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Regulation of inflammasome

activation

Summary: Inflammasome biology is one of the most exciting and rap-
idly growing areas in immunology. Over the past 10 years, inflamma-
somes have been recognized for their roles in the host defense against
invading pathogens and in the development of cancer, auto-inflamma-
tory, metabolic, and neurodegenerative diseases. Assembly of an in-
flammasome complex requires cytosolic sensing of pathogen-associated
molecular patterns or danger-associated molecular patterns by a nucleo-
tide-binding domain and leucine-rich repeat receptor (NLR) or absent
in melanoma 2 (AIM2)-like receptors (ALR). NLRs and ALRs engage
caspase-1, in most cases requiring the adapter protein apoptosis-associ-
ated speck-like protein containing a CARD (ASC), to catalyze proteo-
lytic cleavage of pro-interleukin-1f (pro-IL-1f) and pro-IL-18 and
drive pyroptosis. Recent studies indicate that caspase-8, caspase-11, IL-
1R—associated kinases (IRAK), and receptor-interacting protein (RIP)
kinases contribute to inflammasome functions. In addition, post-trans-
lational modifications, including ubiquitination, deubiquitination,
phosphorylation, and degradation control almost every aspect of in-
flammasome activities. Genetic studies indicate that mutations in
NLRP1, NLRP3, NLRC4, and AIM2 are linked with the development of
auto-inflammatory diseases, enterocolitis, and cancer. Overall, these
findings transform our understanding of the basic biology and clinical
relevance of inflammasomes. In this review, we provide an overview
of the latest development of inflammasome research and discuss how
inflammasome activities govern health and disease.
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Introduction

Inflammasomes are multimeric protein complexes that are
formed in a cell to orchestrate host defense mechanisms
against infectious agents and physiological aberration.
Assembly of the inflammasome complex is initiated by
nucleotide-binding domain and leucine-rich repeat receptors
(NLRs) or absent in melanoma 2 (AIM2)-like receptors
(ALRs). NLRs and ALRs mediate host recognition of patho-
gen-associated molecular patterns (PAMPs) released during
bacterial, viral, fungal, and protozoan infections, or danger-
associated molecular patterns (DAMPs) released during cellu-
lar damage (1). Since the discovery of the founding member
of the NLR family, NOD1 (2, 3), 22 human NIRs and 34

mouse NLRs have been identified (4). In the ALR or the
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PYHIN protein family, 4 members in human and 14 in
mouse have been found (5). In 2002, the ability of NLRP1
to form an inflammasome complex was described (6). A
decade later, it is now clear that other members of the NLR
and ALR family, including NLRP3, NLRC4, and AIM2 can
also assemble the inflammasome (7). Emerging evidence
now indicate that human NLRP2, NLRP7, IFI16, and Pyrin,
and mouse NLRP6, NLRP12, and Pyrin also activate caspase-
1 (7, 8).

Activated NLRs and ALRs, in most cases, recruit a bipartite
protein known as apoptosis-associated speck-like protein
containing a caspase activation and recruitment domain
(ASC) to engage caspase-1 activation. In macrophages or
dendritic cells, inflammasome-forming NLRs and ALRs
induce reorganization of cytoplasmic ASC into a single
‘speck’ of 0.8 to 1 puM, which is considered a hallmark of
inflammasome assembly (9-14) (Fig. 1). ASC is crucial for
the recruitment of caspase-1 into the speck, where caspase-1
induces proteolytic processing of pro-IL-1B and pro-IL-18
(11-13).

Recent studies identified that previously generated cas-
pase-1-deficient mouse lines were deficient in another mem-
ber of the pro-inflammatory caspase family, caspase-11

(15). This finding led to further characterization of the

Fig. 1. An inflammasome complex can be visualized as a single
distinct speck or focus in the cytoplasm of a cell. Primary mouse
bone-marrow derived macrophages transfected with the dsDNA ligand
poly(dA:dT) and stained for ASC (red), caspase-1 (green), and DNA
(blue). Bar, 20 pM.
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distinct roles of caspase-1 and caspase-11 in inflammasome
activation. Both of these pro-inflammatory caspases initiate
pyroptosis, but the molecular and physiological conse-
quences underlying caspase-1- and caspase-11-dependent
pyroptosis are still unknown (7). Caspase-1 and caspase-11
activation drives the release of IL-1P and IL-18, but only
caspase-1 directly cleaves IL-1f and IL-18.

The biological activities of IL-1P and IL-18 and pyroptosis
are largely beneficial to the host during an infection. How-
ever, IL-1B and IL-18 induced by endogenous danger sig-
nals trigger sterile inflammation, a risk factor for the
development of autoinflammatory and metabolic diseases.
Therefore, activation of the inflammasome must be finely
controlled to avoid overt tissue damage. These regulatory
activities are governed by scaffolding proteins and post-
translational modifications, which together, tightly control
and modulate inflammasome activation. Here, we provide
an overview of the recent advances in the field of inflamma-
some biology, with a particular emphasis on the regulation

of inflammasome signaling in health and disease.

NLRPI inflammasome

NLRP1 was the first member of the NLR family to be identi-
fied to form an inflammasome complex (6). The human
NLRP1 protein contains an N-terminal pyrin domain (PYD),
a nucleotide-binding domain (NBD), a leucine-rich repeat
(LRR) domain, a ‘function to find’ (FIIND) domain, and a
C-terminal caspase activation and recruitment domain
(CARD) (6). Unlike the case in human, the mouse genome
encodes three Nlrpl paralogs, Nlipla, Nlrplb, and Nlrplc, all of
which appear to lack a PYD (16). Mouse NLRP1b is highly
polymorphic and is represented by five unique protein
sequences across 18 inbred mouse strains. Two of these are
associated with a susceptible phenotype and the other three
are associated with a resistant phenotype to macrophage
pyroptosis and caspase-1
lethal toxin (16).

The anthrax lethal toxin produced by Bacillus anthracis is

activation induced by anthrax

composed of a protective antigen and a lethal factor. The
protective antigen generates pores on the host cell mem-
brane, through which the lethal factor enters the cell. Fur-
ther mechanistic studies found that the lethal factor cleaves
mouse NLRP1b and rat NLRP1 to induce activation of the
inflammasome (17, 18) (Fig. 2). A cleavage site within the
N-terminal domain of mouse NLRP1b and rat NLRP1 was
identified (17, 18). A subsequent study demonstrated that
cleavage of mouse NLRPIbD is sufficient to induce caspase-1

activation even in the absence of the lethal factor (19),
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suggesting that NLRP1b may have the capacity to activate
the inflammasome in response to any protein that is capable
of inducing NLRP1b cleavage.

