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Abstract

Inflammasomes are multiprotein structures that activate caspase-1, support secretion of pro-
inflammatory cytokines, IL-1β and IL-18, and also induce inflammatory programmed cell death, 
termed pyoptosis. Inflammasomes are activated in response to the detection of endogenous and 
microbially derived danger signals and are mediated by several classes of inflammasome-forming 
sensors. These include several nucleotide-binding proteins of the NOD-like receptor (NLR) family, 
including NLRP1, NLRP3 and NLRC4, as well as the proteins Absent in Melanoma 2 (AIM2) and 
Pyrin. Mutations in genes encoding some of these sensors have been found to be associated 
with gain-of-function monogenetic inflammatory disorders in humans. Genetic, biochemical and 
structural studies have begun to demonstrate how these proteins sense danger signals and to 
shed light on the step-by-step processes that are necessary for the assembly of inflammasomes, 
in both physiologic responses to pathogens and potentially in autoinflammatory conditions. 
Recent biochemical studies of pro-caspase-1 and an adapter protein known as ASC suggest that 
inflammasomes act to initiate self-generating effector filaments responsible for activating caspase-1 
and initiating downstream signaling. These studies have suggested a model of molecular events 
from sensor activation to inflammasome formation that may describe processes that are universal to 
inflammasome formation.

Keywords:   caspase-1, IL-1β, inflammasome, NOD-like receptor

Introduction

Inflammasomes are multiprotein complexes that induce 
inflammation by activating the cysteine proteinase, caspase-1, 
which is responsible for the maturation of the pro-cytokine 
IL-1β into its secreted active form. Inflammasome-mediated 
caspase-1 activation is also responsible for maturation of 
IL-1-related pro-cytokines, particularly IL-18, and induction of 
a pro-inflammatory type of programmed cell death known as 
pyroptosis.

The activation and oligomerization of inflammasome-form-
ing innate immune sensors is the critical molecular step in 
forming active inflammasomes. After this key step, many stud-
ies suggest that additional inflammasome components with 
death fold-containing domains, particularly the pyrin domain 
of the adapter molecule ASC or the caspase activation and 

recruitment domain (CARD) of pro-caspase-1, will propagate 
the initiating signal. Death fold-containing domains are found 
in many proteins that are involved with apoptosis or inflam-
mation-related processes. Once nucleated, these death 
domain-containing structures are able to self-assemble into 
molecular fibrils, forming massive complexes that support 
activation of many pro-caspase-1 molecules (1, 2). This self-
assembly occurs with purified proteins in a cell-free system 
and appears to utilize a prion-like mechanism and assembly. 
The resulting fibrillar structures can be isolated in vitro and 
from cells in which inflammasome activation has been initi-
ated (1, 2).

Many inflammasome-forming innate immune sensors fall 
into the family of proteins known as nucleotide-binding and 
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leucine-rich repeat (LRR)-containing proteins, also known as 
NOD-like receptors (NLRs, formerly known as NALPs). While 
there are roughly 20 mammalian NLR proteins, three (NLRP1, 
NLRP3 and NLRC4) have been well-characterized in their 
role in initiating inflammasome assembly. Other proteins con-
taining pyrin domains, a subset of Death-fold domains, are 
also known to facilitate inflammasome formation, including 
Absent in Melanoma 2 (AIM2) and Pyrin, the founding mem-
ber of pyrin domain-containing proteins. Mutations in all three 
of these NLR proteins as well as Pyrin have been linked to 
autoinflammatory diseases (Fig. 1).

NLRP3 mutations are strongly associated with a disease 
spectrum of inherited autoinflammatory disorders collect-
ively referred to as cryopyrin-associated periodic fever syn-
drome that include familial cold autoinflammatory syndrome 
(FCAS), Muckle–Wells syndrome and neonatal-onset multi-
system inflammatory disease. Since the initial description of 
three mutations in NLRP3 associated with these diseases, 
over a hundred disease causing mutations have been iden-
tified in patients with both hereditary and spontaneously 
arising inflammatory syndromes (3–6). Six different mis-
sense mutations in NLRC4 associated with autoinflamma-
tory diseases. Mutations in Thr337 (T337S), His443 (H443P), 
Val341 (V341A), Ser171 (S171F), Thr177 (T177A) and Ser445 
(S445P) are associated with a spectrum of disease manifes-
tations that include macrophage activation syndrome (MAS), 

FCAS-like disease and some have features of neonatal-onset 
enterocolitis, and periodic systemic inflammatory episodes 
(7–12). Recently, a mutation in NLRP1 was found associated 
with a syndrome that was called NLRP1-associated autoin-
flammation with arthritis and dyskeratosis (NAIAD) and two 
skin disorders: multiple self-healing palmoplantar carcinoma 
and familial keratosis lichenoides chronica (13, 14). Pyrin is 
the protein product of the MEFV gene, which was first identi-
fied as the site of mutations associated with the autoinflam-
matory condition hereditary Mediterranean fever syndrome 
(15, 16). Subsequently, a mutation in MEFV has been found 
associated with another inflammatory disorder, pyrin-associ-
ated autoinflammation with neutrophilic dermatosis (17). A list 
of mutations that are linked to autoinflammatory disorders is 
found at http://fmf.igh.cnrs.fr/ISSAID/infevers/.

All of these autoinflammatory diseases are associated with 
high levels of IL-1β and/or IL-18, linking their pathogenesis 
to constitutive activation or gain-of-function in these inflam-
masome-forming proteins. Interestingly, mutations in NLRC4 
are associated with disproportionate increases in IL-18 over 
IL-1β, when compared to diseases associated with mutations 
in NLRP3 or NLRP1. Although NLRP3, NLRP1 and NLRC4 all 
share the common structural feature of a central nucleotide-
binding domain (NBD), the physiologic stimuli that activate 
each are different. NLRP3 is activated by a wide variety of 
stimuli at the cellular level, including pore-forming toxins, 

