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Abstract

Innate immune responses have the ability to both combat infectious microbes and drive
pathological inflammation. Inflammasome complexes are a central component of these processes
through their regulation of interleukin 18 (IL-1p), IL-18 and pyroptosis. Inflammasomes
recognize microbial products or endogenous molecules released from damaged or dying cells both
through direct binding of ligands and indirect mechanisms. The potential of the IL-1 family of
cytokines to cause tissue damage and chronic inflammation emphasizes the importance of
regulating inflammasomes. Many regulatory mechanisms have been identified that act as
checkpoints for attenuating inflammasome signaling at multiple steps. Here we discuss the various
regulatory mechanisms that have evolved to keep inflammasome signaling in check to maintain
immunological balance.

Basic mechanisms of inflammasome activation

The innate immune system is composed of germline-encoded receptors that collectively
serve as a sensor for monitoring the extracellular and intracellular compartments for signs of
infection or tissue injury. A key component of cytosolic surveillance is the inflammasome, a
large multimolecular complex that controls activation of the proteolytic enzyme caspase-1
(refs. 1,2). Caspase-1 in turn regulates maturation of the proinflammatory cytokines
interleukin-1p (IL-1B) and IL-18 or the rapid inflammatory form of cell death called
‘pyroptosis’. Inflammasomes come in at least two distinct ‘flavors’, and those identified thus
far contain a member of the NLR family (nucleotide-binding-and-oligomerization domain
(Nod) and leucine-rich-repeat—containing) or PYHIN family (pyrin domain (PYD) and HIN
domain-containing).

The human and mouse genomes encode 23 and 34 NLRs, respectively, several of which
assemble into inflammasome complexes. These complexes form in cells exposed to a range
of physically and chemically diverse ligands of microbial, environmental or endogenous
origin3. NLR inflammasomes contain the adaptor ASC, which is common to most
inflammasome complexes, although ASC-independent complexes also form in certain cases.
Although the actual ligand that engages the NLR is for the most part unknown, the
understanding of how the PYHIN inflammasomes become activated is much clearer. AIM2
and IF116 (two members of the PYHIN family) are true receptors, as they engage their
double-stranded DNA (dsDNA) ligands directly via one or two DNA-binding HIN domains,
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respectively?=5. As for the NLRs, NLRP1, NLRP3, NLRC4 (IPAF), NLRP6 and NLRP12
have all been shown to assemble into inflammasomes. These molecules are characterized by
a tripartite structure containing a central Nod (or NACHT domain), a carboxy-terminal
leucine-rich-repeat domain, and an amino-terminal effector domain, which can be a
baculovirus inhibitor-of-apoptosis-protein repeat, a caspase-recruitment-and-activation
domain (CARD) or a PYD?3. The leucine-rich-repeat domains are thought to act as the
sensing component of these molecules; however, the molecular basis by which individual
inflammasomes respond to specific stimuli is very poorly understood and there is no solid
evidence indicating the ability of this domain to directly bind ligand.

In general, after activation, the NLRs oligomerize through their NACHT domains, and this
oligomerization facilitates recruitment of pro-caspase-1 through direct interactions between
the CARDs of the NLR and that of pro-caspase-1. However, most NLRs lack CARDs, and
those that contain PYDs require ASC. The PYD of ASC interacts with the PYD of the NLR,
whereas the CARD of ASC recruits pro-caspase-1. The binding of a single molecule of ASC
to both partners is facilitated by a tandem orientation of PYDs and CARDs restrained by a
flexible linker region’. ASC operates as a molecular nucleating platform for protein-protein
interactions during inflammasome activation by oligomerizing into large disc-like
structures’. Once pro-caspase-1 is recruited into a multiprotein inflammasome complex, the
proximity-induced multimerization is suggested to induce autoproteolytic cleavage of pro-
caspase-1. Initially pro-caspase-1 is cleaved into a p35 fragment (containing the CARD) and
a p10 fragment. Subsequently, the p35 fragment is processed into its CARD and a p20
subunit; two molecules of p20 heterodimerize with two molecules of p10 to form an active
caspase-1 enzyme. ASC is mainly sequestered in the nucleus, and its redistribution from the
nucleus to the cytosol is required for inflammasome assembly8. Published reports have
suggested that ASC is also present in resting cells in the cytosol, which indicates that
compartmental localization of ASC may confer distinct functional abilities to this important
molecule®.

Caspase-1 is an aspartate-specific cysteine protease that cleaves its substrates, IL-1p and
IL-18, at recognition sites adjacent to aspartic acid residues. Activation of caspase-1 is also
linked to pyroptosisi®. Cytokine processing and pyroptosis seem to be mediated by distinct
complexes formed in response to bacterial pathogens such as Sa/monella typhimurium and
Legionella pneumophila. A large ASC-containing inflammasome induces autoproteolysis of
caspase-1 and processing of inflammatory cytokines, whereas an ASC-independent
caspase-1 complex promotes pyroptotic cell death. The latter complex is smaller and does
not facilitate caspase-1 autoproteolysis!. Activation of caspase-1 has also been linked to the
release of endogenous danger signals (also called danger-associated molecular patterns)
such as HMGBL, unconventional secretion of leaderless peptides, cleavage of enzymes in
the glycolytic pathway, restriction of bacterial replication in infected macrophages, and
augmentation of cell-repair pathways via the regulation of lipid metabolism10.12,