Both the susceptible and resistant forms of mouse
NLRP1b are cleaved by lethal factor, yet only macrophages
harboring a susceptible form of NLRP1b undergo caspase-1
activation and pyroptosis (18). The failure of the resistant
form of NLRP1b

to engage inflaimmasome formation
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Fig. 2. Activation of the NLRP1b inflammasome. Bacillus anthracis
releases the anthrax lethal toxin, a bipartite toxin composed of a
protective antigen (PA) and a lethal factor (LF). PA generates a pore on
the host cell membrane, which is used by LF to enter the cell.
Inflammasome responds to the presence of LF in the cytosol following
LF-induced cleavage of NLRP1b at the N-terminal domain.
Autoproteolytic cleavage at the FIIND domain of NLRP1b has also been
observed. Cleavage of NLRP1b is sufficient to activate the
inflammasome. In response to a high dose of LF, the CARD of NLRP1b
binds the CARD of pro-caspase-1. This complex is sufficient to drive
pro-IL-1B and pro-IL-18 processing and pyroptosis independently of
ASC or caspases-1 self-proteolysis. In response to a low dose of LF, the
CARD of NLRP1b recruits ASC to form a macromolecular cytoplasmic
speck, where caspase-1 undergoes proteolysis and contributes to
pro-IL-1 and pro-IL-18 processing.
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postcleavage indicates that additional events may be neces-
sary to fulfill the requirement for inflammasome assembly.
Additional studies revealed that autoproteolytic cleavage at
the FIIND domain of human NIRP1 or a lethal-toxin-sus-
ceptible form of mouse NLRP1b also leads to inflammasome
activation (20-22). In contrast, the FIIND domain of the
lethal-toxin-resistant form of mouse NLRP1b is not cleav-
able. Conversion of this form to a cleavable form by muta-
genesis was unable to render it capable of activating
caspase-1 (21), suggesting that differential susceptibility of
NLRP1b to undergo proteolytic cleavage alone cannot
explain the differences in susceptibility of macrophages to
pyroptosis in response to anthrax lethal toxin.

In mouse macrophages, NLRP1b-mediated production of
IL-1B and pyroptosis in response to anthrax lethal toxin
occurs independently of ASC and ASC-dependent caspase-1
proteolysis (23). This activity is possible because the CARD
and part of the FIIND domain of NLRPI,

human protein, can directly interact with the CARD of pro-

at least in the
caspase-1 (21, 24). Reconstitution of caspase-1-deficient
cells with a non-cleavable form of pro-caspase-1 confirmed
that proteolysis of caspase-1 itself is not required for IL-1
processing and pyroptosis upon lethal-toxin stimulation
(25). However, ASC is still required for the assembly of the
inflammasome speck and for caspase-1 proteolysis in
response to lethal-toxin stimulation. In this context, ASC
partially contributes to IL-1f release in mouse macrophages
stimulated with a low dose of lethal toxin (23), indicating
that ASC provides NLRP1b an enhanced capacity to detect
lethal toxin.

NLRP1b variant that

responds to lethal toxin are more protected against B. anthra-

Mice harboring a susceptible
cis infection compared to mice harboring a resistant NLRP1b
variant that fails to response to lethal toxin (26, 27), con-
firming physiological relevance of the NLRP1b inflamma-
some in the host defense against B. anthracis. In a
mutagenesis screen, a mutation that causes hyperactivation
of mouse NLRPla, owing to a glutamine-to-proline substi-
tution in the linker region between the NBD and LRR
domain, results in lethal systemic inflammation (28). Mice
deficient in caspase-1 or IL-1B, but not ASC or caspase-11,
in the presence of the hyperactive NLRPla mutation were
protected against disease, demonstrating a role for NLRPla
in driving inflammasome-associated pathology (28).

humans, genetic studies revealed that mutations in NLRP1
are linked to autoinflammatory diseases, including vitiligo
and Addison’s disease (29). How these mutations lead to
manifestation of autoinflammatory diseases remains to be
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defined. Adherent blood monocytes from individuals har-
boring a homozygous NLRP1 haplotype associated with sus-
ceptibility to vitiligo and other autoimmune diseases
produced elevated levels of IL-1 (30), indicating that
excessive IL-1f production as a result of NLRP1 inflamma-
some activity could be a contributing factor for the develop-
ment of these diseases. Elucidation of the molecular
pathway that governs activation of the NLRP1 inflamma-
some is required to further understand its role in infectious

and autoinflammatory diseases.

Canonical NLRP3 inflammasome

NLRP3 (also known as CIAS1, Cryopyrin, NALP3, and
Pypafl) responds to a wide range of PAMPs and DAMPs,
including bacterial messenger RNA, bacterial DNA:RNA
hybrids, muramyl dipeptide (MDP), DNA and RNA viruses,
fungi, protozoa, ATP, uric acid crystals, silica, aluminium
hydroxide, asbestos, and bee venom (31—46). Activation of
the NLRP3 inflammasome in macrophages requires two sig-
nals (Fig. 3). The first signal, known as priming, is provided
by Toll-like receptors (TLRs), NOD2, TNFRI1, or TNFR2,
which engages NF-kB-mediated expression of NLRP3 (47).
The second signal is provided by a PAMP or DAMP that acti-
vates NLRP3 to trigger inflammasome assembly, IL-1B and
IL-18 release, and pyroptosis. Only the first signal is
required for IL-1f secretion in human monocytes, possibly
owing to the expression of constitutively active caspase-1 in
these cells (48).