Fig. 1.  Mutations in inflammasome-forming sensor proteins are associated with autoinflammatory syndromes. This schematic 
demonstrates the domain structure of the indicated inflammasome-forming sensor proteins including the NLR proteins: 
NLRP1, NLRP3, NLRC4 and NAIP as well as Pyrin and AIM2. Arrows indicate approximate location of known mutations 
that are associated with autoimmune diseases, for example in NLRP1 (linked with NLRP1-associated autoinflammation with 
arthritis and dyskeratosis, multiple self-healing palmoplantar carcinoma and familial keratosis lichenoides chronica), in NLRP3 
(associated with Muckle–Wells syndrome, familial cold urticaria and neonatal-onset multisystem inflammatory disease), in 
NLRC4 (associated with macrophage-activating syndrome) and in Pyrin (associated with familial Mediterranean fever and 
Pyrin-associated autoinflammation with neutrophilic dermatosis).
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activation of purogenic-gated potassium channels and other 
membrane-destabilizing stimuli. NLRP3 is also activated by 
microscopic crystals, including monosodium urate, calcium 
pyrophosphate, asbestos, silica and alum. On the other 
hand, NLRP1 has been shown to be activated by a limited 
set of stimuli, including muramyl dipeptide, a small molecule 
derived from bacterial cell walls, and by proteolysis of the 
amino-terminal domain by anthrax lethal toxin and possibly 
other bacteria-derived proteolytic toxins or endogenous host 
proteinases (18–21). Despite its identification long before the 
NLR family of sensors, Pyrin has only recently been identified 
as a sensor for disruption of the host signaling system that 
involves the rho GTPases, which are involved in phagocytosis 
of pathogens and are targeted by many pathogen-derived 
toxins. By detecting disruption of the host signaling pathway, 
Pyrin can initiate host inflammatory signaling in response to 
a variety of pathogens without depending on recognition of a 
specific pathogen-associated molecule (22).

The activation of the NLRC4 inflammasome differs from 
NLRP3 and NLRP1 because the core oligomer of the NLRC4 
inflammasome is composed of two NLR family members, 
NLRC4 and NAIP (NLR family of apoptosis inhibitory protein). 
The NLRC4 inflammasome detects the presence of flagellin 
and two components of the type III secretion system (T3SS), 
the rod and needle protein (23), which act as ligands for 
NAIP proteins. The specificity of the NLRC4 inflammasome 
is dictated by its NAIP, which directly interacts with a bacter-
ial ligand in a receptor–ligand fashion. Four different mouse 
NAIPs (NAIP1, NAIP2, NAIP5 and NAIP6) and one human 
NAIP have been characterized. Two of these NAIPs, NAIP5 
and NAIP6, interact with bacterial flagellin and stimulate the 
NLRC4 inflammasome (23). NAIP2 interacts with the T3SS rod 
protein, PrgJ. The fourth mouse NAIP, NAIP1, interacts with 
the T3SS needle protein (23, 24). In immortalized monocyte-
derived cells, human NAIP was found to be required for T3SS 
needle protein-induced NLRC4 inflammasome activation 
(24). However, recently human primary monocyte-derived 
macrophages (MDMs) were found to express an alterna-
tive NAIP transcript that encodes an extended NAIP protein. 
The NLRC4 inflammasome is responsive to flagellin in these 
MDMs and expression of the extended NAIP transcript in 
immortalized monocyte-derived cells allowed those cells to 
generate IL-1β in response to cytosolic flagellin delivery (25). 
Once NAIP binds its specific ligand, it can bind to NLRC4, 
causing oligomerization of NLRC4 protomers. Like the NLRC4 
inflammasome, the AIM2 inflammasome also assembles in 
response to pathogen-derived molecules, DNA in the host 
cell cytosol for AIM2. However, unlike NLRC4, which requires 
NAIP for its recognition of bacterial peptide ligands, the AIM2 
inflammasome consists of AIM2 homooligomers.

NLR proteins have a tripartite organization, with a C-terminal 
LRR domain and a central NACHT (NAIP, CIITA, HET-E, TEP1) 
domain (Fig.  1). NLR proteins have some diversity in the 
N-terminal domain: NLRP1 and NLRP3 have pyrin domains, 
NLRC4 has a CARD, and NAIPs have a BIR (baculovirus 
inhibitor of apoptosis protein repeat) domain.

The LRR domain of NLRs has clearly been shown to play 
an auto-inhibitory role in NLR activation as expression of 
several NLR proteins lacking their cognate LRR has been 
found to lead to constitutive activation of the protein (26, 27). 

Because these constitutively active LRR-less NLR proteins 
lose ligand-sensitive activation and because LRR domains of 
the toll-like receptor (TLR) proteins are known to act as ligand-
binding domains, the hypothesis that the LRR also acts as a 
ligand-binding domain for NLRs has largely been accepted 
as dogma. However, direct ligand-binding assays in NOD2 
(another CARD-containing NLR) and specificity studies in 
NAIPs suggest that the NACHT domain contributes part or 
all of the ligand binding in at least some NLR proteins (28, 
29). NLRP1 has an additional CARD on the C-terminus that is 
not found in other NLR proteins. The NACHT domain of NLR 
proteins is composed of the NBD, hinged domain 1 (HD1), 
the winged helix domain (WHD) and hinged domain 2 (HD2).

The NACHT domains of NLRC4, NLRP3 and NLRP1 have 
all been shown to bind and hydrolyze adenosine triphos-
phate  (ATP), and many published studies suggest that 
ATP binding or hydrolysis plays an important role in NLR-
inflammasome activation (30–33). Over-expression of mutant 
NLRC4 and NLRP3 that have loss of ATP binding fails to trig-
ger IL-1β secretion (30, 31). The ability of NLRP3 to stimulate 
in vitro ASC oligomerization was enhanced by the addition 
of ATP to the reaction (1). NLRP1 inflammasome assembly 
reconstituted in vitro required ATP, though other nucleotide 
triphosphates could also support NLRP1 inflammasome for-
mation (34). Interestingly, a recent study investigating the role 
of proteolysis in NLRP1 inflammasome activation showed 
that over-expression of a mutant NLRP1 predicted to have 
poor ATP binding still supported IL-1β secretion (19). Though 
ATP binding seems to be critical for each NLR to form an 
inflammasome, whether the steps of nucleotide binding and 
hydrolysis play the same role in activation of each different 
NLR has not been determined.

After assembly of the sensor protein-containing inflammas-
omes is initiated, nucleation of a death domain-containing 
protein that triggers self-propagating assembly proceeds. For 
pyrin domain-containing NLRs (e.g. NLRP1 and NLRP3), the 
N-terminal pyrin domain interacts with the pyrin domain of the 
adapter molecule ASC (which consists of a pyrin domain and 
a CARD). As ASC pyrin domains are assembled into a fibril, 
the CARDs can interact with the CARD of pro-caspase-1, 
nucleating a second polymerization event that generates 
branching fibrils of pro-caspase-1 that ultimately lead to acti-
vation of the pro-enzyme into active caspase-1 that is able to 
liberate itself from the assembling fibrils through autoprote-
olysis (1). For the NLRC4 inflammasome, the CARD of NLRC4 
in the assembling inflammasome can initiate pro-caspase-1 
oligomerization through CARD–CARD interactions resulting in 
direct caspase-1 activation (1). Activation of caspase-1 leads 
to proteolytic processing of inflammatory cytokines, pro-IL-
1β and pro-IL-18, as well as pyroptosis, which is defined as 
caspase-1-dependent programmed cell death (35).

