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Summary

Inflammasomes are multi-protein complexes that sense microbial molecules and endogenous
danger signals in intracellular compartments. Inflammasome assembly results in caspase-1
activation, which in turn drives maturation and secretion of the pro-inflammatory cytokines
interleukin (IL)-1p and 1L-18, and induces pyroptosis to eliminate the infectious agent. The
importance of inflammasomes in regulating immune responses was recognized with the discovery
of polymorphisms in genes encoding inflammasome components and their linkage to aberrant
production of IL-1p and IL-18 in autoimmune and hereditary periodic fevers syndromes. We
review the current knowledge on the role of inflammasomes in regulating innate and adaptive
immune responses with an emphasis on the role of these immune complexes in autoinflammatory
disorders and autoimmune diseases such as colitis, type | diabetes, multiple sclerosis and vitiligo.
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Introduction

The human immune system relies on two evolutionary distinct but interconnected systems to
fight infections and to mount effective responses to both endogenous and exogenous insults.
The evolutionarily ancient innate arm of the immune system instantly detects a wide
spectrum of danger- and pathogen-associated molecular patterns (DAMPs and PAMPs,
respectively) by means of a limited set of germline-encoded pattern recognition receptors
(PRRs) (1). Engagement of these receptors leads to mobilization of polymorphonuclear
leukocytes and professional phagocytes to the site of infection or injury, where they
contribute to eliminating the infectious threat and to inducing repair mechanisms in order to
restore the damage elicited by the pathogen and/or the inflammatory responses of the host.
In addition, the presentation of immunogenic antigens on the surface of professional
antigen-presenting cells plays a pivotal role in instructing the adaptive immune system (2).
As a result, dendritic cells are at the center of the communication interface that connects the
innate and adaptive arms of the immune system. Whereas the innate immune system largely
relies on a limited set of PRRs, the evolutionarily more recent adaptive component of the
immune system is capable of generating a seemingly unlimited repertoire of antigen-specific
T-cell receptors and highly specific antibodies through the random process of somatic
recombination (3, 4). T and B-cell clones expressing particular antigen-specific receptors
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and antibodies subsequently undergo rigorous selection to prevent immune responses
against autoantigens and harmless external antigens. A second aspect in which the adaptive
immune system differs from the innate immune arm is that it is capable of memory
responses that allow swift responses against future encounters with the same pathogen.
Although the innate and adaptive components of the immune system each have particular
qualities, it is the combined action of the rather broad but immediate innate immune
response together with the highly specific but temporally delayed adaptive immune response
that renders the immune system, as a whole, highly efficacious in clearing infections and
fighting disease.

Despite their critical roles in host defense, immune processes need to be rigorously
controlled at several steps to avoid tissue damage resulting from the immune system
attacking the body’s own tissues. Indeed, mutations in immune genes that give rise to
excessive or aberrant activation of the immune system in the absence of any apparent
infection can lead to a multitude of chronic debilitating conditions. These diseases can be
viewed as a continuum with autoinflammatory disorders located at one end of the spectrum
and autoimmune diseases at the other. The latter are characterized by the adaptive immune
system mistakenly recognizing the body’s own molecular constituents as foreign antigens of
microbial origin. Alternatively, adaptive immune responses against harmless non-self
antigens such as pollen may cause allergies. Both allergies and autoimmune diseases are
associated with the production of antibodies against autoantigens and hyperactivation of
antigen-specific T cells that target the body’s own tissues. On the other side of the spectrum,
autoinflammatory diseases, such as the recently recognized periodic fever syndromes, are
characterized by recurrent episodes of fever, rash, and joint inflammation in the absence of
the usual hallmarks of autoimmunity such as high titers of antigen-specific T lymphocytes
and autoantibodies (5). On the contrary, it is thought that unlike autoimmune diseases and
allergies, deregulated innate immune responses lay at the foundation of autoinflammatory
diseases, which often have a hereditary component (6). Our understanding of the molecular
pathology underlying autoinflammatory diseases including familial Mediterranean fever
(FMF), tumor necrosis factor-o. (TNF-a) receptor-associated periodic fever syndrome
(TRAPS), cryopyrin-associated periodic syndromes (CAPS), deficiency of the interleukin-1
(IL-1) receptor antagonist (DIRA), hyperimmunoglobulinemia D with periodic fever
syndrome (HIDS), and Behcet’s disease has markedly improved in recent years (7). Here,
we focus on a number of autoinflammatory and autoimmune disorders that have been linked
to either excessive or defective production of the pro-inflammatory cytokines IL-1p and
IL-18 by inflammasome complexes.