The diverse PAMPs and DAMPs sensed by NLRP3 clearly
indicate that NLRP3 is unlikely to interact directly with all
these activators. Instead, a more likely scenario is that a
common cellular event triggered by these stimuli induces a
conformational change in NLRP3 that converts it from an
inactive to an active form. Despite considerable efforts, there
is no consensus for a unified mechanism for the activation
of the NLRP3 inflammasome. A number of mechanisms
have been proposed, including mitochondrial-associated
dysfunction [mitochondrial reactive oxygen species (ROS)
(49), oxidized mitochondrial DNA (50), translocation of
cardiolipin from the inner to the outer mitochondrial mem-
brane (51)], potassium efflux (52—54), an increase in intra-
cellular calcium and a decrease in cellular cyclic AMP (55,
56), phagosomal destabilization (33), pore-forming actions
driven by the host or bacteria (57-59), and changes in cell
volume (60). A number of studies argued that mitochon-
drial perturbation, ROS, formation of large membrane pores
and cell volume fluctuation are not required for the activa-
tion of the canonical NLRP3 inflammasome (53, 61, 62).
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Instead, a common event induced by classical canonical
NLRP3 activators is a reduction in intracellular potassium
concentration, which is responsible for activating the NLRP3
inflammasome (53). If this is the case, it would suggest that
the mode of activation of the canonical NLRP3 inflamma-
some is similar to the apoptosome, as formation of this
complex is also inhibited by an increase in intracellular
potassium concentration (63).

A number of innate immune proteins have now been
identified to provide scaffolding function for the canonical
NLRP3 inflammasome. Work from our laboratory and oth-
ers (61, 64, 65) has shown that caspase-8 and its adapter
Fas-associated death domain (FADD) protein are required
for both priming and activation of the NLRP3 inflamma-
some in macrophages. Because caspase-8 is essential for the
priming signal, it was difficult to determine whether cas-
pase-8 affects activation of the NLRP3 inflammasome. How-
ever, pharmacological inhibition of caspase-8 after priming
inhibited canonical NLRP3 inflammasome activation (64).
Further, recruitment of caspase-8 to the inflammasome
speck and its ability to interact with NLRP3 provide evi-
dence to support that caspase-8 is a component of the
canonical NLRP3 inflammasome (11, 64). A requirement
for caspase-8 in the activation of the NLRP3 inflammasome
is also observed for the fungal cell wall component B-glu-
cans and heat-killed Candida dlbicans (66). One study, how-
ever, suggests that caspase-8 suppresses NLRP3 activities in
(67).
release IL-1P following LPS stimulation independently of an
NLRP3 activator (Signal 2), but instead, requires RIP1, RIP3,
MLKL, and PGAMS (67). The observation that caspase-8

could negatively regulate the canonical NLRP3 inflamma-

dendritic cells Caspase-8-deficient dendritic cells

some may be specific to dendritic cells. Unlike in the case
with dendritic cells, caspase-8 contributes to robust NF-kB
activation in response to TLR stimulation in macrophages, T
cells, B cells, and NK cells (11, 61, 64, 68, 69).

Other studies have shown that caspase-8 and FADD are
essential for caspase-1 processing and cell death induced by
Yersinia infection (70, 71). During Yersinia infection, RIPI,
but not RIP3, contributes to caspase-1 activation (70, 71).
In response to vesicular stomatitis virus, an RNA virus, RIP1
and RIP3 form a complex to drive mitochondrial damage
and ROS production that leads to activation of the NLRP3
inflammasome (72). RIP2, however, enhances autophagy of
mitochondria or mitophagy to prevent accumulation of ROS
and dampens activation of the canonical NLRP3 inflamma-
some during infection by influenza A virus (73). More

recent studies identified a ‘priming-independent’ mode of
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Fig. 3. Mechanisms of activation for the canonical and non-canonical NLRP3 inflammasomes. (Left). Canonical NLRP3 inflammasome
activation requires priming by a Toll-like receptor (TLR) ligand (e.g. LPS)—mediated by MyD88, caspase-8, FADD, and NF-kB—to induce the
expression of pro-IL-1f and NLRP3. Pro-IL-18 is expressed constitutively in the cell. A number of mechanisms have been proposed to activate the
canonical NLRP3 inflammasome, including K* efflux, pore-forming channels or toxins, Ca** influx, mitochondrial reactive oxygen species (ROS),
mitochondrial DNA (mtDNA), translocation of cardiolipin from the inner mitochondrial membrane to the outer mitochondrial membrane, and
phagosomal destabilization. NLRP3, ASC, and caspase-1 assemble the inflammasome, which leads to proteolytic cleavage of pro-IL-1f and pro-IL-
18 for release and the induction of pyroptosis. A priming-independent pathway for canonical NLRP3 inflammasome activation has been
described. This pathway requires IRAK1 and IRK4. (Right). Non-canonical NLRP3 inflammasome activation is induced by Gram-negative bacteria.
Extracellular LPS induces the expression of pro-IL-1$ and NLRP3 via the TLR4-MyD88-dependent pathway and type I interferon via the TLR4-
TRIF-dependent pathway. Type I interferon provides a feedback loop and activates type I interferon receptor (IFNAR) to induce caspase-11
expression. Cytosolic Gram-negative bacteria deliver LPS into the cytosol when they escape the vacuole. Vacuolar Gram-negative bacteria release
their LPS into the cytosol through a mechanism that requires vacuolar rupture mediated by interferon-inducible guanylate-binding proteins
(GBPs). Caspase-11 is proposed to activate following its binding to cytosolic LPS. Caspase-11 then drives pyroptosis and activation of the non-

canonical NLRP3 inflammasome.

canonical NLRP3 inflammasome activation that requires
IRAK1 and IRAK4 and their respective kinase activities (74,
75). Unprimed macrophages co-stimulated with TLRs and
NLRP3 activators (LPS+ATP/nigericin or Listeria infection)
induced activation of the canonical NLRP3 inflammasome as
early as 15 min (74, 75). In contrast, transcription-depen-
dent activation of the canonical NLRP3 inflammasome, in

LPS-primed cells followed by ATP treatment for example,

10

occurs independently of IRAK1 and IRAK4 (74). These find-
ings show that prolonged priming and synthesis of new
proteins (Signal 1) is not always necessary for engaging the
canonical NLRP3 inflammasome.

Post-translational modification of NLRP3 can either activate
or suppress inflammasome activation. For  example,
deubiquitination of the LRR domain of NLRP3 by BRCC3, a
JAMM domain-containing Zn*" metalloprotease deubiquitinating

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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enzyme, leads to activation of the inflammasome (76, 77). Con-
versely, nitric oxide induces S-nitrosylation of NLRP3 and cas-
pase-1 and prevents assembly of the inflammasome (78-80).
These studies collectively provide evidence to show that caspase-
8, FADD, IRAK, RIP kinases, and post-translational modification
tightly control the activation and suppression of the canonical
NLRP3 inflammasome. How these regulators can be targeted and
used for the development of immunotherapy remains to be
explored.