Extensive research has been conducted on the activation 
and assembly of the NLRC4 inflammasome, which has been 
recently aided by structural studies of the inactive protein as 
well as the assembled inflammasome (36, 37). In this review, 
we discuss the various stages of the inflammasome assem-
bly process for inflammasomes, starting with initial activation 
that is strongly regulated by post-translational modification, 
ligand-binding, or both. We will also review the downstream 
assembly events including activation of NLRC4 monomers, 
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oligomerization of NLRC4 and finally the interaction of NLRC4 
with pro-caspase-1. Although this review focuses on the 
physiologic activation of the NLRC4 inflammasomes by bac-
terial ligands, there is likely substantial overlap between the 
mechanisms of autoinflammatory mutation induced NLRC4 
inflammasome assembly and the physiologic activation of this 
complex. It seems likely that many of the molecular events of 
NLRC4 inflammasome assembly are conserved between other 
NLR-containing inflammasomes, although the mechanisms by 
which these events are achieved may vary between proteins.

Regulation of inflammasome activation by post-
translational modifications

The regulation of the activation of inflammasomes is also 
affected by the post-translational modifications of key inflam-
masome components. Phosphorylation/dephosphorylation 
and proteolysis processes have well-documented roles in 
inflammasome activation. Other processes like ubiquitin-
ation/deubiquitination, nitrosylation and ribosylation are also 
reported to impact inflammasome activation, but are less well 
defined. For some sensor proteins, like NLRC4 and NLRP3, 
post-translational modification seems to be one step of many 
ultimately required for inflammasome assembly. For others, 
particularly Pyrin and NLRP1, post-translational modifications 
appear to be the key signaling mechanism leading to inflam-
masome activation.

Phosphorylation of inflammasome-activating sensors

Phosphorylation is a key regulator of Pyrin inflammasome 
activation. Pyrin is a microtubule-binding protein with five dis-
tinct domains (38). Two of these domains, the pyrin domain 
and the B30.2 domain, directly interact with ASC and cas-
pase-1, respectively, to promote inflammasome assembly. 
The assembly of the Pyrin inflammasome is regulated by 
binding of phosphorylated pyrin with protein 14-3-3, which 
prevents association of the protein with ASC and caspase-1 
(17, 39, 40). Dephosphorylation of S205 and S241 in murine 
Pyrin (S208 and S242 in human Pyrin) causes the dissociation 
of 14-3-3, permitting ASC binding, inflammasome assembly, 
and caspase-1 activation (39). One mutation in the human 
Pyrin protein, S242R, causes a disruption of 14-3-3 binding 
to Pyrin and is associated with pyrin-associated autoinflam-
mation with neutrophilic dermatosis (17). Another mutation in 
human Pyrin that was also recently identified in patients with 
pyrin-associated autoinflammation with neutrophilic derma-
tosis, E244K, has also been shown to disrupt the 14-3-3 bind-
ing motif associated with phospho-S242 (41). In the absence 
of activating mutations, pyrin inflammasome assembly can 
be induced by cytotoxin TcdB from Clostridium difficile. This 
toxin glycosylates RhoA GTPase (22), which is responsible 
for activation  of two serine-threonine kinases, PKN1 and 
PKN2. The basal activation of PKN1 and PKN2 is sufficient to 
maintain phosphorylation of pyrin, promoting 14-3-3 binding 
to the protein (42). The binding of 14-3-3 and PKN1/PKN2 to 
pyrin is weaker for mutant pyrin (FMF) as compared to wild 
type (42). Although dephosphorylation and 14-3-3 disasso-
ciation is a critical signal in Pyrin inflammasome activation, 
Pyrin inflammasome assembly also requires association with 
microtubules and can be blocked by inhibition of microtubule 

polymerization with colchicine (43). These data suggest that, 
like other inflammasome-forming sensors, Pyrin inflamma-
some assembly is also controlled by multiple regulatory pro-
cesses within cells.

Several studies suggest that phosphorylation/dephospho-
rylation plays a role in the activation of NLR-based inflammas-
omes as well. Qu et al. (44) showed that PKCδ phosphorylates 
mouse NLRC4 on serine residue 533. Murine macrophages 
expressing the NLRC4 mutant, S533A, were unable to acti-
vate caspase-1 in response to the presence of proper NLRC4 
inflammasome stimuli. It was further shown that the phosphor-
ylation of NLRC4 is independent of NAIP proteins or NLRC4 
inflammasome-activating ligands (45). More recently, the 
leucine-rich repeat kinase 2 (LRRK2), a protein involved with 
various inflammatory diseases, directly interacts with NLRC4 
and phosphorylates serine 533, leading to the activation of the 
NLRC4 inflammasome (46). Unfortunately, the molecular role 
phosphorylation of serine 533 plays in NLRC4 inflammasome 
assembly has not been further elucidated by the detailed 
structural studies of NLRC4 that have been published to date.

Many different kinases have been found to be required 
for optimal NLRP3 inflammasome activation. Several studies 
examining NLRP3 inflammasome activation by fungi, plas-
modium parasites and Mycobacterium tuberculosis show 
that blockade of signaling by tyrosine kinases Syk and Lyn 
reduces NLRP3-inflammasome-dependent IL-1β secre-
tion through impact on inflammasome activation (47–49). 
Pharmacologic or genetic reduction of expression studies of 
other kinases, including TAK1, DAPK and ERK1, have also 
suggested that in some circumstances, these kinases con-
tribute to NLRP3 activation (50–52). A  role for the double-
stranded RNA-dependent protein kinase, PKR, in activation 
of NLRP3 remains controversial in the literature, with studies 
suggesting PKR can activate, inhibit or play no role at all in 
activation of NLRP3 (53–56). Despite the implication of so 
many kinases in NLRP3 activation, there are very limited stud-
ies demonstrating a role of NLRP3 phosphorylation in NLRP3 
inflammasome assembly. A 2017 study by Stutz et al. demon-
strated that the pyrin domain of NLRP3 is phosphorylated at 
baseline and that phosphatase 2A (PP2A)-mediated dephos-
phorylation was required for NLRP3–ASC association and 
subsequent inflammasome assembly (57). Phosphomimetic 
mutations with basic residues in place of phosphorylated ser-
ines prevented association between NLRP3 and ASC pyrin 
domains and structural predictions suggested that a patch 
of negative surface charge localized at the site of the phor-
phorylated serines should disrupt the inter-domain contacts 
needed for pyrin domain oligomerization (57–59). At this 
point, the identity of the kinase or kinases required for main-
taining NLRP3 pyrin domain phosphorylation in the basal 
state are unknown.