The caspase-1-related protease caspase-11 (caspase-4 and caspase-5 in humans) has also
been linked to inflammasome signaling®. Caspase-11 is essential for the processing of
caspase-1 and maturation of IL-1p and IL-18 by enteric bacteria such as Escherichia coli,
Citrobacter rodentium and Vibrio cholerae. This noncanonical inflammasome pathway
involving caspase-11 has both caspase-1-dependent and caspase-1-independent outcomes.
Whereas caspase-11-mediated processing of IL-1p and IL-18 requires caspase-1,
macrophage cell death does not involve caspase-1. Notably, NLRP3 and ASC are both
required for the activation of caspase-1 by noncanonical activators such as £. coli, however,
these molecules are dispensable for cell deathl. The exact mechanism by which caspase-11
is activated and contributes to inflammasome function is still unclear. Noncanonical
inflammasome activators such as £. cofiinduce cleavage of pro-c aspase-11 to the
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caspase-11 subunit p26. It is possible that caspase-11 directly interacts with caspase-1 and
promotes formation of the inflammasome complex, as both pro-caspase-11 and the p26
subunit immunoprecipitate together with caspase-1 after activation with £. coli or cholera
toxin. The role of caspase-11 in other aspects of inflammasome function remains to be
clearly defined.

The NLRP3 inflammasome

Depending on the NLR in the complex, inflammasomes are equipped with the ability to
respond to a wide array of signals. The NLRP3 inflammasome is by far the best-studied
member of this family and is activated by a wide range of signals of pathogenic, endogenous
and environmental origin. Several pathogens, such as Staphylococcus aureus, Listeria
monocytogenes, Klebsiella pneumoniae, Neisseria gonorrhoeae, Candida albicans and
influenza A virus, activate NLRP3 (refs. 13-19). In addition, NLRP3 is alerted to the
presence of endogenous danger signals—molecules released during or indicative of tissue
injury, such as extracellular ATP, hyaluronan, amyloid-p fibrils and uric acid crystals?0-23,
Despite the growing number of activators for NLRP3 and the clear genetic evidence linking
this pathway to the immunostimulatory activity of many molecules, the exact mechanism(s)
by which NLRP3 is activated is (are) still unclear. There is no evidence that NLRP3 binds
directly to any of its known activators. Such diversity of structure in potential ligands
suggests that some shared mechanism enables NLRP3 to oligomerize and form a
functionally competent inflammasome. Three distinct mechanisms have been proposed to
account for NLRP3 activation: potassium efflux; the generation of mitochondria-derived
reactive oxygen species (ROS); and phagolysosomal destabilization after the digestion of
large particulate agonists such as monosodium urate?* (Fig. 1). Potassium efflux is induced
by bacterial cytotoxins such as hemolysins that form pores on the cell and phagolysosomal
membranes and by extracellular ATP, which engages the ATP-gated cation channel P2X5.
Similarly, NLRP3 activation by malaria-digested hemoglobin (hemozoin), silica, asbestos
and C. albicans has been linked to ROS production?®. There is evidence that as a result of
phagolysosomal membrane destabilization caused by crystalline and particulate ligands such
as alum and silica, cathepsin proteases are released into the cytosol. This model would
indicate that a cathepsin-cleavable substrate is a critical component for NLRP3 activation;
however, so far no such cathepsin substrate has been identified. How NLRP3 is activated in
any of these situations is still very much unknown. During infection with influenza virus, a
virus-expressed intracellular M2 ion channel is important for the facilitation of NLRP3
activation. This M2 ion channel is located in the Golgi apparatus, where it enables the export
of hydrogen ions from acidified Golgi, which in turn signals NLRP3 activation28. Overall,
these findings indicate that changes in the intracellular ionic environment influence the
activation potential of the NLRP3 inflammasome. However, a unifying mechanism that
could explain how this complex is activated awaits clarification.

The NLRC4 inflammasome

Inflammasomes have been best studied in the mouse system. The NLRC4 inflammasome
responds to bacterial flagellin and PrgJ, a component of the type Il secretion system
(T3SS), and activates inflammasome assembly via direct CARD-CARD homotypic
interactions with caspase-1 (ref. 27). Although ASC is not an absolute requirement, it
substantially augments NLRC4-mediated inflammasome activation28:29, Studies have
provided critical insights into the molecular basis for activation of the NLRC4
inflammasome by flagellin and PrgJ39:31, Those studies have demonstrated that the NAIP
family of proteins, previously believed to function merely as accessory molecules for the
NLRC4 inflammasome, act as the receptors (Fig. 1). There are seven genes encoding NAIP
proteins in the mouse, four of which (Naip1, Naip2, Naip5and Naip6) are expressed in
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C57BL/6 mice. Distinct NAIP molecules endow the NLRC4 inflammasome with the ability
to differentiate among its bacterial ligands. Specifically, NAIP2 binds PrgJ, and this
interaction facilitates NAIP2-NLRC4 binding, which results in activation of this
inflammasome. In contrast, NAIP5 physically binds to flagellin, which results in the
activation of NLRCA4. Interestingly, there is only one NAIP in humans, and its role is still
unclear. Human NAIP does not respond to flagellin or PrgJ, which suggests the existence of
another more-unifying detection mechanism that feeds into NLRC4. Human NAIP does,
however, interact with Cprl, a needle protein from the T3SS of Chromobacterium
violaceunr®. These findings suggest that the needle component of the T3SS is the true
activator of the human NLRC4 inflammasome, which raises important questions about the
effect of the sensing of bacterial flagellin by NLRC4 in human infectious diseases. The
findings linking NAIP proteins to NLR activation have provided evidence that supports the
notion that perhaps NLRs are merely downstream mediators of these pathways rather than
being sensors themselves.