IL-1B8 and IL-18: caspase-l-activated cytokines

IL-1p and IL-18 are related cytokines that were recognized early on for their ability to cause
a wide variety of biological effects associated with infection, inflammation, and
autoimmunity (8). IL-1p regulates systemic and local responses to infection, injury and
immunological challenge by generating fever, activating lymphocytes and promoting
leukocyte transmigration into sites of injury or infection (8). It can act by inducing
upregulated expression of the IL-2 receptor on the surface of lymphocytes, by promoting T-
cell survival, by instructing B cells to enhance antibody production, and by promoting B-cell
proliferation (8-11). Importantly, IL-1f signaling was shown to promote T-helper 17 (Th17)
cell differentiation (12-14). 1L-18 lacks the pyrogenic activity of IL-1p, but it can promote
Th1 cell polarization by inducing interferon-y (IFNy) production by activated T cells and
natural killer cells in the presence of IL-12 (8, 9). In the absence of 1L-12, IL-18 may
enhance Th2 responses through the production of Th2 cytokines such as IL-4, IL-5 and
IL-10 (9, 15, 16). More recently, IL-18 was shown to synergize with 1L-23 to induce 1L-17
production from already committed Th17 cells (17, 18).
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Both IL-1p and IL-18 are produced as inactive cytosolic precursors that usually require
caspase-1-mediated cleavage to gain biological activity (19-23). In particular, caspase-1-
mediated maturation of IL-1p and 1L-18 is critical for their secretion from activated
monocytes and macrophages. Hence, mice and macrophages lacking caspase-1 fail to
secrete mature IL-1p and 1L-18 (21, 22). Caspase-1 is the founding member of an
evolutionarily conserved family of cysteine proteases that specifically cleave their substrates
behind aspartate residues (24). By processing substrates at targeted sites, caspases may
activate or inactivate critical signaling cascades that are involved in programmed cell death,
differentiation, and cell proliferation (25, 26). In particular, caspase-1 modulates
inflammatory and host defense responses against microbial pathogens by processing the
precursor forms of the pro-inflammatory cytokines IL-1p and IL-18 into their biologically
active forms (19-22). In addition to secreting IL-1 and IL-18, caspase-1 contributes to host
defense through incompletely understood mechanisms such as unconventional protein
secretion and an inflammatory cell death program known as ‘pyroptosis’ that occurs in
myeloid cells infected with bacterial pathogens such as Salmonella Typhimurium,
Francisella tularensis and Bacillus anthracis (23, 27-30). Pyroptosis is thought to
contribute to host defense by preventing pathogen replication in infected immune cells,
while at the same time helping to present intracellular microbial antigens to cells of the
immune system and by mediating the release of the DAMP high mobility group box 1
(HMGB1) from infected macrophages (27, 31, 32).

