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As key regulators of both innate and adaptive immunity, it is unsurprising that the activity of
interleukin (IL)-1 cytokine family members is tightly controlled by decoy receptors, antago-
nists, and a variety of other mechanisms. Additionally, inflammasome-mediated proteolytic
maturation is a prominent and distinguishing feature of two important members of this cyto-
kine family, IL-1β and IL-18, because their full-length gene products are biologically inert.
Although vital in antimicrobial host defense, deregulated inflammasome signaling is linked
with a growing number of autoimmune and autoinflammatory diseases. Here, we focus on
introducing the diverse inflammasome types and discussing their causal roles in periodic
fever syndromes. Therapies targeting IL-1 or IL-18 show great efficacy in some of these auto-
inflammatory diseases, although further understanding of themolecular mechanisms leading
to unregulated production of these key cytokines is required to benefit more patients.

The interleukin (IL)-1 cytokine family plays a
central role in both innate and adaptive im-

munity because its many members exert a wide
range of biological functions. The importance of
these cytokines is underscored by the fact that
their activity is tightly controlled through selec-
tive protein synthesis, the requirement for pro-
teolytic processing, as well as the existence of
receptor antagonists, decoys, and intracellular
signaling inhibitors. Disturbance, however, of
this well-oiled machinery leads to malfunction-
ing and ultimately may instigate or contribute to
the onset of clinical or subclinical disease. In this
review, we will highlight two prominent IL-1
cytokines, IL-1β and IL-18, that share the re-

quirement for proteolytic maturation by a set
of multiprotein complexes named inflamma-
somes. Apart from providing an overview of
their roles in maintaining homeostasis, we will
focus the discussion on their contributions to
autoinflammatory diseases.

IL-1 CYTOKINE FAMILY

The IL-1 family consists of seven proinflamma-
tory cytokines (IL-1α, IL-1β, IL-18, IL-33, IL-
36α, IL-36β, and IL-36γ), and two less charac-
terized family members (IL-37 and IL-38) that
were suggested to act as antagonists within the
IL-1 cytokine family (Table 1) (Lin et al. 2001;
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Sharma et al. 2008; Palomo et al. 2015). All IL-1
cytokine family members are composed of an
amino-terminal prodomainwith variable length
and a carboxy-terminal cytokine domain. Apart
from IL-18 and IL-33, all genes encoding IL-1
cytokines are located on syntenic regions of hu-
man and mouse chromosome 2 (Taylor et al.
2002). The gene for human IL-37 also resides
in this cluster, although a murine homolog has
not been identified (Boraschi et al. 2011). Unlike
most cytokines, the full-length gene products of
several IL-1 cytokines (IL-1β, IL-18, IL-36α, IL-
36β, and IL-36γ) are biologically inert, and pro-
teolytic processing by a select number of prote-
ases (e.g., caspase-1, caspase-8, proteinase-3,
elastase, calpain, cathepsin G, and granzyme
B) greatly enhances their biological activity. In
contrast, IL-1α and IL-33 are synthesized as
constitutively active cytokines, although their
immunostimulatory activity can be further am-
plified by proteolytic processing (Afonina et al.
2011; Lefrancais et al. 2012).

Besides these agonistic molecules, several re-
ceptors, coreceptors, antagonists, and decoy re-
ceptors (e.g., IL-1R1, IL-18Rα, IL-18Rβ, IL-1Ra,
IL-36Ra, IL-1R2, and IL-18BP) that either pro-
mote or dampen immune signaling by IL-1 fam-
ily cytokines have been characterized (Table 1).
Analogous to IL-1α and IL-1β that bind to IL-
1R1, IL-1Ra functions as a receptor antagonist
by binding with similar affinity to the receptor
and blocking its signaling (Dripps et al. 1991;
Schreuder et al. 1997). IL-36 binds to IL-36R,
which akin to IL-1R1 uses IL-1RAcP as a co-
receptor. IL-18 interacts with IL-18Rα and
uses IL-18Rβ as a coreceptor. IL-18BP is a se-

creted protein that binds and neutralizes mature
IL-18 in circulation (Novick et al. 1999). Its ex-
pression is up-regulated by a combination of
proinflammatory cytokines, suggesting that it
serves as a negative feedback loop to dampen
IL-18 functions (Corbaz et al. 2002). Moreover,
IL-1R2 was found to bind with high affinity to
IL-1α and IL-1β, but because of the lack of a
Toll/IL-1 receptor (TIR) domain, downstream
signaling is blocked (McMahan et al. 1991).
The IL-1 family thus not only contains potent
proinflammatory cytokines, but also several
checkpoints and mechanisms to dampen IL-1-
mediated inflammation (Fig. 1).