Using a variety of unbiased genetic screens, several 
research groups found that NIMA-related kinase 7 (NEK7) is 
required for optimal NLRP3 inflammasome activation. NEK7 
and NLRP3 directly interact with one another, and the deletion 
of NEK7 leads to the absence of caspase-1 activation and 
IL-1 β secretion in both peritoneal and bone marrow-derived 
macrophages (BMDMs) treated with NLRP3 inflammasome-
activating compounds (58, 59). Abrogation of NEK7 expres-
sion had no effect on NLRC4 or AIM2 inflammasome activation 
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(58, 59). The kinase inactive NEK7 mutant (K64M) still leads 
to secretion of IL-1β and can immunoprecipitate NLRP3 in 
a similar fashion to wild-type NEK7, the kinase activity of 
NEK7 has been shown to be dispensable for NLRP3 inflam-
masome activation (59). Thus, despite these multiple corre-
lated reports of a protein kinase being a critical component 
in NLRP3 signaling, evidence for a role of phosphorylation 
of NLRP3 in modulating the proteins activity remains limited.

Proteolysis in inflammasome activation

The activation of the NLRP1 inflammasome can occur 
through proteolytic cleavage. The anthrax lethal toxin from 
Bacillus anthracis can directly cleave NLRP1b and activate 
the NLRP1 inflammasome, leading to the secretion of IL-1β 
and pyroptosis (20, 21, 60). Lethal factor toxin cleavage of 
NLRP1 occurs in the pyrin domain of NLRP1, which is also 
the site of mutations in NLRP1 that are associated with auto-
inflammatory disorders (14). These data suggest that unlike 
most NLR proteins in which the N-terminal CARD or pyrin 
domain serves to bind to downstream effector molecules, 
the C-terminal CARD domain of NLRP1 may actually serve 
the effector binding function for NLRP1. Chavarria-Smith et 
al. also recently demonstrated that artificial introduction of 
a TEV protease cleavage site in the pyrin domain of NLRP1 
created a TEV protease activated inflammasome (19). These 
findings support the concept posed by Chavarria-Smith et 
al. that the pyrin domain of NLRP1 may act as a regulator 
of NLRP1 activity and serve as a protease sensor to detect 
pathogen-derived toxins that have evolved to destroy pyrin 
domain-containing innate immune sensors. It remains to be 
determined if other inflammasome-forming sensors are sub-
stantially regulated by proteolysis.

Interaction and activation of inflammasome-forming 
sensors by ligands

There are two well-documented examples of inflammasome-
forming sensors being directly activated by ligand binding 
events: activation of the AIM2 inflammasome and the NLRC4 
inflammasome. The AIM2 is a receptor that senses cytosolic, 
double-stranded DNA (dsDNA) and leads to the activation of 
caspase-1 (61–64). AIM2 interacts with dsDNA through the 
electrostatic charges from amino acids in the HIN domain 
of AIM2 and the sugar phosphate backbone of dsDNA (65), 
thus there is no substantial impact of DNA sequence on AIM2 
activation. Autoinhibition of AIM2 occurs from the interaction 
between the HIN and pyrin domains, and this autoinhibition is 
released when the HIN domain binds dsDNA (65). In addition 
to requiring direct DNA binding for activation, AIM2 inflam-
masome assembly is regulated in cells by a second HIN 
domain-containing protein, p202 (66, 67). The HIN domain of 
p202 has a higher DNA binding affinity than the HIN domain 
of AIM2, and the interaction of p202 with AIM2 can lead to the 
inhibition of the AIM2 inflammasome (67).

Early research into the NLRC4 inflammasome suggested 
this complex was important for sensing bacterial flagellin. 
Several published reports demonstrated that genetic inacti-
vation of NLRC4 reduced or eliminated IL-1β release induced 
by flagellin and flagellin-producing bacteria (68–71). Several 

early studies also demonstrated that NAIP5 was required for 
flagellin-induced NLRC4 inflammasome activation (72–74). 
Flagellin proteins from a number of bacterial species were 
shown, using co-immunoprecipitation and yeast two-hybrid 
assays, to interact with NAIP5. These flagellin proteins failed 
to interact with NLRC4 in similar assays. The ability of each 
flagellin to stimulate IL-1β secretion from BMDMs correlated 
with binding to NAIPs in these assays (23).

Studies into the primary structure of flagellin required for 
activating the NLRC4 inflammasome showed that a change 
in three amino acids (L470A, L472A and L473A) in the 
C-terminus eliminated flagellin-induced pyroptosis (75) and 
interaction with NAIP5 (23). The same study used NAIP5-
deficient mice to show a direct role for NAIP5/NLRC4 in 
response to the C-terminus of flagellin. Interestingly, the full-
length flagellin activated the NLRC4 inflammasome in the 
absence of NAIP5 (75). Although the N-terminus of flagel-
lin alone does not cause pyroptosis in mouse BMDMs, the 
authors determined that the N-terminus of flagellin in the 
context of full-length flagellin, or when co-expressed with 
the C-terminus, caused activation of the NLRC4 inflamma-
some in a NAIP5-independent fashion (76). Interestingly, 
either the N-terminal 65 amino acids or C-terminal 65 amino 
acids of flagellin were found to activate NAIP5-dependent 
NLRC4 inflammasome formation when NAIP5, NLRC4 and 
pro-caspase-1 were co-expressed in HEK293 cells, which 
do not express a native NLRC4 inflammasome. It remains 
unclear why full-length flagellin was found to stimulate NLRC4 
inflammasome formation in a NAIP5-independent fashion in 
BMDMs, but the authors question whether the N-terminus 
of flagellin can alter or enhance the NLRC4-dependent 
response to the C-terminus of flagellin so that NAIP5 is no 
longer necessary, pointing to an alternate mechanism to acti-
vate the NLRC4 inflammasome.