The NLRP1 inflammasome

NLRP1, the first inflammasome to be described, is activated mainly by the lethal toxin from
Bacillus anthracis (Fig. 1). In contrast to human NLRPZ, the mouse gene encoding NLRP1
is polymorphic, with three homologs: NLRPIa, NLRP1band NLRPIc. Variations in
NLRPI1b provide sensitivity or resistance to the toxin32. Bacterial muramyl dipeptide also
activates NLRP1; however, the physiological relevance of this activation is not clear.
Biochemical reconstitution studies have shown that the essential components of the NLRP1
inflammasome include a sensitive NLRP1, pro-caspase-1, dNTPs and muramyl
dipeptide3334, Even though the presence of CARDs allows NLRP1 to bypass the
requirement for ASC in inflammasome activation, ASC enhances the activity of NLRP1
inflammasome complexes. NLRP1 also contains a FIIND (function-to-find domain), which
is also present in CARDS (Cardinal)3°. Rodents notably lack a gene encoding CARDS.
Although it was identified many years ago, the role of the FIIND is still unknown. Evidence
suggests that NLRP1 undergoes autoproteolytic cleavage at a conserved Ser-Phe/Ser motif
(where ‘Phe/Ser” indicates either phenylalanine or serine) in FIIND38. That suggests that the
FIIND is a previously unrecognized type of ZU5-UPA domain, which undergoes post-
translational autocleavage38. Those findings extend intramolecular autoproteolysis mediated
by the ZU5-UPA motif to the NLR family of innate immunity proteins. Whether other NLRs
undergo cleavage has not been addressed so far. Crosstalk between the Nod2 and NLRP1
pathways has also been proposed. Nod2 has been linked to NLRP1-dependent sensing of B.
anthracis and muramyl dipeptide, where it forms a complex with NLRP1 in activated
cells®’. Inhibition of the mitogen-activated protein kinase p38 and the kinase Akt by lethal
toxin leads to opening of the connexin channel, ATP release and P2X7-dependent signaling,
which leads to NLRP1 activation38. Phagolysosomal membrane destabilization and
cathepsin B release in lethal toxin-mediated NLRP1 activation have also been proposed3®.
These observations highlight some unifying themes in the mechanism of activation of both
NLRP1 and NLRP3 inflammasomes. It will be important to understand the effect of NLRP1
cleavage in NLRP1-dependent inflammasome function and whether other NLRs undergo
similar cleavage mechanisms.

NLRP6 and NLRP12 inflammasomes

In addition to the NLR inflammasomes described above, early transfection studies linked
both NLRP6 (PYPAFS5; ref. 40) and NLRP12 (PYPAF7 (refs. 41-43) or Monarch-1) to
inflammasome function. NLRP6 and NLRP12 associate with ASC and induce caspase-1
dependent processing of IL-1p4041, Exciting subsequent work has linked NLRP6 to
maintenance of the microbiome** (Fig. 1). NLRP6 is expressed mainly in nonhematopoietic
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compartments, where it acts to maintain intestinal homeostasis by regulating the
composition of intestinal flora. Deficiency in NLRP6 in mouse colonic epithelial cells
results in altered intestinal microbiota characterized by expanded representation of the
bacterial phyla Bacteroidetes (specifically the family Prevotellaceae) and TM7. This aspect
of NLRP6 function is dependent on its ability to nucleate an inflammasome and regulate
IL-18 rather than IL-1p. Deficiency in NLRP6 or IL-18 skews the composition of the
microbiome toward a colitogenic type. This imbalance induces spontaneous inflammation
through production of the chemokine CCL5 and recruitment of inflammatory cells, which
culminates in colitis. Together these studies indicate that perturbations in components of this
inflammasome pathway, including NLRP6, ASC, caspase-1 and IL-18, may constitute a
predisposing or initiating event in some cases of human inflammatory bowel disease.

The role of NLRP12 in innate immunity has remained unclear, with both inflammatory and
inhibitory functions ascribed to this molecule. NLRP12 was the first NLR shown to
associate with ASC in transfected cells and to form an active IL-1B-maturing
inflammasome?0. Additional studies have suggested that NLRP12 is an antagonist of
proinflammatory signals induced by Toll-like receptors (TLRs), tumor-necrosis factor
(TNF) and Mycobacterium tuberculosis*3. NLRP12 has also been shown to control the
migration of dendritic cells (DCs) and myeloid cells to affect contact hypersensitivity*>—48,
Mutations in the gene encoding NLRP12, as noted for NLRP3 (discussed below), have been
linked to hereditary inflammatory diseases. Patients with NVL/RP12 mutations have been
successfully treated with antibody to IL-1 (refs. 49-51). A critical role for NLRP12 in
maintaining intestinal homeostasis and providing protection against colorectal tumorigenesis
has also been proposed®2. NLRP12 acts to negatively regulate signaling via the transcription
factor NF-xB and is dispensable for caspase-1 activation by a variety of activators, including
ATP, Salmonella typhimurium and Listeria species®2. Whether NLRP12 forms
inflammasomes in response to other activators of caspase-1 remains to be determined.