Inflammasomes: caspase-1-activating platforms

Caspase-1 is produced as an inactive zymogen in the cytosol of naive immune and epithelial
cells and needs to be recruited by cytosolic multi-protein complexes known as
inflammasomes to undergo proximity-induced autoactivation (33). Inflammasomes
represent a group of cytosolic multi-protein complexes that are assembled around certain
intracellular PRRs of the NOD-like receptor (NLR) and the HIN-200 receptor families,
respectively (34). NLRs are characterized by a centrally located NACHT motif (also
referred to as NBD or NOD domain) that is flanked at the N-terminus by interaction motifs
of the caspase recruitment domain (CARD), pyrin, or baculovirus IAP repeat (BIR) domains
(Fig. 1). These motifs are utilized for engaging NLRs in homotypic interactions with adapter
proteins and effectors such as apoptosis-associated speck-like protein containing a CARD
(ASC) and caspase-1. At the C-terminus, most NLRs contains an array of leucine-rich repeat
(LRR) motifs that are believed to be involved in modulating NLR activity (1). Unlike NLRs,
the HIN-200 family member absent in melanoma (AIM2) contains a prototypical DNA-
binding HIN200 domain that is preceded by an amino-terminal pyrin motif, through which
AIM2 recruits ASC and caspase-1 (Fig. 1). In addition to AIM2, the NLR proteins NlIp1b,
NIrp3, and Nlirc4 all have been shown to contribute to pathogen clearance by mediating the
assembly of inflammasome complexes (35).

Pathogens activate caspase-1 in an inflammasome-specific manner, although the different
inflammasomes may have redundant roles during infection (33, 36). Similar to mammalian
Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) at the cell surface and within
endosomes (37), NLRs and HIN-200 proteins detect microbial components and endogenous
danger signals in intracellular compartments (1, 38). Apart from AIM2, which directly binds
microbial dSDNA in the cytosol of infected immune cells, the molecular mechanisms
leading to activation of the Nlrpl1b, Nirc4, and Nlrp3 inflammasomes are less clear.
Assembly of the latter inflammasome complexes may result from direct binding of
conserved microbial proteins, polysaccharide structures and nucleic acids such as flagellin
and components of the bacterial cell wall or viral envelope. Alternatively, these
inflammasomes may respond indirectly to invading pathogens by monitoring changes in the
concentration of cellular components such as ATP and K*, by detecting lysosomal leakage
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or through the production of danger signals such as reactive oxygen species and uric acid
(39). The NiIrp1b inflammasome responds to Bacillus anthracis lethal toxin in the cytosol of
intoxicated macrophages (40) and mutations in the NIrp1b gene were shown to alter anthrax
lethal toxin-induced macrophage cell death responses (29, 40). Notably, NIrplb
inflammasome-induced macrophage cell death confers resistance to infection with B.
anthracis spores in vivo, demonstrating the importance of inflammasome-mediated cell
death (referred to as pyroptosis) for host defense (29). Activation of the NLR family
member NIrp3 comprises a two-step process that requires priming with TLR and NLR
ligands to enhance NF-kB-driven transcription of Nlrp3, and the subsequent exposure to
microbial toxins and ionophores such as nigericin and maitotoxin, or endogenous alarmins
such as ATP and uric acid to trigger assembly of the NIrp3 inflammasome (33, 39).
Alternatively, priming and activation of the NIrp3 inflammasome may occur simultaneously
during infection of macrophages with bacterial, viral, and fungal pathogens such as
Staphylococcus aureus, Streptococcus pneumonia, influenza virus, and Candida albicans,
respectively (33, 39). The prominent role of the NIrp3 inflammasome in host defense against
microbial pathogens is illustrated by the observation that NIrp3-deficient mice are
hypersusceptible to candidiasis (41-43). The Nirc4 inflammasome detects bacterial flagellin
and the basal body rod component of bacterial type I11 and IV secretion systems of
Salmonella, Pseudomonas, Legionella, and Shigella spp. (33, 44, 45). The Nlrp3
inflammasome also contributes to host defense during systemic S. Typhimurium infection,
when flagellin expression is inhibited (36). In addition to the secretion of IL-1p and IL-18,
the Nirc4 inflammasome was recently shown to induce pyroptotic cell death to clear
flagellin-expressing bacteria such as L. Pneumophila and B. thailandensis (28). Finally, the
HIN-200 family member AIM2 responds to F. tularensis, Listeria monocytogenes, and
certain DNA viruses such as cytomegalovirus and vaccinia virus by inducing caspase-1
activation through assembly of the AIM2 inflammasome (46-51). These observations
illustrate the critical role of inflammasome activation in host defense to pathogens.
However, inflammasome activation needs to be tightly controlled, because dysregulated
activation and activity of caspase-1 was recently associated with diseases such as
inflammatory bowel diseases (52-56), gouty arthritis (57), type | and Il diabetes (58, 59),
vitiligo (60), autoimmune Addison’s disease (59), and less common autoinflammatory
disorders that are collectively referred to as cryopyrinopathies (61).