Genetic studies in the human populations revealed that
mutations in the NLRP3 gene are associated with the devel-
opment of a group of autoinflammatory conditions known
as Cryopyrin—associated periodic syndromes (CAPS) (81—
83). These conditions include familial cold autoinflammato-
ry syndrome, Muckle-Wells syndrome, and neonatal-onset
multisystem inflammatory disease (or chronic infantile neu-
rological cutaneous and articular syndrome). Patients with
CAPS produce increased amount of IL-1B compared to
healthy individuals (84, 85). Studies using knockin mouse
strains showed that CAPS-associated NLRP3 mutations, cas-
pase-1, IL-1B, and IL-18 collectively contribute to disease
(86, 87). Other elegant mouse models have provided
insights into the role of the NLRP3 inflammasome in gout,
type 2 diabetes, obesity, atherosclerosis, rheumatoid arthri-
tis, non-alcoholic fatty liver disease, bone disease, inflamma-
tory bowel diseases, colorectal cancer, Alzheimer’s disease
and aging (35, 88—100). For example, genetic deletion of
NLRP3, caspase-1 and IL-IR protected mice against disease in a
mouse model of spontaneous erosive polyarthritis caused by
a specific deletion of the rheumatoid arthritis susceptibility
gene A20/Tnfaip3 (92). This finding suggests a critical role
for the NLRP3 inflammasome in driving arthritic inflamma-
tion. Recent studies from our lab identified a dual role for
caspase-1 and caspase-8 in modulating IL-1B-mediated bone
disease (93). Pstpip2“™® mice express a missense mutation
in proline-serine-threonine phosphatase interacting protein
2 (PSTPIP2) spontaneously develop osteomyelitis, a condi-
tion which could be prevented by deletion of IL-1f alone
or caspase-1, caspase-8, and RIP3 in combination (93, 101,
102). As deletion of NLRP3 or caspase-1 alone still results
in PSTPIP2-mediated osteomyelitis (101, 102), we suspect
that NLRP3 in addition to other inflammasome receptors or
proteases could function synergistically to produce caspase-
1- and caspase-8-mediated IL-1f release that drives disease
manifestation. Overall, the canonical NLRP3 inflammasome
is now a recognized entity in the pathogenesis of autoin-

flammation, cancer and neurodegenerative diseases.
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Caspase-| | and the non-canonical NLRP3
inflammasome

Most Gram-negative bacteria, including Citrobacter rodentium,
Escherichia coli, and Vibrio cholerae, activate an alternative or
‘non-canonical’ NLRP3 inflammasome pathway, defined by
its requirement for caspase-11 (15). The upstream mecha-
nism governing activation of this pathway involves TLR4-
which

induces type I interferon signaling, at least in part, to

TRIF-mediated recognition of extracellular LPS,

engage caspase-11 expression (34, 103-105). Whether type
I interferon is unequivocally required to induce caspase-11
expression is still under debate (106). During Citrobacter
infection, NOD2 and RIP2 negatively regulate caspase-11
expression via a ROS- and c¢-Jun N-terminal kinase (JNK)-
dependent pathway (107). The ability of one NLR to
negatively regulate another highlights the dynamic and
cooperative nature of the innate immune sensors.

Caspase-11 is a crucial activator of the non-canonical
NLRP3 inflammasome and induces pyroptosis and IL-1a and
high-mobility group protein 1 (HMGB1) production (15,
108) (Fig. 3). Unlike caspase-1, caspase-11 does not directly
cleave IL-1B and IL-18. Caspase-11 and the non-canonical
NIRP3 inflammasome can be activated directly in mouse
macrophages when LPS is transfected or electroporated into
the cell (109, 110). Of particular importance is that LPS-
induced caspase-11 activation occurs independently of TLR4
(109, 110). This seminal finding demonstrates that a cyto-
solic receptor, together with TLR4, provides dual recogni-
tion of LPS within and outside the cell. The partnership
between TLR4 and the cytosolic LPS receptor is analogous to
the recognition of flagellin by the TLR5 and Naip5-Naip6-
NLRC4 receptors.

As caspase-11 contains a CARD, it was hypothesized that
a CARD-bearing protein would interact with caspase-11 and
act as an upstream sensor of LPS. Unexpectedly, a recent
study showed that caspase-11 and human caspase-4 and cas-
pase-5 bind LPS, implying that these inflammatory caspases
are direct sensors of LPS (111). Human caspase-4 and cas-
pase-5 can activate murine caspase-1 in the absence of mur-
ine caspase-11 in vitro (111, 112), indicating that these
inflammatory caspases have interchangeable and cross-spe-
cies functional activities. Caspase-11, but not caspase-1, con-
fers LPS-induced septic shock and mortality (15, 113). In
addition, induction of pro-caspase-11 expression by inject-
ing poly(I:C) into mice renders them hypersusceptible to
LPS-induced mortality, which is largely mediated by cas-
pase-11 but not TLR4 (109).
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Caspase-11 is important in conferring host protection
against intestinal inflammation and bacterial infection. Three
studies have shown that mice deficient in caspase-11 are
highly susceptible to dextran sodium sulfate (DSS)-induced
intestinal inflammation (114-116). One study observed
similar levels of IL-1P and IL-18 in homogenized colon tis-
sues from DSS-treated wildtype and caspase-11—deficient
mice (114), whereas two studies found a role for caspase-
11 in mediating IL-1f and IL-18 production. Ex vivo organ
culture of intestinal tissues harvested from DSS-treated mice
revealed a caspase-11-dependency for the production of
IL-1B and IL-18 (115). It is possible that an ex vivo culture
system promoted the growth of specific intestinal cell popu-
lations in which caspase-11 plays a major role in driving
IL-1f and IL-18 production. Exogenous IL-18 administration
decreases the severity of DSS-induced colitis in caspase-11—
deficient mice (116). Interestingly, type II interferon, rather
than type I interferon and TRIF, mediates caspase-11 expres-
sion during DSS-induced colitis (116).