PYHIN inflammasomes

A second class of inflammasomes has also been described that do not contain NLRs but
instead contain members of the PYHIN family. The PYHIN proteins are encoded by a
family of four human genes (/F/16, AIMZ2, MNDA and /F/X) and thirteen mouse genes and
are characterized by the presence of a PYD and one or two HIN-200 DNA-binding
domains®3. So far, AIM2 and IF116 have been shown to form caspase-1-activating
inflammasomes. Unlike the NLRs, AIM2 and IF116 bind directly to their ligand, which in
both cases is dSDNA. AIM2 and IFI16 lack CARDs and therefore require ASC for the
recruitment of pro-caspase-1. AIM2, the first member of this family linked to inflammasome
function, is located in the cytosol and senses dsDNA of viral or bacterial origin®-%6 (Fig. 2).
The recognition of dSDNA by AIM2 depends on the length of the DNA rather the sequence;
dsDNA of less than 80 base pairs in length is a poor activator of the AIM2 inflammasome
(V. Hornung, E. Latz and K.A.F., unpublished data). Although AIM2 can recognize self
DNA and activate inflammasome complexes, the cytosolic location of AIM2 seems to limit
recognition of self DNA under steady-state conditions. However, in situations in which self
DNA is inefficiently cleared from the extracellular milieu or is improperly degraded in the
phagolysosomal compartment, self DNA seems to access cytosolic compartments, where it
turns on transcription of genes encoding type | interferons and associated genes®’~%0. It is
likely that under these conditions, DNA would also activate AIM2 and drive inflammation.
During infection, AIM2 senses DNA from murine cytomegalovirus and vaccinia virus, as
well as from intracellular bacterial pathogens such as Francisella tularensisand L.
monocytogenestl—83,
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The AIM2-like receptor IFI16 has also been linked to inflammasome activation. In contrast
to AIM2, IFI16 is located mainly in the nucleus of cells, although cytosolic IFI16 has also
been detected in small amounts in some cells. In the cytosol, IFI16 engages viral dsSDNA to
drive the production of type I interferon®; however, IF116 has also been reported to
recognize the genome of Kapsosi’s sarcoma-associated herpes virus (KSHV) in the nucleus
of infected cells®. In response to KSHV, IF116 and ASC translocate from the nucleus to the
cytosolic perinuclear region, where they form an inflamamsome complex with caspase-1
(ref. 5; Fig. 2). The mechanism by which IFI16 discriminates between self and viral DNA in
the nucleus remains unknown. One possibility is that in the context of chromatin, self DNA
is inaccessible to IFI16, although how this inaccessibility is maintained during cell division
is an important issue that remains to be addressed.

Regulation of inflammasome activation

Once unleashed, the innate immune response through surveillance mechanisms such as the
inflammasome has the power to both eliminate infection and ‘instruct’ the T cells and B
cells of the adaptive immune system to establish memory after repeated exposure to the
eliciting pathogen. Because the ensuing IL-1pB, IL-18 and pyroptotic death responses have
the potential to damage the host, tight control of these pathways is critical for the prevention
of sterile inflammation. Failure to curb the activity of inflammasomes is exemplified by the
finding that deregulated inflammasome activation is linked to autoinflammatory and/or
autoimmune conditions such as familial Mediterranean fever or cryopyrin-associated
periodic syndromes®. Cryopyrin-associated periodic syndromes such as familial cold
autoinflammatory syndrome, Muckle-Wells syndrome and chronic infantile neurological
cutaneous and articular syndrome—neonatal onset multisystem inflammatory disease are all
linked to gain-of-function mutations in NLRP3, and all of these diseases respond to therapy
with the IL-1 receptor antagonist.

Unlike the production of most inflammatory cytokines, the production of biologically active
IL-1pB is dependent on transcription, translation, maturation and secretion mechanisms, all of
which are tightly regulated. Multiple checkpoints in this process ensure that IL-18 and IL-1
are not inappropriately induced. Many of these steps can be manipulated by microbial
pathogens to subvert host defense. In addition, a growing number of cellular checkpoints
have been identified that act to prevent excessive activation of IL-1p- or IL-18-driven
inflammation. Cell-intrinsic and cell-extrinsic mechanisms exert rigorous control on these
pathways at multiple levels.

Microbial regulation of inflammasomes

Given the importance of IL-1p, IL-18 and pyroptosis in the elimination of infectious agents,
it is not surprising that pathogens have developed counter strategies to block these defenses
(Fig. 3). Viruses are especially successful in evading inflammasome activation through a set
of proteins homologous to host-derived inflammasome inhibitors such as cPOP and serpins
(discussed below). Good examples of the viral subversion of inflammasome signaling are
the poxvirus proteins M013 (from myxoma virus) and gp013L (from Shope fibroma virus)
that bind ASC and inhibit inflammasome activation®5:66, These proteins also inhibit
transcription of the gene encoding IL-1p and thus interfere with both the transcription of the
gene encoding IL-1p and the processing of IL-1p (ref. 67). Additionally, poxviruses produce
serpin homologs. Serpins are serine-protease inhibitors that block the catalytic activity of
several proteases. Although their main targets are serine proteases, they also inhibit cysteine
proteases such as caspase-1. The cowpox virus protein CrmA (cytokine-response modifier
A) and its homologs in orthopox-viruses, such as B13R (vaccinia virus), Serp2 (myxoma
virus) and SPI-2 (ectromelia virus), abolish the proteolytic activity of caspase-1 (refs. 68—
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71). Influenza virus and baculoviruses also use NS1 and p35, respectively, to inhibit
inflammasome activation’2:73, KSHV expresses a homolog of NLRP1, Orf63, which
interacts with NLRP1 and NLRP3, resulting in repression of inflammasome activation that
enables the virus to avoid immune control and establish latency”2.