NIrp3 polymorphisms and cryopyrinopathies

NIrp3 shares the presence of a centrally located NACHT motif with all other NLR family
members (1). This NACHT motif is flanked at the N-terminus by a pyrin domain to allow
homotypic interactions with the bipartite adapter protein ASC in the NIrp3 inflammasome.
At the C-terminus, NIrp3 contains an array of 12 LRR maotifs believed to be involved in
modulating NIrp3 activity and in sensing (indirectly) microbial ligands and endogenous
alarmins (39, 62). Notably, three auto-inflammatory conditions of which the primary
symptoms are urticarial skin rashes and prolonged episodes of fever have each been linked
to gain-of-function mutations in NIrp3 (6, 63). The three Nlrp3-associated autosomal-
dominant periodic fever syndromes are known as familial cold autoinflammatory syndrome
(FCAS), Muckle-Wells syndrome (MWS) and chronic infantile neurological cutaneous and
articular syndrome/neonatal onset multisystem inflammatory disease (CINCA/NOMID) (64,
65). Rather than being separate diseases, they represent a disease continuum, with FCAS the
most mild and CINCA/NOMID the most severe. Patients suffering from one of these
disorders, which are collectively referred to as the cryopyrin/NIrp3-associated periodic
syndromes (CAPS), can further present with arthralgia, headaches, elevated spinal fluid
pressure, cognitive deficits, sensorineural hearing loss and renal amyloidosis (64, 65). More
than 70 inherited and de novo disease-associated mutations have been identified so far, a
large majority of which are situated within and around the Nlrp3 NACHT domain (7). The
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CAPS-associated mutations are believed to induce conformational changes that render Nlrp3
constitutively active, which results in continuous caspase-1 activation (66). As a
consequence, mononuclear cells from CAPS patients secrete significantly more spontaneous
and induced IL-1B and 1L-18 (67). Excessive production of the latter cytokines may explain
most of the clinical manifestations of these syndromes apart from bony overgrowth in
CINCA/NOMID patients (68—70). Indeed, analysis of mice expressing CAPS-associated
NIrp3 mutations confirmed the role of the inflammasome and showed that CAPS symptoms
are partially dependent on IL-1p (71, 72).

Until recently, treatment options for patients with CAPS disorders were limited. Our
increased understanding of the genetic basis and the molecular mechanisms underlying these
debilitating disorders allowed for the translation of basic research findings into highly
efficacious new therapies targeting IL-1p or its receptor on effector cells (Fig. 2). Daily
administration of the IL-1 receptor antagonist anakinra (Kineret, Amgen) provided marked
amelioration of disease symptoms in CAPS patients (68, 73). Similarly, the safety and
efficacy of the human IL-1B neutralizing monoclonal antibody canakinumab (llaris,
Novartis) and rilonacept (Arcalyst, Regeneron), a fusion protein of the ligand-binding
domains of human IL-1 receptor (IL-1R1) and IL-1 receptor accessory protein (IL-1RAcP)
with the F¢ portion of a human immunoglobulin G1 (IgG1), in the treatment of CAPS have
recently been demonstrated (74, 75). Chemical caspase-1 inhibitors represent a fourth
mechanism to prevent overproduction of IL-1p in CAPS patients. Vertex Pharmaceuticals
developed an orally active caspase-1 inhibitor (VX-765) that is currently under study for the
treatment of epilepsy. Interestingly, VX-765 inhibited IL-1p secretion from LPS-stimulated
peripheral blood mononuclear cells of FCAS patients (76), but clinical trials analyzing its
efficacy in CAPS patients have not been registered. It thus remains to be determined
whether this drug and analogues thereof can be deployed as a fourth option for treating
CAPS.