Caspase-11 detects LPS carried into the cytoplasm by cyto-
solic Gram-negative pathogens, including Burkholderia thailand-
ensis and Burkholderia pseudomallei (117). A recent study shed
light on how LPS from vacuolar-restricted pathogens, such
as Salmonella, might enter the cytoplasm to activate caspase-
11. This study showed that the guanylate-binding protein
(GBP) member GBP2 contributes to activation of caspase-11
and the non-canonical NLRP3 inflammasome in response to
Gram-negative bacteria (118). During Salmonella infection of
a macrophage, GBP2 is recruited to the Salmonella-containing
vacuole (SCV), where it mediates rupture of the SCV to
allow the release of LPS into the cytoplasm for detection by
caspase-11. The nature of how GBP2 induces lysis of the
SCV is unknown. Interestingly, lysis of the SCV enhances
autophagy of cytosolic salmonellae, a mechanism which is
proposed to restrict further caspase-11 activation (118). Cas-
pase-11 (or caspase-4) also induces IL-18 secretion and py-
roptosis in  Salmonella-infected epithelial cells, the latter
functions to extrude and remove infected cells from the
polarized cell layer (119). Another vacuolar pathogen Legio-
nella pneumophila also triggers caspase-11-dependent pyropto-
network of GBPs
chromosome 3 (GBP1, 2, 3, 5, and 7) rather than a single

sis, but through a encoded on
GBP (120). Furthermore, caspase-11 promotes the fusion of
the vacuole with lysosomes by modulating actin polymeriza-
tion to restrict Legionella replication (121).

Another GBP, GBPS, was shown to promote assembly of
the NLRP3 inflammasome in response to canonical (ATP

and nigericin) and non-canonical (stationary phase grown S.
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Typhimurium) triggers (122). In contrast, another study
examined two other independently generated Gbp5-deficient
mouse lines and showed that GBPS is not required for
canonical or non-canonical NLRP3 inflammasome activation
in vitro (118). Further studies are required to unravel the role
of GBPs in the activation of the NLRP3

Overall, major advances have been made to elucidate the

inflammasome.

functions of the non-canonical NLRP3 inflammasome and
the pathways that regulate its activation. These studies will
enable development of therapies to enhance host resistance

against sepsis or bacterial infection.

NAIP-NLRC4 inflammasome

NLRC4 (also known as IPAF, CARD12, or CLAN) was
reported in 2001 and was shown to interact with pro-cas-
pase-1 and induce caspase-1 proteolysis and caspase-1—
dependent cell death in 293T cells (123). The mouse
NLRC4 inflammasome is activated by flagellin (124, 125)
and the inner rod proteins of the Type III secretion system
of S. Typhimurium (PrgJ), B. pseudomallei (BsaK), E. coli (Epr]
and Escl), Shigelle flexneri (Mxil), and Pseudomonas aeruginosa
(PscI) (126). Given no direct interaction between NLRC4
and the proposed ligands has been observed, it was specu-
lated that one or more sensors upstream of NLRC4 were
responsible for mediating ligand recognition (Fig. 4).
Members of the NAIP (NLR family, apoptosis inhibitory
protein) family were later identified to be the upstream sen-
sors of the NLRC4 inflammasome. The mouse genome
(Naip1-7) (127). Mouse

Naip5 and Naip6 recognize cytosolic flagellin, whereas

encodes seven Naip paralogs

mouse Naipl and Naip2 recognize bacterial needle and
inner rod proteins of the Type III secretion system, respec-
tively (128-131). The functional roles of mouse Naip3,
Naip4, and Naip7 remain to be elucidated. Interestingly,
analysis of mouse Naip chimeras revealed that the LRR
domain, typically considered to be important for ligand rec-
ognition, is not required for ligand binding (132). Instead,
o-helical domains within the NBD are required to confer
ligand specificity (132). Unlike the case in mouse, only one
functional NAIP is encoded in the human genome. NAIP
recognizes the needle protein of the Type III secretion sys-
tem from S. Typhimurium (Prgl) and the homologous nee-
dle
S. flexneri (MxiH), P. eruginosa (PscF), B. thailandensis (Bsal),
and enterohaemorrhagic E. coli (EprI) (129). The ability to

subunits found in Chromobacterium violaceum (CprI),

recognize flagellin and components of the bacterial secretion
systems enables the NLRC4 inflammasome to provide host
defense to a range of pathogens, including S. Typhimurium

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Fig. 4. Activation of the NAIP-NLRC4 inflammasome. Toll-like
receptors (e.g. TLR4) mediate the production of pro-IL-1f3 via MyD88
and NF-kB. Certain pathogenic bacteria use the Type III secretion
system (T3SS) to deliver effector proteins to subvert host cell functions
(e.g. Salmonella enterica serovar Typhimurium uses the Salmonella
Pathogenicity Island-1 or SPI-1— T3SS). In doing so, bacterial proteins
such as the T3SS needle protein, inner rod protein, and flagellin are
injected into the cytoplasm. These proteins are detected by NAIPs to
activate the NLRC4 inflammasome, which results in pro-IL-1 and pro-
IL-18 processing via an ASC-dependent mechanism. Caspase-1 and
caspase-8 are recruited to the ASC inflammasome independently of
each other during early infection. Caspase-8 is speculated to enhance
delayed processing of pro-IL-1P and pro-IL-18 and induces delayed
cell death. NLRC4 induces caspase-1-dependent pyroptosis via an ASC-
independent mechanism. Phosphorylation of NLRC4 by the Pkcd kinase
is proposed to contribute to the activation of the NLRC4
inflammasome. ?, indicates that it is unclear whether Pkcd kinase is
required for activation of the NLRC4 inflammasome.

(10, 12, 133-135), P. aeruginosa (135-137), S. flexneri (126,
138, 139), C. rodentium (140, 141), L. pneumophila (142,
143), Listeria monocytogenes (144), Klebsiella pneumoniae (145),
Yersinia (135, 146), and C. albicans (147).

excessive inflammation driven by the NLRC4 inflammasome

In some cases,

in response to bacterial infection is detrimental to the host
(148, 149).
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NLRC4 contains a CARD that can directly interact with
the CARD of caspase-1 in the absence of ASC (123). This
interaction may explain why NLRC4 is able to induce
pyroptosis independently of ASC (13, 150). However, ASC
serves to enhance NLRC4-mediated IL-1f and IL-18 release
in the cell by aggregating into a large speck that recruits cas-
pase-1 for proteolytic cleavage of IL-1f (11, 12). In macro-
phages infected with S. Typhimurium, endogenous ASC
forms an outer core surrounding an inner ring of NLRC4,
with caspase-1 in the center of the speck (10). The NLRC4
inflammasome recruits multiple effector proteins into the
complex, including caspase-8, upon infection of macrophag-
es with S. Typhimurium (11). Caspase-8 is speculated to
induce cell death functions and promote NLRP3 and pro-IL-
1B expression (11). In addition, caspase-7 is activated
downstream of the NLRC4 inflammasome to facilitate lyso-
some fusion with vacuoles containing L. pneumophila (151).
Induction of NLRC4 inflammasome assembly in response to
S. Typhimurium infection requires Pkcd kinase-induced
phosphorylation of a single evolutionarily conserved residue,
Ser533, found between the NBD and the C-terminal LLR
domain of NLRC4 (152). Another report, however, argues
that the Pkcd kinase is dispensable for NLRC4 inflammasome
activation in response to Salmonella or Shigella infection (138).
The reason for the discrepancy between these two studies is
unknown and additional experiments are required to resolve
whether Pkcd kinase is involved in licensing NLRC4 inflam-
masome activation.