Bacterial pathogens do not seem to express anti-inflammasome molecules. However, they
use strategies that manipulate inflammasome activation, in most cases interfering with the
production of or recognition of bacterial ligands that trigger inflammasomes. A good
example of this is YopK of Yersinia pseudotuberculosis, which interacts with the T3SS
translocon, thereby blocking the inflammasome from sensing the pathogen’®. Similarly,
during systemic infection, Salmonellae species downregulate expression of flagellin and the
SPI-1 T3SS while simultaneously upregulating the SP1-2 T3SS, which is not detected by
NLRC4 (ref. 34). Several bacterial proteins with enzymatic activity also modulate
inflammasome activation. For example, Pseudomonas aeruginosa expresses ExoU, a
phospholipase that suppresses caspase-1, and ExoS, a Rho GTPase-activating protein that
negatively regulates IL-1p processing’®77. Likewise, Yersinia enterocolitica expresses
YopE, another Rho GTPase—activating protein, and YopT, a cysteine protease, which
regulate oligomerization of caspase-1 and block inflammasome activation’8. M. tuberculosis
expresses the zinc metalloprotease Zmp1, which inhibits caspase-1 activation by NLRP3
inducers’®. Similarly, F. tularensis expresses mviN, a putative lipid Il phospholipid
translocase, and ripA, a cytosolic membrane protein, which have been shown to suppress
inflammasome activation8-81, 1. pneumophila interferes with transcription of the gene
encoding ASC and prevents ASC expression to block the formation of complexes®2.
Pneumolysin, a pore-forming cytotoxin of S. pneumoniae, is reported to have both
inflammasome-activating and inflammasome-inhibitory functions. Pneumolysin inhibits
inflammasome activation in human DCs83, although the role of pneumolysin in activation of
the NLRP3 inflamamsome by S. pneumoniae has also been demonstrated by several
groups84-86,

Regulation of inflammasomes by type | interferon

When the host responds to infection, waves of inflammatory gene expression are turned on
in cells of the immune system. Early responses include the production of inflammatory
cytokines as well as type | interferons. Many cell stimuli, including TLR activators and
IL-1p itself, activate transcription of the gene encoding IL-1p. TLRs, as well as cytokine
signaling pathways, also control the expression of NLRP3 at the transcriptional level.
Reports have indicated important crosstalk between cytokine signaling and the
inflammasome. This is particularly true for type I and Il interferons. A case in point relates
to the AIM2 inflammasome, for which, in some cases, type | interferon signaling is
important for inflammasome activation. Activation of the AIM2 inflammasome by infection
with F. tularensis requires an intact type | interferon response®1:87:88 Consistent with that, in
macrophages deficient in the transcription factor IRF3, which have a defect in the secretion
of type I interferons, or macrophages deficient in the receptor for interferon-a (IFN-a)) and
IFN-B, which are unable to respond to type | interferon, infection with F. tularensis results in
less-efficient activation of the AIM2 inflammasome than that in wild-type
macrophages®1-:62:88_ The precise role of interferon signaling in this setting is still a little
unclear. Although AIM2 is encoded by an interferon-inducible gene, the amount of AIM2 is
unaffected in IRF3-deficient cells or in cells deficient in the receptor for IFN-a and IFN-
L. Interestingly, activation of the AIM2 inflammasome by infection with mouse
cytomegalovirus does not require an intact type | interferon response®3. It has been proposed
that type | interferons act to enhance the killing and lysis of F. tularensis in the phagosome
to generate the cytosolic DNA that activates the AIM2 inflammasome®1.
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Although they are clearly important in some situations for inflammasome activation, there is
additional evidence that the type | interferons can also antagonize these pathways. Type |
interferons restrain IL-1p production by two distinct mechanisms, depending on the cell
type; they act by diminishing the pool of intracellular pro-1L-1f and/or inhibiting caspase-1
activation8 (Fig. 4). The decrease in the pool of intracellular pro-1L1p is dependent on the
ability of type | interferons to induce production of the anti-inflammatory cytokine 1L-10.
The auto-crine and/or paracrine action of 1L-10 acting via the STAT3 signaling pathway
inhibits the synthesis of pro-IL-1f and pro-IL-1a. Additionally, type | interferons suppress
caspase-1 processing by a mechanism that is dependent on the transcription factor STATL.
How STAT1 activation leads to caspase-1 blockade is unclear. The ability of type |
interferons to block caspase-1 activation seems to be specific to NLRP3 and NLRP1
inflammasomes. An important consequence of this crosstalk between IL-1p and type |
interferons is reflected in the diminished NLRP3 inflammasome activation observed in
monocytes from patients with multiple sclerosis that are being treated with IFN-.
Consistent with an inhibitory role for type I interferons on the inflammasome, treatment of
mice with inducers of IFN-p such as poly(I:C) suppresses NLRP3 activation by alum and C.
albicans. The exact molecular mechanism that governs the ‘preferential’ inhibition of
NLRP3 and NLRP1 inflammasomes by type I interferon-STAT1 signaling is yet to be
identified.

Published evidence has indicated the importance of type I interferons in suppressing IL-1 /n
vivo during infection with M. tuberculosis®©. Both IL-1a and IL-1p are critically required
for host resistance to M. tuberculosis. Inflammatory monocyte-macrophage and DC
populations coexpress both IL-1a and IL-1p in lungs of M. tuberculosis-infected mice.
Type | interferons regulate IL-1 production by these cells /n vivo. Type | interferons inhibit
the production of IL-1 by both subsets of cells. These data provide a cellular basis for both
the anti-inflammatory effects of interferons and the probacterial functions of type |
interferons during M. tuberculosis infection and demonstrate differences in the regulation of
IL-1 production by distinct cell populations as an additional layer of complexity in the
activity of IL-1 /in vivo.