The NIrp3 inflammasome in inflammatory bowel disease

In addition to the CAPS-associated polymorphisms in the coding sequence of Nirp3,
mutations in the Nlrp3 promoter that result in decreased NIrp3 expression and reduced IL-1p
production have recently been linked with increased susceptibility to Crohn’s disease in
humans (52). This finding was in line with previous studies showing that polymorphisms in
the genes encoding the inflammasome effector 1L-18 and the IL-18 receptor accessory
protein correlated with increased susceptibility to Crohn’s disease (77, 78). Moreover,
decreased secretion of the inflammasome cytokine IL-1f was noted in monocytes of
Crohn’s disease patients that have been stimulated with the bacterial peptidoglycan fragment
muramyl dipeptide (MDP) (79-81). MDP and a second peptidoglycan fragment called iE-
DAP activate the NIrp3-related NLRs Nod1 and Nod2, respectively (82—85). The
importance of the latter NLRs in immune signaling was realized with the discovery that they
represent key susceptibility genes for the development inflammatory bowel disease (IBD).
Indeed, the genes encoding Nod1 and Nod?2 are mutated in 15-20% of IBD patients (85-87).
Ligation of Nod1 and Nod2 by respectively iE-DAP and MDP triggers recruitment of the
adapter proteins CARD9 and RIP2, which subsequently leads to activation of the
transcription factors NF-xB and AP-1 in Paneth cells, epithelial cells, and professional
antigen-presenting cells (Fig. 3). This results in the production of cytokines, chemokines and
other inflammatory mediators that induce immune cell activation. Nod1 and Nod2 may also
contribute to immune responses by regulating autophagosome formation in cooperation with
autophagy-related protein Atg16L1 (88). Interestingly, Atg16L1 has also been identified as
key susceptibility gene for the development of Crohn’s disease (89, 90). In this respect, it is
interesting to note that Nod2 variants containing Crohn’s disease-associated mutations failed
to recruit Atg16L1 to the plasma membrane and to induce autophagosome formation (88).
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This observation suggests that in addition to its role in regulating NF-«xB activation and
cytokine secretion, Crohn’s disease-linked mutations in Nod2 might also contribute to
disease by hampering the induction of autophagic responses.