NLRC4 has important cell type-specific functions in the
host. Activation of the NLRC4 inflammasome by Salmonella
infection results in cellular stiffness of macrophages, which
has important and diverse biological consequences (153).
These include a reduced capacity of the macrophage to take
up more bacteria, enhanced ROS production to kill resident
bacteria, and reduced macrophage movement to prevent bac-
terial dissemination (153). In addition, NLRC4 inflamma-
some-driven pyroptosis of macrophages releases intracellular
bacteria for uptake by neutrophils, which mediates bacterial
killing independently of inflammasome-associated IL-1f and
IL-18 production (133). In mouse neutrophils, activation of
the NLRC4 inflammasome by S. Typhimurium leads to robust
IL-1P secretion without pyroptosis (154), indicating that py-
roptosis is a cell type-specific feature that is not always
induced by caspase-1 activation. The mechanism preventing
caspase- 1-dependent pyroptosis in neutrophils remains to be
determined. Bacteria can inhibit the expression of NLRC4 in-
flammasome components, an observation which has been

reported in mouse B cells infected with S. Typhimurium
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(155). The NLRC4 inflammasome also mediates sensing of S.
Typhimurium in CD8o" dendritic cells, resulting in the
release of IL-18 to induce IFN-y production by memory
CD8" T cells to control the infection (135).

Additional studies have investigated cell type-specific roles
of NLRC4 inflammasome in the gastrointestinal tract. Unlike
mouse bone-marrow derived macrophages, intestinal mono-
nuclear phagocytes induce activation of the NLRC4 inflam-
masome, but do not release TNF-o, in response to S.
Typhimurium and P. aeruginosa infection (134). Furthermore,
Salmonella-infected epithelial cells are extruded from the intes-
tinal epithelium in a process that requires the Naipl-6 locus
and NLRC4 (156). However, deficiency in IL-1a and IL-1f3
or IL-18 does not lead to a failure to control intraepithelial
bacterial burden (156). Further studies on the role of
NLRC4 in the gastrointestinal tract revealed that NLRC4 con-

fers protection against colorectal cancer induced by
azoxymethane (AOM) and DSS (157). In contrast, NLRC4
inflammasome activities increase susceptibility to DSS-

induced sepsis (158). In this context, intestinal dysbiosis
driven by broad-spectrum antibiotic treatment in mice leads
to expansion and extraintestinal colonization of a multidrug-
resistant E. coli pathobiont. Recognition of this pathobiont
by the Naip5-NLRC4 inflammasome renders the host highly
susceptible to sepsis (158). In addition to its role in driving
disseminating infection, systemic delivery of cytosolic flagel-
lin activates the Naip5-NLRC4 inflammasome and causes
rapid death of the mice in 30 min (159). This striking
observation is unrelated to IL-1B or IL-18 production.
Instead, inflammasome-driven production of eicosanoids,
inflammatory lipid mediators including prostaglandins and
leukotrienes, promptly initiates inflammation and loss of
fluid into the intestine and peritoneal cavity that ultimately
result in the rapid demise of the host (159).

The availability of a crystal structure of mouse NLRC4 has
provided vital clues to unraveling the mechanism governing
the autoinhibitory nature of this NLR. The mouse NLRC4 is
composed of a CARD, a NBD, a winged-helix domain
(WHD), a helicase domain 1 (HD1), a HD2, and a LRR
(160). In the absence of the CARD, the mouse NLRC4 crys-
tal forms a solenoid shape (160). The NBD and the WHD
of the protein interact to maintain autoinhibition, while the
C-terminal LRR domain sequesters NLRC4 in a monomeric
state (160).

Human genetic studies demonstrate that gain-of-function
mutations in NLRC4 are associated with autoinflammation
and enterocolitis (161-163). One report showed that several

members of the same family with a p.Val341Ala substitution
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mutation within the NLRC4 HD1 domain experience recur-
rent autoinflammation and enterocolitis (161). A newborn
from this family with the same mutation suffered severe
gastrointestinal complications, fever, and systemic inflamma-
tion and died 23 days after birth (161). A second report
found a heterozygous de novo mutation resulting in a
p-Thr337Ser substitution in the NBD of NLRC4 (162). This
mutation is linked to macrophage activation syndrome
(MAS) in a 7-year-old patient and has been suggested to
play a role in destabilizing the interaction between the NBD
and HDI domains that critically confers autoinhibition of
NLRC4. The patient suffered from recurrent fever, spleno-
megaly, gastrointestinal pathology, and systemic elevation of
inflammatory markers. A third report describes a heterozy-
gous missense mutation in five patients within the same
family (163). This mutation causes an A>C transversion
(1589A>C mutation) in the NBD of NLRC4. A transgenic
mouse strain carrying the 1589A>C mutation developed
dermatitis and arthritis, conditions which were accelerated
by exposure to cold temperature (163). The NLRC4 muta-
tions described in all three reports contribute to spontaneous
activation of caspase-1, ASC speck formation, elevated levels
of pyroptosis and enhanced production of IL-1f and IL-18
in monocytes or macrophages (161-163). The patient with
MAS responded to anakinra (162), suggesting that recombi-
nant IL-1 receptor antagonist therapy could be used to treat
those with autoinflammatory diseases associated with exces-
sive NLRC4 inflammasome activation. These recent discover-
ies of disease-associated mutations of NLRC4 indicate that
additional research efforts to unravel the regulatory mecha-
inflammasome  activation

nism governing NLRC4 are

required.