IFN-y and T cell regulation of inflammasome activation

There is also emerging evidence that the CD4* T cell-derived type Il interferon IFN-vy also
exerts an inhibitory effect on the production of IL-1 (ref. 90). The effect of IFN-y seems to
be somewhat transient and cell type specific; IFN-y priming of macrophages and DCs from
mice, but not of those from humans, has been shown to suppress pro-1L-1f synthesis
triggered by lipopolysaccharide (LPS)°?. Later, this inhibitory effect can be overcome by
SOCS1, a negative regulator of IFN-y signaling that is induced in LPS-treated cells. During
infection with M. tuberculosis, IFN-y selectively suppresses monocyte-macrophage—
dependent production of both IL-1a and IL-1p (ref. 90). Precisely how IFN-y modulates
production of the IL-1 family of cytokines and its effect on inflammasome-dependent
processing of caspase-1 remain to be determined. As IFN-+y is the signature cytokine of T
helper type 1 and CD8* T cell responses, it may act as a feedback regulator of
inflammasome responses once the adaptive immune response has been elicited.

In addition to IFN-vy, additional mechanisms by which T cells regulate inflammasome
activation have been proposed?2. Effector and memory T cells can attenuate the processing
of caspase-1 and IL-1p in macrophages and DCs (Fig. 4). This inhibitory effect requires
cell-to-cell contact and seems to be mediated by CD40L, OX40L and RANKL, all of which
are members of the TNF superfamily of ligands expressed on activated T cells. Again, this
negative feedback loop exerted by T cells targets only NLRP1 and NLRP3 inflammasomes.
It is not yet clear how interactions between members of the TNF family of ligands and their
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receptors mediate the inhibition of caspase-1-dependent production of IL-1p. Nonetheless,
activated CD4* T cells and CD8* T cells use cognate as well as noncognate mechanisms
(that probably involve IFN-vy) to limit the magnitude of the production of IL-1f and IL-18
by antigen-presenting cells.

Regulation of inflammasome activation by autophagy

Autophagy, an evolutionarily conserved catabolic process, facilitates the recycling of
damaged cellular proteins and organelles®3. During autophagy, cytosolic constituents are
engulfed by autophagosomes and then are delivered to the lysosomes for degradation.
Growing evidence indicates that autophagic dysfunction is associated with cancer,
neurodegenerative disorders and impaired host defense. Furthermore, autophagy regulates
various aspects of immune responses, including antigen presentation, cell death and cytokine
secretion in immune cells®3. Early evidence for the involvement of autophagy in
proinflammatory cytokine secretion was provided by studies of autophagocytosis-deficient
Atg167'~ mice, which have exaggerated production of IL-1p and IL-18 in response to LPS
and other pathogen-derived signals®*. This augmented production of IL-1p and IL-18 is not
due to enhanced transcription of the gene encoding pro-1L-1p but instead is due to enhanced
activation of caspase-1. Cells from mice with targeted deletions in key components of the
autophagy machinery or cells treated with pharmacological inhibitors of autophagy have
augmented production of IL-1p and IL-18 and contribute to enhanced disease severity in
dextran sodium sulfate—induced colitis and LPS-induced septic shock in7 vive®*. The
molecular basis for the augmented caspase-1 response is the failure of autophagy-deficient
cells to clear damaged mitochondria (Fig. 4). In the absence of cellular autophagy (or
mitochondrial autophagy), damaged mitochondria accumulate and generate excessive ROS
and release mitochondrial DNA into the cytoplasm of cells, events that trigger activation of
the NLRP3 inflammasome®>98. Precisely how mitochondrial ROS and/or mitochondrial
DNA enhance the inflammasome-mediated release of IL-1p and IL-18 is still unclear.
Additional evidence indicates that the autophagy machinery also acts to regulate IL-1f
responses in an inflammasome-independent manner; autophagosomes sequester pro-I1L-1f
and target it for degradation, thereby limiting the substrate available for caspase-1 to
process?’. In contrast to its effect in mouse cells, in human peripheral blood mononuclear
cells (PBMCs), the inhibition of basal autophagy augments the transcription of pro-IL 15
mRNA in response to TLR ligands®. Contrary to the roles described above, there is also
evidence that autophagy can positively regulate IL-1p responses. Mammalian cells export
most proteins by a pathway dependent the endoplasmic reticulum and Golgi apparatus.
However, some proteins that lack signal peptides are secreted via unconventional, poorly
understood mechanisms. The latter include IL-1p and IL-18. Starvation-induced autophagy
contributes to inflammasome-dependent release of IL-1p via an export pathway that depends
on the autophagy regulator Atg5 and at least one of the two mammalian paralogs of Golgi
reassembly stacking proteins, GRASP55 (GORASP2) and Rab8a%°. Thus, the autophagic
process regulates IL-1p production at various levels.

Another situation in which the autophagic machinery and inflammasome complexes may
also intersect is the removal of large inflammasome complexes from cells. Autophagy
facilitates the turnover of damaged proteins and protein aggregates. Although
inflammasome-complex formation is associated in many cases with pyroptotic cell death,
cell death does not always accompany these events. When the cell dies, inflammasome
complexes, like other endogenous contents, will be released into the extracellular
environment, where they are probably degraded by extracellular proteases. However, in
situations in which death does not occur, these large inflammasome complexes must be
removed to prevent excessive activation of the IL-1 pathway. It is conceivable that the
autophagic machinery has a role in directing these events.
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The TRIM family of proteins