As described above, NIrp3 was recently identified as a third NLR family member that is
associated with IBD (52). Nevertheless, our understanding of the precise role the NIrp3
inflammasome plays in intestinal homeostasis was less clear. To resolve this issue, several
groups made use of experimental colitis models in mice to examine how the Nlrp3
inflammasome might provide protection against gut inflammation (53, 55, 56, 91, 92). The
dextran sodium sulfate- (DSS) and 2,4,6-trinitrobenzene sulfonate (TNBS)-induced colitis
models represent two of the most commonly used experimental colitis models for
investigating innate immune mechanisms of colitis, although the models are less suitable for
studying clinical features of human IBD that are associated with adaptive immune responses
(93). Oral administration of DSS or TNBS is directly toxic to the colonic epithelium and
triggers inflammation by disrupting the compartmentalization of commensal bacteria in the
gut (94, 95). Early studies using the DSS-induced colitis model suggested IL-1p and IL-18
production contribute to intestinal inflammation (96-99), but the concept of inflammasome
signaling being detrimental in IBD is being reevaluated based on recent reports suggesting
that the NIrp3 inflammasome confers protection against colitis and colitis-associated
tumorigenesis (53, 55, 56, 91, 92). Indeed, NIrp3~~mice suffered from increased sensitivity
to body weight loss, rectal bleeding, diarrhea, and mortality, thus suggesting that NIrp3
inflammasome signaling provides protection against DSS-induced colitis (53, 56, 91).
Similar responses were observed when NIrp3~~ mice were subjected to the acute TNBS-
induced colitis model (53, 91). Moreover, mice lacking the inflammasome proteins ASC
also suffered from more severe histopathological changes during both the acute and chronic
phases of DSS-induced colitis, which resulted in increased morbidity and mortality in DSS-
fed caspase-1-deficient mice (53, 55, 56). Given that gut inflammation is an important
predisposing factor for the development of colorectal cancer (100), mice lacking
components of the NIrp3 inflammasome were also subjected to the azoxymethane (AOM)/
DSS tumorigenesis model (56, 92). Nlrp3 ™~ mice as well as those lacking ASC or
caspase-1 suffered from increased dysplasia and tumor formation (56, 92). This observation
suggests that elevated inflammatory responses and increased destruction of the epithelial
barrier in the absence of a functional NIrp3 inflammasome drives colitis-associated
tumorigenesis. Notably, caspase-1-deficient mice consistently showed increased
susceptibility to colitis relative to mice lacking NIrp3, suggesting that additional
inflammasomes may regulate caspase-1 activation in the gastrointestinal tract. In this
respect, one study showed caspase-1 activation by the Nlrc4 inflammasome to provide
protection against colitis-associated colon tumorigenesis, although it failed to confirm the
induction of increased tumor loads in NIrp3-deficient mice (101). The discrepant results in
NIrp3~~ mice may stem from variability in a number of parameters influencing disease
outcome, including the protocol used to induce gut inflammation, the genetic background of
the mice, and the composition of their gut microbiota. This may also explain why one recent
study proposed NIrp3~/~ mice to be protected from DSS-induced colitis (102), while four
other studies showed hypersusceptible responses in these mice (53, 55, 56, 91). Although
further analysis is required to resolve this issue, a protective role for Nlrp3 appears likely
based on genetic evidence from IBD patients and experimental colitis studies in mice
lacking inflammasome effector molecules. Indeed, polymorphisms leading to decreased
NIrp3 expression are associated with increased risk for developing CD (52). Moreover, mice
lacking the inflammasome substrates IL-1p and IL-18 (103) or their cognate receptors (103,
104) were also reported to be more susceptible to DSS-induced colitis. In agreement, mice
lacking myeloid differentiation factor 88 (MyD88), an adapter protein required for both
TLR-mediated upregulation of IL-1p and IL-18 transcripts as well as for signaling
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downstream of their cognate receptors, are hyper-susceptible to DSS-induced colitis (95,
105, 106).

In light of the important roles inflammatory cytokines such as IL-1p, IL-6, and TNF-a play
in promoting colitis and inflammation-associated tumorigenesis (100), the roles of IL-1p and
IL-18 in protection against colitis and colon tumorigenesis downstream of inflammasome
assembly was analyzed in additional depth. Unlike IL-1p, the production of 1L-18 was
markedly increased in serum and colon tissue of DSS-fed mice (53, 55). Moreover, il-18 7~
and il-18r1~~ mice were protected against tissue damage in the DSS-induced colitis and the
AOM/DSS tumorigenesis models (107). Finally, morbidity was markedly reduced by
administering exogenous 1L-18 to DSS-fed caspase-1-deficient mice (53). Thus, IL-18
appears to play a major role downstream of the inflammasome in providing protection
against colitis-associated inflammation, tissue damage, and tumor formation. This may be
linked to its role in repair of the gut epithelium by promoting increased division of stem
cells at the base of crypts to replace damaged enterocytes (53, 55, 108). In addition, IL-1p
and/or IL-18 may regulate the production of short peptides with bactericidal activity called
‘defensins’ by cells of the colonic crypt, because crypts of NIrp3 ” “mice contained altered
defensin levels (91). The importance of these bactericidal peptides is illustrated by the
observation that their expression is diminished in colons of Crohn’s disease patients (109,
110). Thus, recent findings point to a key role for inflammasomes in regulating homeostasis
of the gut epithelium and suggest that controlled delivery of exogenous IL-18 in the gut
might prove beneficial in treating ulcerative colitis and/or Crohn’s disease.