Legionella infection was found to cause NLRC4-mediated 
IL-1β secretion in a flagellin/NAIP5-dependent fashion 
whereas Salmonella activation of NLRC4 was found to be 
partially NAIP5-independent, suggesting that Salmonella pro-
duced a factor with an alternate pathway to NLRC4 activation 
(76). The presence of a second NLRC4 activation pathway 
was supported by the observation that NLRC4 activation and 
IL-1β secretion depended entirely on NAIP5 in cells infected 
with Legionella in which the flagellin gene from Legionella was 
replaced with the Salmonella flagellin gene. Miao et al. (77) 
noted that the T3SS rod protein, PrgJ, found in Salmonella 
but not Legionella, had some sequence homology to flagellin. 
They went on to demonstrate that PrgJ stimulated NLRC4-
dependent caspase-1 activation and IL-1β secretion.

To determine the region of rod protein necessary for NLRC4 
activation, the amino acid sequences of PrgJ homologs were 
compared and strong identity was seen in the C-terminus of 
the proteins. Deletion of the last seven amino acids (amino 
acids 95–101) prevented IL-1β secretion in macrophages 
primed with LPS and stimulated with PrgJ, and substituting 
alanine for valine at position 95 also led to the abrogation of 
IL-1β secretion (77).

The discovery that PrgJ activated NLRC4 led to the hypoth-
esis that PrgJ might act on NLRC4 through a separate NAIP 
protein. Kofoed et al. (78) used short-hairpin RNA (shRNA) 
knockdowns of NAIP2 in mouse macrophages to determine 
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the role NAIP2 plays in PrgJ-induced NLRC4 inflammasome 
activation. The authors showed Listeria exogenously express-
ing Salmonella PrgJ or Salmonella lacking flagellin could 
induce pyroptosis and activation of caspase-1 in BMDMs 
from both wild-type and Naip5–/– mice. Knockdown of NAIP2 
expression by shRNA blocked pyroptosis and caspase-1 
activation in these cells. Zhao et al. (23) demonstrated that 
caspase-1 activation in response to PrgJ or BsaK, a T3SS 
rod protein from Burkholderia thailandensis, was diminished 
by knockdown of NAIP2 in macrophages. They also found 
that BsaK interacted with NAIP2, but not NAIP1, NAIP5, 
NAIP6 or NLRC4 in a yeast two-hybrid system (23). These 
studies demonstrated a direct role for NAIP2 in recognizing 
T3SS rod protein and stimulating the formation of the NLRC4 
inflammasome.

A more detailed study was performed to determine which 
regions of NAIP govern its ligand specificity. NAIP chimeras 
were created by combining part of NAIP5/6 with comple-
menting regions from NAIP2, and using the chimeric NAIP, 
along with NLRC4 and specific ligand, for co-expression in 
HEK293T cells for the inflammasome reconstitution assays 
(29). Results showed that the LRR domain was not involved 
in the ligand specificity of each NAIP, whereas the NBD, HD1, 
WHD and HD2 regions were involved in NAIP specificity, 
leading to the hypothesis that binding of bacterial ligand to 
HD2 of NAIPs may cause steric inhibition or assumption of 
a conformation that blocks association between the NACHT 
domain and the inhibitory LRR domain. Two recent publica-
tions have clarified the interactions between L. pneumoph-
ila flagellin (FlaA), NAIP5 and NLRC4. Tenthorey et al. (79) 
used cryo-electron microscopy (cryo-EM) to determine the 
contact points between flagellin and NAIP5. They deter-
mined that six different regions of NAIP5 directly interact with 
FlaA. Helices in the HD1 domain, HD2 domain, BIR domain, 
a region N-terminally from the BIR domain and two regions 
of the LRR domain are involved in the binding of FlaA. Point 
mutations in these regions of NAIP5 reduced its binding to 
FlaA. The authors also mutated regions of FlaA and deter-
mined that amino acids L470, L472 and L473 were crucial 
to binding to NAIP5, similar to a previous report (75), along 
with residues 31–33 and 458–460. The interactions between 
PrgJ and NAIP2 were also examined, and mutational analysis 
showed that the C-terminal portion of PrgJ was crucial for 
recognition by NAIP2, along with residues 32–34 and 65–88. 
The authors concluded that multiple point mutations in both 
FlaA and PrgJ were necessary for the evasion of NAIP5 or 
NAIP2, but these multiple mutations caused disrupted func-
tion for FlaA and PrgJ. A second study also used cryo-EM to 
investigate the interactions between S. typhimurium flagellin 
(FliC), NAIP5 and NLRC4 (80). The authors determined that 
two parallel helices of flagellin interact with several regions 
of NAIP5, including the BIR and LRR domains, similar to the 
Tenthorey study (79). The binding of FliC to NAIP5 acts to sta-
bilize the active conformation of NAIP5, and this interaction is 
necessary for NLRC4 activation. The initial recognition of FliC 
by NAIP5 seems to occur in a binding pocket that is formed 
by the BIR1 and HD1 domains (80). The need for multisurface 
recognition between NAIP and these virulence factors limits 
the ability for pathogens to evade recognition by the NLRC4 
inflammasome.

Much of the data surrounding NAIP protein bacterial lig-
and specificity arise from studies of mouse proteins derived 
from multiple NAIP genes harbored by this species. Humans 
only have a single NAIP gene, raising questions surrounding 
the ligand specificity and role in host defense that the human 
NLRC4 inflammasome plays. Early studies found human 
monocyte-derived cells induced IL-1β secretion in response 
to T3SS needle protein, but not flagellin or rod protein (23, 24, 
81). Kortmann et  al. (25) demonstrated that two commonly 
used human monocytic cell lines express a spliced NAIP 
transcript lacking nucleotides 3990–4160. This group further 
demonstrated that primary monocytes express full-length 
NAIP protein and are responsive to Salmonella flagellin. The 
complementation of U-937 cells with the full-length hNAIP 
transcript rendered the cells responsive to challenge from 
S. typhimurium and S. typhi (25). Two recent studies also sup-
port the capacity of hNAIP to recognize inner rod proteins and 
flagellin. Treatment with inner rod and needle proteins (PscI 
and PscF) from Pseudomonas aeruginosa induced secretion 
of IL-1β from both THP1 cells driven towards macrophage 
differentiation and from fresh PBMCs in response to the bac-
teria. Reduction in NLRC4 or hNAIP using siRNA reduced this 
IL-1β secretion (82). A  second study revealed that primary 
human macrophages can activate the hNAIP/NLRC4 inflam-
masome response to PrgJ, and several other inner rod pro-
teins from different bacteria can stimulate the hNAIP/NLRC4 
inflammasome. This study further demonstrated that the full-
length hNAIP transcript was capable of conferring NLRC4 
inflammasome activation in response to a flagellin, inner rod 
and needle proteins (83). Thus, it appears that unlike murine 
NAIPs, numerous structurally related bacterial ligands can be 
sensed by a single human NAIP, encoded by a single NAIP 
gene.