Emerging evidence also indicates that transmembrane adaptors of the TRIM family
modulate inflammasome-mediated IL-1 responses. The initial evidence linking TRIM
proteins and inflammasome pathways was provided by studies of familial Mediterranean
fever in which missense mutations in the sequence encoding the carboxy-terminal B30.2
domain of TRIM20 (pyrin or MEFV) is linked to disease90:101, Although the exact role of
TRIM20 in inflammasome activation has remained controversial, a published study has
demonstrated that a gain-of-function mutant of TRIMZ20 constitutively forms inflammasome
complexes containing ASC and caspase-1, leading to the generation of active caspase-1 in
micel02, Additional members of the TRIM family have also been linked to regulation of the
inflammasome. TRIM16 (EBBP), a close homolog of TRIMZ20, lacks a PYD and has been
shown to enhance IL-1f production by modulating the unconventional secretion of
leaderless peptidel®3. Although biochemical data have suggested that TRIM16 could
interact with pro-caspase-1 and NLRP1, the importance of these interactions is not known.
TRIM30, a RING domain—containing TRIM protein that has been identified as a negative
regulator of TLR signaling, specifically suppresses activation of the NLRP3 inflammasome
in response to a variety of ligands, including ATP, the antibiotic nigericin, silica and
monosodium urate in vitro as well as /n1 vivo, by inhibiting ROS production104,

Pyrin-only and CARD-only proteins

Pyrin-only proteins (POPs) and CARD-only proteins (COPs) are the main regulators of the
inflammasome in humans. Both POPs and COPs execute their inflammasome modulatory
function through their PYDs and CARDs. The POPs include POP1 and POP2, with POP1
having a higher degree of homology with the PYD of ASC. Consequently, POP1 interacts
with ASC and sequesters it from other PY D-containing proteins, such as the NLRs, which
ultimately results in the inhibition of inflammasome activation10°. However, POP2
(although less similar to ASC) resembles the PYD of NLRP2 and NLRP7. Therefore, POP2
is believed to bind NLRs and exclude them from inflammasome activation1%.

In contrast to the POPs, the COPs have considerable similarity to the CARD of caspase-1
and seem to function as decoy inhibitors of caspase-1 by binding to its CARD, thereby
sequestering it from association with inflammasome adaptors and receptors. The COP
family includes COP1 (pseudo-ICE), INCA, ICEBERG, caspase-12s and Nod2-S, each with
varying degrees of similarity to the CARD of caspase-1. The best studied COP, caspase-12,
has been explored in detail in micel07. In mice, caspase-12 deficiency confers resistance to
sepsis, and the presence of caspase-12 exerts a dominant-negative suppressive effect on
caspase-1 that results in enhanced vulnerability to bacterial infection and septic mortality.
With the exception of Nod2-S, the genes encoding COPs are located in the locus encoding
caspase-1 in humans and seem to have resulted from a series of gene duplications that
occurred after the divergence of humans and mice. It is interesting to note that with the
exception of caspase-12, mice lack POPs and COPs108, The presence of COPs and POPs in
humans reflects the higher degree of complexity with which inflammasomes are regulated to
avoid inflammatory damage.

Additional mechanisms

As discussed above, viruses encode serpin-like molecules such as CrmA that block
caspase-1 activity. Serpins have been linked to the attenuation of inflammasome pathways.
The serine-protease inhibitor P1-9 is constitutively expressed in human vascular smooth
muscle cells, where it acts to inhibit caspase-1-dependent processing of IL-1p and IL-18.
Notably, human atherosclerotic lesions have relatively less PI-9 but more IL-1p than normal
arterial walls havel09, Serpin B or the plasminogen-activation inhibitor PAI-2 also inhibits
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the caspase-1-dependent as well as caspase-1-independent processing of IL-1p in
macrophages and neutrophils, respectively. Antiapoptotic factors such as Bcl-2 and Bcl-X
bind NLRP1 and inhibit NLRP1-dependent activation of caspase-1 and processing of IL-1p
(ref. 110). This mechanism parallels inhibition of the caspase CED3 by the Bcl-2 ortholog
CED-9in C. elegans, which emphasizes the conserved nature of caspase regulation by
members of the Bcl-2 family. Little is known about the role of alternatively spliced isoforms
of NLR or PYHIN family members. It is likely that for the NLR and PYHIN proteins
themselves, isoforms generated by alternative splicing may regulate these pathways.
Alternative isoforms of ASC and NLRP1 have been reported to act as dominant-negative
inhibitors of their respective inflammasome pathways!1.

In addition to the NLRs, the PYHIN proteins AIM2 and IF116 can also form inflammasome.
There is evidence that these molecules can counter-regulate each other (Fig. 5). Type | and
type Il interferons induce the expression of IFI116 and AIM2. Although IFI16 itself can form
an inflammasome in response to KSHV, there is also evidence that IFI16 can suppress the
activation of caspase-1 by the AIM2 and NLRP3 inflammasomes!12, IFI16 thus represents a
novel mediator of the anti-inflammatory actions of the type I interferons. Of the 13 putative
mouse PYHIN proteins, IFI202 (p202), which is linked to susceptibility to lupus, has two
DNA-binding HIN-200 domains but lacks a PYD. IF1202 (p202) binds to dsSDNA in the
cytosol and sequesters it and thus prevents DNA-induced caspase-1 activation®®.
Alternatively spliced isoforms of AIM2 that lack a PYD have also been predicted, raising
the possibility that these isoforms could mimic p202 to attenuate activation of AIM2 or
IF116 (ref. 113). Activation of AIM2 has been linked to psoriasis through its sensing of host
DNA. Cathelicidin (LL-37) is an antimicrobial peptide that forms a complex with self DNA
released from dying cells in psoriatic skin lesions and accelerates the intake of self DNA and
activation of TLR9 in plasmacytoid DCs, which contributes to disease pathology.
Interestingly, LL-37 inhibits the ability of DNA to induce IL-1p production. The tight
association of LL-37 with DNA sequesters the DNA, which prevents it from engaging the
AIM?2 inflammasomel14 (Fig. 5). This is probably due to the cationic charge of LL-37 or a
conformational change in DNA structure or a combination of both.