Inflammasome signaling during experimental autoimmune
encephalomyelitis

As discussed above, IL-1p and IL-18 play major roles in the induction of adaptive immune
responses by regulating the differentiation and activation of Th1, Th2, and Th17 cellsin a
context-dependent manner (8-16). As such, IL-1f signaling was recently demonstrated to
contribute to Th17-driven exacerbation of experimental autoimmune encephalomyelitis
(EAE) (12, 13). This T-cell-mediated autoimmune disease results from autoreactive T cells
targeting oligodendrocytes and is characterized by neuroinflammation featuring infiltration
of lymphocytes and microglia demyelination and axonal loss (111). In agreement with its
central role in the production of mature IL-1p and IL-18, mice lacking caspase-1 were
shown to be markedly protected from EAE incidence and severity (112, 113). More
recently, this protective phenotype was attributed to the lack of mature IL-18 production in
these mice, because il-18 7~ mice were protected to a similar extent against EAE (114).
Upstream of caspase-1, an important role for NiIrp3 and ASC was provided by studies
showing that mice lacking these inflammasome components were protected from EAE
development because of reduced Thl and Th17 responses (113, 114). In agreement with
results obtained in this mouse model of multiple sclerosis, caspase-1 expression was found
to be augmented in clinical brain samples of multiple sclerosis patients (115, 116). This
suggests that (bio)chemically interfering with caspase-1 activity and/or neutralizing
bioactive IL-18 in the brain might provide clinical benefit to patients.

NIrpl mutations associate with vitiligo, Addison's disease, and type |

diabetes

In addition to the disease-linkage studies described above connecting the Nirp3
inflammasome to autoinflammatory and autoimmune diseases, recent reports identified
single nucleotide polymorphisms (SNPs) in the promoter and coding regions of Nirp1 that
associated with vitilgo, vitiligo-associated autoimmune diseases, Addison’s disease, and
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type | diabetes (59, 60, 117, 118). One study identified a strong and independent association
of SNPs located within the promoter region and the coding sequence of the Nlrp1 gene,
respectively, with vitiligo and vitiligo-associated autoimmune diseases (60). The results of
this study were independently confirmed in a cohort of Romanian vitiligo patients (117).
Vitiligo is a rare and chronic autoimmune disease that affects less than 1% of the population
and that is characterized by the T-cell-mediated destruction of melanocytes. Nlrp1l is highly
expressed in T cells and Langerhans cells in the skin (119), explaining the potential role of
mutant Nirpl in debilitating autoimmune diseases of the skin and other organs. This
ultimately results in depigmentation in irregular patches of the skin and hair (120).

As with most autoimmune disorders, vitiligo patients often suffer from concurrent
autoimmune diseases. Notably, specific SNPs in and around NALP1 were found to associate
with an extended autoimmune and autoinflammatory disease phenotype in vitiligo patients
suffering from autoimmune Addison’s disease as well (60). The latter disease is
characterized by immune-mediated destruction of the adrenal cortex, which leads to
defective production of mineralocorticoid, glucocorticoid, and adrenal androgen. Notably,
two separate studies identified a coding SNP in NIrpl (SNP rs12150220) that demonstrated
strong linkage to Addison’s disease independently of vitiligo (59, 118). This SNP also
showed linkage to type | diabetes, although it failed to reach genome-wide significance (59).
Similar to the CAPS-associated SNPs in Nlrp3 (7), most of the 177 identified SNPs in the
NIrpl gene (including rs12150220) localized to the Nlrpl NACHT domain (60). However,
the functional effects of disease-associated NIrplb SNPs have not (yet) been validated
experimentally. Nevertheless, the observations mentioned above suggest a model in which
they may induce conformational changes in Nlrp1 that reduce the threshold for assembly of
the NIrp1 inflammasome, thus triggering unwarranted activation of caspase-1 and excessive
production of IL-1p and IL-18 in immune cells of patients suffering from vitiligo, Addison’s
disease, and/or type | diabetes. Future efforts aimed at analyzing the effect of caspase-1
inhibitors and IL-1p neutralizing therapies in patients carrying disease-linked SNPs in Nlrpl
may facilitate the development of new approaches for therapeutic intervention in these
debilitating diseases.