AIM2 inflammasome

AIM2 is an inflammasome receptor for double-stranded
DNA (dsDNA) (164—-167). AIM2 consists of a HIN-200
domain and a PYD. Structural analysis demonstrated that the
positively charged HIN-200 domain embraces the dsDNA,
whereas the PYD recruits ASC for caspase-1 activation
(168). Cryo-electron microscopy analysis revealed that ASC
and caspase-1 form filamentous structures following nucle-
ation initiated by AIM2 or NLRP3 (169). These filamentous
structures are likely to ultimately form a single inflamma-
some speck observed in primary macrophages or dendritic
cells (170, 171).

The AIM2 inflammasome contributes to the host defense
against a subset of bacterial and viral pathogens (164—167,
172, 173). These includes Francisella tularensis (171-173),

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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L. monocytogenes (144, 174—177), Streptococcus pneumoniae (178),
Mycobacterium tuberculosis (179), cytomegalovirus (CMV), and
vaccinia virus (173). The molecular mechanism governing
DNA sensing by AIM2 during bacterial or viral infection is
not clear. One difference between bacterial and viral engage-
ment of the AIM2 inflammasome is that type I interferon
signaling contributes to AIM2 inflammasome activation in
response to bacterial pathogens, such as Francisella, but not in
response to mouse CMV infection (172, 180). In addition,
bacterial escape from the vacuole and bacteriolysis are
required to engage the AIM2 inflammasome during Francisella
infection (Fig. 5) (170, 175, 181). As DNA is found in all
bacterial pathogens and DNA viruses, another unresolved
question is why only a small subset of DNA-containing
pathogens activates the AIM?2 inflammasome. Recent studies
indicate that certain bacteria encode virulence factors to
evade detection of the AIM2 inflammasome. F. tularensis sub-
species novicida encodes a Clustered, regularly interspaced,
short palindromic repeats-CRISPR associated (CRISPR-Cas)
system, which is proposed to strengthen the integrity of the
bacterial membrane to prevent excessive DNA release,
thereby, minimizing the amount of ligands available for
AIM2 in the cytoplasm (182). L. pneumophila encodes an
effector protein SdhA, as part of the Dot/Icm type IVB
secretion system, to prevent rupture of the Legionella-contain-
ing vacuole. This strategy prevents DNA release into the
cytosol and circumvents detection by AIM2 (183).

A number of PYD-containing proteins have been found to
inhibit the AIM?2 inflammasome. In human, the PYD-con-
taining protein, POP3, interacts with the PYD domain of
AIM2 and competes with ASC to inhibit AIM2 inflamma-
some activation in response to poly(dA:dT), mouse CMV,
and modified vaccinia virus Ankara (184). Similarly, mouse
p202, a bipartite protein containing two HIN domains,
inhibits the AIM2 inflammasome through a mechanism
requiring homotypic interaction between one of the HIN
domains of p202 and the HIN domain of AIM2 (167, 185).
In addition to pyroptosis, AIM2 contributes to apoptotic cell
death responses. During Francisella infection, caspase-8 is
recruited to the AIM2 inflammasome, where it has been
proposed to interact with the PYD domain of ASC (186,
187). In the absence of caspase-1, caspase-8 drives apoptotic
cell death via an ASC-dependent mechanism in response to
Francisella infection (187).

Dysregulated AIM?2 expression in human cells is associated
with a number of diseases. Increased AIM2 expression is
associated with the development of psoriasis, abdominal
aortic aneurysm, and systemic lupus erythematosus (188—

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Fig. 5. Activation of the AIM2 inflammasome. AIM? is activated by
cytosolic bacteria, such as Francisella tularensis, and DNA viruses, such as
cytomegalovirus. During Franciselle infection, type I interferon provides
a feedback loop and activates type I interferon receptor (IFNAR). The
downstream signaling of IFNAR is unknown. Francisella escapes the
vacuole and replicates in the cytosol. It has been proposed that DNA
release by means of bacteriolysis or bacterial replication in the cytosol
activates AIM2. The mechanism leading to viral DNA recognition by
AIM2 is less clear. The HIN-200 domain of AIM2 directly binds
dsDNA and the pyrin domain recruits ASC. Caspase-1 and caspase-8 are
recruited to the ASC inflammasome, where caspase-1 mediates pro-
IL-1B and pro-IL-18 processing and induces pyroptosis, whereas
caspase-8 induces apoptosis in the absence of caspase-1. The pyrin-
containing human protein POP3 and the HIN-domain-containing
mouse p202 protein interact with AIM2 to inhibit inflammasome
activation. ?, indicates that unknown molecules may contribute to the
signaling pathway.

190), whereas reduced AIM2 expression is linked to
colorectal and prostate cancer (191, 192). Whether the
development of these diseases is a result of aberrant inflam-
masome function is unclear. Nevertheless, it has been
shown that DNA accumulated in keratinocytes activates the
AIM? inflammasome to drive the release of IL-1f in psoriat-
ic lesions (188), providing evidence to suggest that AIM2

may respond to self-DNA released during damage of a cell
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to drive chronic inflammatory disease. Analysis of AIM2
expression in 414 colorectal tumors and matching control
tissues revealed that 67% of the tumors displayed reduced
AIM?2 expression when compared to controls (191). Nearly
50% of patients whose tumor cells completely lacked AIM2
expression died from cancer within 5 years after diagnosis,
whereas over 70% of patients whose tumor cells retained
some AIM2 expression survived beyond 5 years after diag-
nosis (191). Why there is a link between AIM2 expression
in tumor cells and patient survival is unknown. Neverthe-
less, therapeutic inhibition of dysregulated AIM2 expression
or prevention of inappropriate DNA sensing by AIM2 (e.g.
self DNA) could have a profound impact on disease progres-

sion.