NLRC4 inflammasome structure provides a model for 
NLR-inflammasome assembly mechanisms

An important tool used to study the interactions between 
the different members of the NLRC4 inflammasome is the 
reconstituted inflammasome assay. Co-expression of a NAIP, 
NLRC4, specific bacterial ligand, pro-caspase-1 and pro-IL-
1β (or a subset of the five proteins) in HEK293 cells is com-
monly used to generate NLRC4 inflammasome complexes 
in cells. Multiple studies using co-expression of a NAIP and 
NLRC4 and subsequent co-precipitation experiments have 
shown an interaction between the NAIP and NLRC4 (23, 29, 
78, 84). These interactions are detected by this assay meth-
odology only in the presence of a NAIP-specific ligand. Self-
association of NAIPs did not occur, either in the presence or 
absence of ligand (29, 84).

Initial studies to determine the stoichiometry of NAIP, ligand 
and NLRC4 in the NLRC4 inflammasome were conducted 
using immunoprecipitation of ‘reconstituted’ inflammasome 
components from transfected cells combined with densito-
metric analysis of immunoblots. These studies suggested 
that there was 1 NAIP molecule for each bacterial ligand and 
for every 2.5 NLRC4 molecules in the inflammasome com-
plex (29).

Two subsequent studies employed nanogold-labeled NAIP 
and cryo-EM to study isolated recombinant inflammasome 
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complexes demonstrated that there is only 1 NAIP molecule 
present in NLRC4 inflammasome complexes that molecular 
modeling suggested contained 10 NLRC4 protomers (36, 37). 
Because the initial reported studies examined the structure of 
the multiprotein complexes isolated by immunoprecipitation, 
it is possible that many of the isolated complexes were only 
partially formed, leading to a discounted ratio of NLRC4 to 
NAIP. It is also possible there is differential efficiency in mem-
brane capture or detection of NAIP and NLRC4 in the immu-
noblots performed. The currently accepted models generally 
follow the structurally supported model of an 11-member 
macro-structure containing 1 NAIP and 10 NLRC4 protomers.

Solving the crystal structure of NLRC4 provided an initial 
glimpse into the protein in its inactive form (85). The crys-
tallized protein lacked the N-terminal CARD and a short 
region deleted to increase solubility (Δ622–644), but still 
retained ATPase activity. NLRC4 was bound to ADP, even 
though ADP was not supplemented in the preparation, sug-
gesting that ADP exchange from the inactive protein is likely 
relatively slow.

Analysis of the crystal structure of NLRC4 suggests the 
front edge of the ADP-binding site is formed by the WHD 
of NLRC4, including His443. His443 is a key residue impli-
cated in a gain-of-function mutation that leads to familial cold 
autoinflammatory like syndrome (9). His443 forms hydrogen 
bonds with the β-phosphate group of ADP, which could sta-
bilize the closed or inactive conformation of NLRC4. A similar 
key histidine residue, His438, is also found in apoptotic pro-
tease activating factor 1 (Apaf-1) (86). Lys175 and Ser176 
make up the P loop of a Walker A motif (GXXXGKT/S) in the 
NLRC4 NBD that hydrogen bonds with ADP as predicted for 
nucleotide-binding proteins that contain this structural motif. 
Further highlighting the potential role for this nucleotide-bind-
ing site in inflammasome activation, two mutations associated 
with inflammatory disease (S171F and T177A) are within or 
adjacent to this Walker A motif (8, 10). Two other hydrogen 
bonds form between the N1 and N6 of adenine and Thr135 
of NLRC4 (85). Strangely, though expressed in an insect 
cell line, the recombinant NLRC4 used for these structural 
studies was phosphorylated at S533. In the crystal structure, 
this phosphorylated residue appears to stabilize a HD2-LRR 
that would serve to maintain the closed, inactive structure of 
NLRC4. It is possible that S533 phosphorylation has effects 
on NLRC4 interaction with additional cellular factors that 
are critical to in vivo inflammasome assembly and that are 
missed by the static view of the inactive protein afforded by 
x-ray crystallography. This finding highlights that despite the 
tremendous value in vitro structural studies provide, they still 
have substantial limitations in explaining in vivo dynamic 
processes.

Transfection of NLRC4 with mutation of His443 to leu-
cine increased IL-1β processing in the absence of NAIP5 or 
Legionella flagellin. Using size-exclusion chromatography, this 
mutant protein was also found to run in a large molecular weight 
complex similar in size to the complex wild-type NLRC4 ran in 
when it was expressed with FliC and NAIP5. Thus the H443P 
autoinflammatory disease-associated mutant of NLRC4 may 
be capable of reconstituting inflammasome formation with-
out requirement for the bacterial ligand sensor, NAIP (85). The 

deletion of the LRR domains also led to an increase in IL-1β 
processing, and removal of LRRs and HD2 produced an even 
greater increase when compared with removal of LRRs. The 
mutation of Tyr617, a residue in the region between the NBD 
and LRRs whose packing in the structure appears to poten-
tially stabilize the closed structure of the ADP-bound NLRC4, 
to alanine also led to constitutive NLRC4 inflammasome activa-
tion. The crystal structure of ADP-bound NLRC4 suggests that 
HD2 comes in contact with α8 of the NBD and this interaction 
keeps NLRC4 in its inactive form (85).

Electron micrographic analysis of negatively stained 
NLRP1 inflammasomes that were assembled in vitro demon-
strated that the NLRP1 inflammasome appeared to have a 
bladed ring-like structure that is reminiscent of the structure 
of the caspase-3-activating structure known as the apopto-
some (34, 87). The primary protein unit of the apoptosome 
is Apaf-1, a protein that shares the central NACHT domain 
primary structure found in NLR proteins. Initial EM studies of 
NAIP5–NLRC4 inflammasome complexes isolated from trans-
fected cells revealed ring-like structures with 11- or 12-fold 
symmetry (84).