Concluding remarks

A wealth of information has emerged in recent years linking deregulated inflammasome
signaling to human autoinflammatory and autoimmune diseases. However, our
understanding of the precise role(s) inflammasomes play in modulating disease outcome is
still in its infancy, and many important questions regarding the composition of the molecular
machinery regulating inflammasome activation and activity remain to be addressed. Further
elucidation of inflammasome pathways combined with an in-depth understanding of how
they contribute to rare and common autoimmune and autoinflammatory disorders alike may
open up the horizon for the development of new therapies for a breath of human afflictions.
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Fig. 1. Composition of inflammasome complexes

The murine NOD-like receptor (NLR) proteins NLRP1b, NLRC4 and NLRP3, and the
HIN-200 protein AIM2 assemble inflammasomes in a stimulus-specific manner. NLRP1b
recognizes the cytosolic presence of the Bacillus anthracis lethal toxin. The NLRC4
inflammasome is assembled after detection of bacterial flagellin or the basal body rod
component of the bacterial type 111 and type IV secretion systems. NLRP3 is activated when
macrophages are exposed to UV irradiation, microbial PAMPs, endogenous DAMPSs such as
ATP, or crystals such as monosodium urate, silica, and asbestos. AIM2 directly binds
dsDNA in the cytosol to induce caspase 1 activation in cells infected with Francisella
tularensis, Listeria monocytogenes, or DNA viruses such as cytomegalovirus and vaccinia
virus. The bipartite adapter protein ASC is required for assembly of the NLRP3 and AIM2
inflammasomes, whereas the Nlrplb and Nlrc4 inflammasomes exist in variants that either
contain or lack ASC.
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Fig. 2. Mechanisms of therapeutic molecules interfering with inflammasome effector pathways
Anakinra (Kineret, Amgen) corresponds to a recombinant form of the I1L-1 receptor and thus
targets the IL-1 receptor to displace endogenous IL-1 from the receptor. In contrast,
canakinumab (llaris, Novartis) is a human IL-1p neutralizing monoclonal antibody raised
against human IL-1p, whereas rilonacept (Arcalyst, Regeneron) represents the ligand-
binding domains of human IL-1 receptor (IL-1R1) and IL-1 receptor accessory protein
(IL-1RACP) that are fused with the F¢ portion of a human immunoglobulin G1 (IgG1). The
latter two molecules target IL-1f in circulation, thus scavenging it from the IL-1 receptor.
Finally, VX-765 (Vertex Pharmaceuticals) is a small-molecule inhibitor that specifically
inhibits caspase-1 in activated immune cells.
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Fig. 3. NLR- and TLR-mediated regulation of cytokine production and autophagosome
formation

Members of the Toll-like receptor (TLR) and NOD-like receptor (NLR) families recognize
conserved microbial components called pathogen-associated molecular patterns (PAMPS)
that correspond with molecules vital for microbial survival such as flagellin, nucleic acid
structures unique to bacteria and viruses and bacterial cell wall components such as
lipopolysaccharide (LPS). TLRs are located at the cell surface and in endosomes of immune
cells, whereas NOD-like receptors (NLRs) and HIN-200 proteins detect pathogens located
in intracellular compartments. PAMP recognition by these receptors triggers a number of
protective responses, including the production of pro-inflammatory cytokines and
chemokines through activation of the transcription factors NF-xB and AP-1. In addition, the
NLR proteins Nod1 and Nod2 may regulate antigen presentation and bacterial clearance by
promoting autophagosome formation through the recruitment of Atg16L1 to the plasma
membrane. Finally, the NLRs Nlrplb, NIrp3 and Nlrc4; and the HIN-200 protein AIM2
induce assembly of inflammasome complexes, which are responsible for caspase-1
activation and the subsequent secretion of mature IL-1p and IL-18.
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