Conclusions

Given the potent proinflammatory nature of IL-1, IL-18 and pyroptotic cell-death pathways,
it is not surprising that multiple positive and negative regulatory mechanisms control
inflammasome function. Negative regulatory mechanisms range from those elicited by
pathogens to evade recognition by inflammasomes to those of microbial molecules that
subvert the formation, signaling or effector function of inflammasome complexes. In the
case of host control mechanisms, modulation by T cells, cytokines of either innate or
adaptive origin, endogenous intracellular host molecules and cell-intrinsic mechanisms such
as autophagy all act as a ‘rheostat’ to reset these pathways back to baseline after activation.
A hallmark of NLR or PYHIN signaling is ligand selectivity and, therefore, functional
specificity. Whereas some of the negative regulators selectively inhibit one or more
inflammasome complexes, others target common components of all of these pathways.
Many of the regulators block ASC or caspase-1 itself, which might shut down not only the
entire NLR family but also the PYHIN inflammasomes. NLRP3 seems to be the most
heavily regulated of all the NLRs. One possibility for this might relate to the fact that
NLRP3 is activated by such a diversity of microbial, host and environmental triggers it is
therefore important to ensure this pathway is not misregulated. The existence of multiple
and apparently nonredundant negative regulators of the inflammasome raises an important
question about the relative importance of these molecules. Such control at multiple
checkpoints could suggest that individually these molecules are not sufficient to control a
particular inflammasome pathway, but a concerted effort by multiple regulators is required.
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Elucidating the crosstalk between the NLR and PYHIN inflammasomes and their negative
regulators is an exciting and important challenge. Better understanding of the regulatory

co

ntrol of inflammasomes is critical for the understanding of host defenses and of the

growing number of diseases in which inflammasomes are involved. Inflammasome-driven
disease could be a consequence of either overstimulation of the inflalmmasome pathways or

de
au

fective negative regulation. Given the emerging role of inflammasomes in infectious,
toinflammatory and autoimmune diseases, understanding negative regulation is crucial for

the identification of new targets for the treatment of infectious and inflammatory diseases.
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Figure 1.

Basic mechanisms of activation of the main NLR inflammasomes. NLRP3 is activated by
three common cellular events elicited by different stimuli: potassium efflux; the generation
of ROS; and phagolysosomal destabilization and the release of endogenous mediators into
the cytosol. NLRP1b is activated by anthrax lethal toxin. In the mouse, NLRC4 is activated
by NAIP proteins bound to specific ligands. NAIP5 and NAIP6 bind to bacterial flagellin,
whereas NAIP2 binds to the bacterial T3SS component PrgJ. These NAIP-ligand complexes
subsequently bind and activate NLRC4. LF, lethal factor; PA, protective antigen.
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Figure2.

Activation of PYHIN inflammasomes. PYHIN inflammasomes (AIM2 and IFI16) bind
directly to their ligand, DNA. The AIM2 inflammasome is activated by cytosolic dSSDNA
from DNA viruses and cytosolic bacteria; IFI16 is activated by KSHV DNA in the nucleus.
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Figure 3.

Regulation of inflammasomes by microbial and endogenous products. Many bacterial and
viral proteins inhibit inflammasome activation. The poxvirus proteins M013 (myxoma virus)
and gp013L (Shope fibroma virus) inhibit transcription of the gene encoding IL-1p and bind
ASC to limit inflammasome activation. The poxvirus proteins CrmA, B13R, Serp2 and
SPI-2 abolish the proteolytic activity of caspase-1. Other microbial proteins that inhibit
inflammasome activation include NS1 (influenza virus), p35 (baculovirus), ExoU, ExoS (~.
aeruginosa), YopE and YopT (Y. enterocolitica), Zmpl (M. tuberculosis), and MviN and
RipA (F. tularensis). In contrast, endogenous POPs such as POP1 and POP2 bind to the
PYD of ASC and NLRs, respectively, and sequester them from the inflammasome complex.
Similarly, endogenous COPs, such as COP1 (pseudo-ICE), INCA, ICEBERG, caspase-12,
and Nod2-S, bind to CARD of caspase-1 and sequester it from inflammasome activation.
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Figure4.

Regulation of the NLRP3 inflammasome. Type | interferon signaling attenuates NLRP3-
and NLRP1-dependent IL-1p responses by two mechanisms (NLRP1 not shown here). IFN-
a and IFN-p trigger the production of I1L-10, which then acts on the cells in an autocrine
and/or paracrine manner to suppress the intracellular concentration of pro-IL-1p. Type |
interferon signaling can also inhibit NLRP3- and NLRP1-mediated caspase-1 processing via
an unknown mechanism. Autophagy regulates IL-1p production via the removal of damaged
mitochondria, which are potent sources of ROS that drive NLRP3 activation. Additionally,
autophagosomes sequester intracellular stores of pro-IL-1p and target it for degradation.
Effector and memory T cells block NLRP3 and NLRP1 inflammasomes via a cognate
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mechanism mediated by interactions between ligands of the TNF superfamily and their
receptors. Mitophagy, mitochondrial autophagy.
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Figureb5.

Regulation of the AIM2 inflammasome. Binding of dSDNA by IFI202 (p202) and in some
cases by IFI16 can block AIM2 from gaining access to dsDNA. Additionally, LL-37, a
human cathelicidin antimicrobial peptide, inhibits activation of the AIM2 inflammasome in
psoriasis by forming a complex with self DNA released from the dying cells in the
inflammatory milieu.
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