These initial studies lacked enough structural detail to pro-
vide substantial insight into the mechanisms of their assem-
bly. Two later studies using cryo-EM and fitting with the 
known domain structures generated from crystallographic 
studies of inactive NLRC4 to deduce the structure of assem-
bled PrgJ–NAIP2–NLRC4 inflammasome complexes have 
offered insight into the molecular events involved in inflam-
masome assembly (36, 37). A  ligand-bound NAIP interacts 
with an inactive NLRC4 molecule as the initial step of NLRC4 
inflammasome assembly (Fig.  2). In preparations of PrgJ–
NAIP2–NLRC4 inflammasomes, fractions from size-exclusion 
chromatography correlating with complexes smaller than the 
full inflammasome demonstrated partially assembled struc-
tures with the terminal NLR density in the open or activated 
state. The deduced structure of inflammasome-associated, 
active NLRC4 determined by cryo-EM suggests that NLRC4 
undergoes structural remodeling during activation, with the 
rotation of the WHD–HD2–LRR regions around the hinge 
region of the molecule (region between HD1 and WHD) (37). 
All six known gain-of-function mutations in NLRC4 are found 
within areas of these subdomains that must undergo exten-
sive changes in their structure between the inactive and acti-
vated conformations of the protein (7, 9, 11).

The surface of inactive NLRC4 that comes in contact with 
NAIP is the ‘receptor’ or ‘B’ surface (made up of structural 
elements from the NBD and HD1, including key amino acids 
I123/I124/D125). This surface is basic in charge and largely 
accessible in both the active and inactive conformations. The 
surface of the ligand-bound active NAIP or inflammasome-
associated NLRC4 that interacts with the neighboring NLRC4 
is termed the ‘catalytic’ surface or ‘A’ surface (including key 
amino acids R288/Q433/L435) and is largely acidic (37). The 
LRR of the inactive molecule projects over the region of the 
NLR that comprises the ‘catalytic’ surface of the activated 
molecule and also partially occupies the area of the adja-
cent NLRC4 molecule in the inflammasome structure (37). 
Disruption of the interaction between and bound ADP by 
mutation of H433 could destabilize the closed conformation 
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of the protein. The opened structure of the mutant would have 
an exposed catalytic surface that could interact with other 
NLRC4 molecules and promote inflammasome assembly in 
a manner analogous to ligand-bound NAIP, suggesting a 
mechanism for the constitutive activity of this autoinflamma-
tory disease-associated mutation.

Oligomerization of the wheel-like structure occurs unidirec-
tionally, with the ‘catalytic’ surface of the activated molecule 
interacting with the ‘receptor’ surface of an inactive molecule. 
The newly added NLRC4 molecule would then be stabilized in 
its active conformation through additional contacts between 
LRR domains. The stabilized open conformation of the newly 
added NLRC4 would then reveal the protomer’s previously 
hidden ‘catalytic’ surface that would be capable of interact-
ing with the next inactive NLRC4 molecule to be added to the 
forming inflammasome.

To test the importance of amino acids predicted to inter-
act between NAIPs and NLRC4, the authors mutated several 
residues (R586, R590 in NAIP5; R631, R634 in NAIP2; E122, 
D123, D125 in NLRC4) and showed that these amino acids are 
involved in the NAIP–NLRC4 interaction, greatly reducing the 
amount of NAIP co-precipitated with NLRC4 (36). To evaluate 
the role of the basic amino acid residues on the NLRC4 ‘cata-
lytic’ surface in promoting oligomerization, two residues were 
replaced with acidic residues to generate the R285D NLRC4 
and double-mutant R288D/H289D NLRC4. Less of the mutant 
proteins co-immunoprecipitated with NAIP2 when they were 
over-expressed in HEK293 cells, suggesting that the stoi-
chiometry of NLRC4:NAIP was reduced by these mutations 
(36). Hu et al. also investigated the role of R288 in promot-
ing NLRC4 oligomerization. When NLRC4 with the mutation 
of R288 to alanine was co-expressed with PrgJ and NAIP2, 
the resulting proteins formed PrgJ–NAIP2–NLRC4 complexes 
rather than the PrgJ–NAIP2–NLRC410 inflammasome com-
plexes that formed when wild-type NLRC4 was expressed. 
These data suggest that acidic amino acids found in the 

‘catalytic’ surface of both active NAIP and NLRC4 are not 
exposed in the inactive crystallized conformation of the pro-
teins and play a key role promoting assembly of the inflam-
masome complex through their interaction with the ‘receptor’ 
surface of inactive NLRC4 molecules that are to be added to 
the assembling complex.

Although these detailed cryo-EM studies provide the best 
characterized structural information about the assembled 
NLRC4 inflammasome, other studies have provided add-
itional data with both consistencies and inconsistencies 
with these models. In the earlier referenced studies by Halff 
et al. of in vitro NLRC4 inflammasome assembly and ligand 
recognition, high concentrations of purified NLRC4 were 
found to assemble into elongated fibrils suggesting that 
NLRC4 could potentially assemble into a helical structure 
rather than a closed disc (84). A  later study using cryo-
electron tomography (cryo-ET) to examine isolated FliC-
D0L–NAIP5–NLRC4 inflammasomes (FliC-D0L is a flagellin 
fragment) demonstrated the presence of rod-like structures 
that fit the model of extending helices of NLRC4 rather than 
closed discs reported for the PrgJ–NAIP2–NLRC4 inflam-
masome (88).

It is unclear from the current published data whether there 
are actual differences in the structure of the inflammasome 
wheel versus helix as a result of the NAIP–ligand combination 
that initiates assembly. It is also possible that these structural 
differences stem from the expression systems, methods and 
conditions used to isolate actual complexes. Regardless, the 
detailed structural data from these studies support a model 
where a single-liganded NAIP activates NLRC4, which in turn 
can induce activation of the next unit to assemble in the oligo-
mer. This model allows a single bacterial ligand detection 
event to trigger signaling-complex assembly. This inflamma-
some assembly model differs from the Apaf-1 apoptosome 
assembly model where each Apaf-1 molecule is independ-
ently activated by cytochrome C ligand and the liganded 

Fig. 2.  A model for assembly of the NLRC4 inflammasome includes sequential association with inactive NLR monomers followed by stabiliza-
tion of the activated conformation of the added monomer. (A) NAIP favors its inactive conformation at baseline. In the presence of appropriate 
bacterial ligand, NAIP is stabilized in its open, activated conformation. (B) Ligand-mediated activation of NAIP uncovers an NLRC4-interacting 
surface on the NACHT domain, which binds the inactive NLRC4 protomer. Like NAIP, unliganded NLRC4 favors its inactive conformation but, 
once bound to NAIP, the open NLRC4 conformation is stabilized through intermolecular LRR interactions. (C) Activation of NLRC4 reveals a 
previously buried homo-oligomerization surface, which can interact with both active and inactive NLRC4 conformations. Once associated with 
an active NLRC4 monomer, the newly added NLRC4 is also stabilized in its active conformation, which can now associate with the next inactive 
NLRC4 monomer. Step C is repeated until inflammasome assembly is complete.
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Apaf-1 assumes a conformation required for apoptosome 
assembly, a process that requires a cytochrome C: Apaf-1 
stoichiometry of 1:1 (89).