Functional roles and regulation of ASC

NLRP3 and AIM2 contain a PYD and do not interact with
caspase-1 directly. Instead, the PYD of these inflammasome
receptors interacts with the PYD of ASC. The CARD domain
of ASC then binds the CARD of caspase-1 via CARD-CARD
interaction. Therefore, ASC is a central component for a
number of inflaimmasomes. Two complementary reports
provide elegant biochemical evidence to show that NLRP3
or AIM2 induces ASC polymerization in a prion-like man-
ner, culminating in the recruitment and activation of cas-
pase-1 (169, 193). Visualization of overexpressed NLRP3
and AIM2 inflammasomes showed filamentous structures,
but how these filaments assemble into an endogenous mac-
romolecular speck visualized in primary cells is unknown.
Interestingly, cells infected by pathogens that activate multi-
ple NIRs (e.g. S. Typhimurium) still generate a single in-
flammasome speck per cell, with each speck arranged in a
multi-layered ring-like structure (10). In a Salmonella-infected
macrophage, the outer core of an endogenous speck is com-
prised of ASC, which surrounds an inner layer of NLRC4
and NLRP3. Active caspase-1 and caspase-8 are located in
the core of the ASC inflammasome where pro-IL-1f mole-
cules are found (10). The concentric arrangement of the
endogenous ASC inflammasome suggests that it is a dynamic
unit where different effectors such as caspase-1 and caspase-
8 are recruited at different times depending on the stimuli
encountered by the cell during microbial infection.
Extracellular ASC specks have been detected in the serum
of patients with CAPS and in the extracellular milieu of
lungs from patients with chronic obstructive pulmonary dis-
ease and pneumonia (194, 195). It has been proposed that

pyroptosis mediates the release of ASC specks from macro-
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phages (194, 195). Intriguingly, extracellular ASC specks
recruit and activate pro-caspase-1 and cleave pro-IL-1f in
the extracellular environment. In addition, they are phago-
cytosed by neighboring macrophages and serve as an endog-
enous danger signal to trigger a second wave of
inflammasome activation (194, 195).

Given the remarkably diverse role of ASC in amplifying
inflammasome-dependent responses, a number of regulatory
mechanisms have been identified that target ASC to modu-
late inflammasome activities. Syk or Jnk induces phosphory-
lation of ASC, directly or indirectly at residue Tyrl44, to
enhance activation of NLRP3 and AIM2 but not the NLRC4
inflammasomes in macrophages (196). Linear ubiquitination
of ASC in macrophages is also required for NLRP3 and
AIM?2 inflammasome activation (197), suggesting that ASC
must be modified by different cellular processes prior to
assembly. Activation of the AIM2 or NLRP3 inflammasomes
results in polyubiquitination of ASC, which induces the
recruitment of the autophagic marker, p62, to target the in-
flammasome for autophagic degradation (198). This activity
indicates that resolution of the inflammatory responses also
requires modification of ASC. These post-translational modi-
fications provide multiple ways to license the activation and

degradation of many ASC-dependent inflammasomes.

The relationship between other pattern-recognition

receptors and caspase-| activation
In addition to the well-established inflammasome receptors
NLRP1, NLRP3, NLRC4, and AIM?2, there are growing num-
bers of studies demonstrating that other pattern-recognition
receptors can assemble the inflammasome complex. Latest
findings indicate that human and mouse Pyrin have the
capacity to assemble an inflammasome complex (199-201).
The Pyrin inflammasome is induced by the cytotoxin TcdB
from Clostridium difficile and other Rho-inactivating toxins
from Vibrio parahaemolyticus, Histophilus somni, and Clostridium botu-
linum. Although by distinct modes of modification, the
actions of these toxins culminate in modification of a
switch-I residue of Rho GTPases, probably indicating that
the Pyrin inflammasome indirectly senses modifications of
Rho GTPases (201).

A number of other innate immune receptors have multi-

Both NLRP6 and NLRP12 have been

shown to activate caspase-1 or negatively regulate inflamma-

faceted functions.

tion in a context-specific manner. NLRP6 is required for
host protection against DSS-induced colitis and Citrobacter

infection (202, 203). Susceptibility to DSS-induced intestinal
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inflammation in mice lacking NLRP6 is owing to their
impaired ability to produce IL-18, suggesting a role for
NLRP6 in orchestrating inflammasome responses (202).
During Citrobacter infection, NLRP6, ASC and caspase-1/11
were all required for host protection in mice (203). How-
ever, mice lacking NLRP6 produced normal levels of IL-1B
and IL-18 over the course of the infection (203), suggesting
that it may well be possible that NLRP6 exerts an inflamma-
some-independent role during Citrobacter infection. Indeed,
NLRP6 suppresses mitogen-activated protein kinase (MAPK)
and the canonical NF-kB pathway in macrophages infected
with L. monocytogenes, E. coli and S. Typhimurium (204).

NLRP12 activates caspase-1 in response to Yersinia and Plas-
modium infection (205, 206). However, NLRP12 does not
play a role in activating the inflammasome in response to
other pathogens, including Salmonella, Klebsiella, Escherichia,
Mycobacterium, and Listeria species (177, 207, 208). Instead,
NLRP12 negatively regulates NF-kB-dependent inflammatory
responses during Salmonella infection and colorectal cancer
(207, 209, 210). Whether there is a molecular switch that
determines the ability of NLRP6 and NLRP12 to activate cas-
pase-1 or induce anti-inflammatory functions in response to
a specific stimulus is unknown.

Human IFI16 orchestrates inflammasome-dependent and
inflammasome-independent functions in response to virus
infections. IFI16 is a member of the ALR family which pre-
dominantly resides in the nucleus and binds to dsDNA
(168, 211). TFI16
response to Kaposi sarcoma-associated herpesvirus (212),
(213),

initiates inflammasome activities in

Epstein—Barr virus and herpes simplex virus-1
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(HSV-1) (214). Intriguingly, IFI16 also activates the STING
and TBK! signaling axis to drive IFN-B induction in cells
infected with HSV-1 and human CMV (211, 215). Identifi-
cation of the upstream molecular events that activate NLRP6,
NLRP12, and IFI16 would elucidate the specific factors that
determine the functional outcome in response to different

activators.

Conclusions and future perspectives

A little more than a decade since the discovery of the in-
flammasome, the research field has undergone rapid expan-
sion. The clinical relevance of inflammasomes and their
connection with IL-1 cytokines are now deeply ingrained in
infectious diseases, cancer, autoinflammatory, metabolic and
neurodegenerative diseases. As we enter a new era in in-
flammasome biology, research efforts will focus on under-
standing the regulation of established inflammasomes and
identification of the functional roles of new inflammasome
receptors. Of the 22 NLRs in human and 34 NILRs in mouse
(4, 5), the functions of most of these are unknown. A
major goal in the field is to determine how many receptors
are capable of forming inflammasomes, what their respec-
tive ligands are, and importantly, what their functional roles
are in health and disease. Furthermore, how will we be able
to use the knowledge we have now and in the future to
design and formulate new vaccines and immunotherapies
that target different components of the inflammasome for
use in the fight against diseases? A combined effort from
basic scientists, clinicians, and academic and industry leaders

is required to tackle these emerging challenges.
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