani, A.C., Lemire, M., Fortin, G., Louis, E., Silverberg, M.S., Collette, C.,
Baba, N., Libioulle, C., Belaiche, J., Bitton, A., et al. (2009). Common variants
in the NLRP3 region contribute to Crohn’s disease susceptibility. Nat. Genet.
41, 71-76.

Wang, L., Manji, G.A., Grenier, J.M., Al-Garawi, A., Merriam, S., Lora, J.M.,
Geddes, B.J., Briskin, M., DiStefano, P.S., and Bertin, J. (2002). PYPAF7,
a novel PYRIN-containing Apafi-like protein that regulates activation of
NF-kappa B and caspase-1-dependent cytokine processing. J. Biol. Chem.
277, 29874-29880.

Watanabe, T., Kitani, A., Murray, P.J., and Strober, W. (2004). NOD2 is a nega-
tive regulator of Toll-like receptor 2-mediated T helper type 1 responses. Nat.
Immunol. 5, 800-808.

Watanabe, T., Asano, N., Kitani, A., Fuss, |.J., Chiba, T., and Strober, W.
(2010a). NOD1-Mediated Mucosal Host Defense against Helicobacter pylori.
Int J Inflam 2070, 476-482.

Watanabe, T., Asano, N., Fichtner-Feigl, S., Gorelick, P.L., Tsuiji, Y., Matsu-
moto, Y., Chiba, T., Fuss, |.J., Kitani, A., and Strober, W. (2010b). NOD1
contributes to mouse host defense against Helicobacter pylori via induction
of type | IFN and activation of the ISGF3 signaling pathway. J. Clin. Invest.
120, 1645-1662.

Werts, C., le Bourhis, L., Liu, J., Magalhaes, J.G., Carneiro, L.A., Fritz, J.H.,
Stockinger, S., Balloy, V., Chignard, M., Decker, T., et al. (2007). Nod1 and
Nod2 induce CCL5/RANTES through the NF-kappaB pathway. Eur. J. Immu-
nol. 37, 2499-2508.

Williams, K.L., Lich, J.D., Duncan, J.A., Reed, W., Rallabhandi, P., Moore, C.,
Kurtz, S., Coffield, V.M., Accavitti-Loper, M.A., Su, L., et al. (2005). The
CATERPILLER protein monarch-1 is an antagonist of toll-like receptor-, tumor
necrosis factor alpha-, and Mycobacterium tuberculosis-induced pro-inflam-
matory signals. J. Biol. Chem. 280, 39914-39924.

Willingham, S.B., Bergstralh, D.T., O’Connor, W., Morrison, A.C., Taxman,
D.J., Duncan, J.A., Barnoy, S., Venkatesan, M.M., Flavell, R.A., Deshmukh,
M., et al. (2007). Microbial pathogen-induced necrotic cell death mediated
by the inflammasome components CIAS1/cryopyrin/NLRP3 and ASC. Cell
Host Microbe 2, 147-159.

Willingham, S.B., Allen, I.C., Bergstralh, D.T., Brickey, W.J., Huang, M.T.,
Taxman, D.J., Duncan, J.A., and Ting, J.P. (2009). NLRP3 (NALP3, Cryopyrin)
facilitates in vivo caspase-1 activation, necrosis, and HMGB1 release via
inflammasome-dependent and -independent pathways. J. Immunol. 183,
2008-2015.

Wright, K.L., and Ting, J.P. (2006). Epigenetic regulation of MHC-Il and CIITA
genes. Trends Immunol. 27, 405-412.

Zamboni, D.S., Kobayashi, K.S., Kohlsdorf, T., Ogura, Y., Long, E.M., Vance,
R.E., Kuida, K., Mariathasan, S., Dixit, V.M., Flavell, R.A., et al. (2006). The
Birc1e cytosolic pattern-recognition receptor contributes to the detection
and control of Legionella pneumophila infection. Nat. Immunol. 7, 318-325.

Zhang, F.R., Huang, W., Chen, S.M., Sun, L.D., Liu, H., Li, Y., Cui, Y., Yan, X.X.,
Yang, H.T., Yang, R.D., et al. (2009). Genomewide association study of
leprosy. N. Engl. J. Med. 367, 2609-2618.

Zhou, R., Yazdi, A.S., Menu, P., and Tschopp, J. (2011). Arole for mitochondria
in NLRP3 inflammasome activation. Nature 469, 221-225.

Zurawek, M., Fichna, M., Januszkiewicz-Lewandowska, D., Gryczynska, M.,

Fichna, P., and Nowak, J. (2010). A coding variant in NLRP1 is associated
with autoimmune Addison’s disease. Hum. Immunol. 77, 530-534.

Immunity 34, May 27, 2011 ©2011 Elsevier Inc. 679



	 Regulation of the Antimicrobial Response by NLR Proteins
	 Introduction
	 NOD1 and NOD2
	 Role of NOD1 in the Antimicrobial Response
	 Role of NOD2 in the Antimicrobial Response
	 Induction of Autophagy by NOD1 and NOD2
	 Regulation of the Antimicrobial Adaptive Immune Response by NOD1 and NOD2
	 Inflammasome Forming NLR Proteins
	 NLRC4
	 Bacterial Activation of the NLRC4 Inflammasome
	 NLRC4 Interaction with Other Proinflammatory Signaling Pathways
	 NLRP3
	 Microbial Activators of the NLRP3 Inflammasome
	 Bacterial Activators of the NLRP3 Inflammasome
	 Viral Activators of the NLRP3 Inflammasome
	 Fungal Activators of the NLRP3 Inflammasome
	 Parasitic Activators of the NLRP3 Inflammasome
	 NLRP1
	 Other NLR Proteins in Antimicrobial Responses
	 NLR Mutations in Human Infectious Disease
	 Concluding Remarks
	 Acknowledgments
	 References