Of the known NLRs that form inflammasome complexes 
in humans, only NLRC4 directly interacts with caspase-1 
using its CARD, thus eliminating the requirement for ASC. In 
order to confirm that CARD from NLRC4 activates caspase-1, 
a fluorescence polarization assay was used, similar to one 
used to examine the polymerization of ASC (1). The CARD 
from NLRC4 (NLRC4CARD) was tagged with green fluorescent 
protein, along with full-length NLRC4 (NLRC4FL). NLRC4CARD 
was able to cause caspase-1CARD polymerization, whereas 
NLRC4FL did not show significant caspase-1CARD polymeriza-
tion. Polymerization of caspase-1CARD also occurred with the 
PrgJ–NAIP2–NLRC4 inflammasome (36). The authors con-
clude that ASC-independent NAIP/NLRC4 inflammasomes 
use a similar mechanism for the activation of caspase-1 that 
is used for ASC-dependent inflammasomes. The formation 
of the NLRC4 inflammasome may use its oligomerization of 
CARD to directly nucleate caspase-1 filaments and cause 
activation of caspase-1 (90).

Interestingly, EM studies of NLRC4-containing inflammas-
omes carried out with full-length NLRC4 that includes its 
N-terminal CARD domain have revealed stacked disc struc-
tures that resemble the double-disc structure observed in 
studies of Drosophila apaf-1-related killer (DARK)-containing 
apoptosomes. It is likely these double discs are formed 
by homotypic interactions between the protruding CARD 
domains from the structural proteins. Though there are defini-
tive studies, it is likely these homotypic interactions would 
not occur in the setting of the NLR (or DARK) CARD domain 
interacting with downstream effector molecules like pro-cas-
pase-1 through CARD–CARD interactions (91).

It is generally believed that, like the CARD domain of 
NLRC4, the pyrin domain of NLRP3 would occupy the center 
of an NRLP3 inflammasome and serve to nucleate ASC via 
pyrin–pyrin domain interactions. The resulting ASC fibril that 
extends from the NLRP3 inflammasome would then initiate 
pro-caspase-1 nucleation via CARD–CARD interactions that 
result in formation of active caspase-1. NLRP1 appears cap-
able of activating pro-caspase-1 directly through interaction 
with the C-terminal CARD domain or through N-terminal pyrin 
domain interactions with ASC as an adapter for pro-caspase-1 
interaction in in vitro inflammasome assembly assays (34).

However, these in vitro inflammasome assembly studies 
preceded the recent discovery of C-terminal autoproteolytic 
processing that removes the C-terminal CARD domain and 
exogenous NLRP1-activating signals from proteolytic bacter-
ial toxins that remove the N-terminal pyrin domain. In light of 
these more recent findings, it is unclear in these models how 
the NLRP1 inflammasome might interact with pro-caspase-1 
after in vivo assembly (18, 19). It is possible that the prote-
olyzed activated NLRP1 might act as an initiator, catalyzing 
assembly of non-proteolyzed NLRP1 protomers that have 
intact domains for initiating pro-caspase activation. It is also 
possible the proteolyzed, activated NLRP1 could form a het-
ero-oligomer with other NLR proteins or adapter molecules 
that interact with pro-caspase-1. Tremendous progress has 
been made on understanding NLR and effector molecule 
oligomerization in recent years, but open questions remain 

regarding how the self-assembling effector complexes are 
kept in inactive states within cells and how these inhibitory 
signals are relieved by assembled inflammasomes.

Conclusions

A model for the activation and assembly of the NAIP/NLRC4 
inflammasome (Fig.  2) is now supported by substantial 
structural data (36, 37). First, an inactive NAIP molecule 
recognizes a specific ligand (flagellin, rod protein or needle 
protein). This leads to stabilization of the open, activated form 
of NAIP (79, 80). Second, the ligand-bound, activated NAIP 
interacts with an inactive NLRC4, which in the absence of 
the NAIP binding is stabilized in an inactive conformation by 
interactions between the NBD and WHD. Binding of ligand-
bound NAIP by inactive NLRC4 stabilizes the active conform-
ation of NLRC4 with the rotated LRR domain interacting with 
the LRR of the open NAIP. The newly activated NLRC4 uses 
its catalytic surface to associate with inactive NLRC4 and sta-
bilize the activate conformation of the newly added NLRC4 
molecule. This process is repeated until the inflammasome 
disk is complete. Third, oligomerization of the CARDs from 
the various NLRC4 subunits leads to the recruitment of pro-
caspase-1 and causes dimerization, autoproteolysis and 
activation of caspase-1.

It is unclear whether other NLR inflammasomes use the 
same mechanism by which the last activated NLR protein 
creates a binding surface that stabilizes the active conform-
ation of the next NLR protein to be added to the assembling 
complex or if they require ligand binding to activate each NLR 
that will be added to the inflammasome complex. It is likely 
that all NLR inflammasomes will share a common-bladed 
ring structure, perhaps with some variation in the number of 
monomeric NLR required to complete the ring. Finally, the 
role of ADP–ATP exchange and ATP hydrolysis has yet to be 
firmly established and this may also vary between different 
NLR proteins.

Given that either ASC or Caspase-1 are capable of self-
assembly into caspase-1-activating structures once the ini-
tial nucleation of their pyrin or CARD domain is achieved, it 
seems likely that inflammasome formation is not dynamic and, 
once formed, the NLR-inflammasome becomes dispensable 
to signal propagation. This calls into question whether there 
is a deactivation process and inflammasome disassembly, or 
whether, once initiated, the entire signaling cascade is irre-
versible. Many of these open questions will likely be answered 
in the near future as the researchers in the field continue to 
apply a combination of genetic, biochemical and structural 
methodologies to the study of inflammasome biology.
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