Unlike IL-1α that is synthesized by epithelial
cells of the gastrointestinal tract, lung, liver and
kidney, endothelial cells, and keratinocytes, cells
of themyeloid lineage are the main source of IL-
1β. In contrast, IL-18 is constitutively expressed
by most cell types. IL-1Ra is produced by cells
that also express IL-1α and IL-1β, and the same
holds true for IL-18 and IL-18BP (Dinarello
1996). The widespread expression profiles of
these cytokines hints toward key roles in innate
and adaptive immunity. In this review, we focus
on members of the IL-1 cytokine family linked
to inflammasome signaling. For further infor-
mation on inflammasome-independent regula-
tion of IL-1 family members, please see the re-
view by Netea et al. (2015).

INFLAMMASOME-DEPENDENT
PROCESSING OF IL-1 CYTOKINES

Unprocessed IL-1α is constitutively active but
caspase-1-dependent proteolytic processing of

Table 1. Interleukin (IL)-1 cytokine family members with their receptors, antagonists, and main functions

Cytokine Receptor/coreceptor Antagonist/decoy Function

IL-1α (IL-1F1) IL-1R1/IL-1RAcP IL-1Ra/IL-1R2 Alarmin, Th17 response
IL-1β (IL-1F2) IL-1R1/IL-1RAcP IL-1Ra/IL-1R2 Inflammation, fever, Th17 response
IL-18 (IL-1F4) IL-18Rα/IL-18Rβ IL-18BP Inflammation, Th1 response
IL-33 (IL-1F11) ST2/IL-1RAcP sST2 Inflammation, Th2 response
IL-36α (IL-1F6) IL-36R/IL-1RAcP IL-36Ra Proinflammatory functions
IL-36β (IL-1F8) IL-36R/IL-1RAcP IL-36Ra Proinflammatory functions
IL-36γ (IL-1F9) IL-36R/IL-1RAcP IL-36Ra Proinflammatory functions
IL-37 (IL-1F7) IL-18Rα Unknown IL-18 antagonist
IL-38 (IL-1F10) IL-36R Unknown IL-36 antagonist
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IL-1β and IL-18 is required for gaining biolog-
ical activity (Afonina et al. 2011). When pro-
duced locally in inflamed tissues, IL-1β mainly
functions to stimulate leukocyte activation. Be-
cause systemic IL-1β is a prominent inducer of

fever and acute phase proteins, which at high
levels may even trigger systemic inflammatory
response syndrome, its levels in circulationmust
be tightly regulated (Fig. 1). Indeed, IL-1β is
hardly detected in serum, which is probably be-
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Figure 1. Interleukin (IL)-1α, IL-1β, and IL-18 receptor complexes and downstream signaling. Pro-IL-1α, mature
IL-1α, and mature IL-1β can all bind to IL-1 receptor 1 (IL-1R1), which enables recruitment of the IL-1 receptor
accessory protein (IL-1RAcP) coreceptor. Approximation of the intracellular Toll/IL-1 receptor (TIR) domains
of the IL-1R complex results in recruitment ofMyD88 followed by a cascade of downstream events that ultimately
result in the activation of important signaling proteins, such as mitogen-activated protein kinases (MAPKs, e.g.,
p38), as well as transcription factors, including nuclear factor (NF)-κB, which control expression of a number of
inflammatory genes. Signaling through the IL-1R complex is modulated by inhibitory actions of membrane-
bound IL-1R2, soluble IL-1 receptor antagonist (IL-1Ra), and soluble forms of the receptors (sIL-1R1, sIL-1R2,
and sIL-1RAcP). On binding of IL-18 to IL-18Rα, IL-18Rβ then is recruited to the complex. Similar to the IL-1R
complex, approximation of the two receptors results in recruitment of MyD88 and a downstream cascade
activating signaling proteins and transcription factors. Signaling through the IL-18R complex is modulated by
inhibitory actions of IL-18 binding protein (IL-18BP).
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cause of its short half-life, as well as its rapid
neutralization by soluble IL-1R1 and IL-1R2
(Smith et al. 2003; Lachmann et al. 2009; Gabay
et al. 2010). IL-18, on the other hand, is readily
detectable in serum, and homeostatic levels ap-
pear to correlate with age (Kleiner et al. 2013).
Similar to IL-1β, IL-18 is sequestered and neu-
tralized in circulation, in this case by soluble IL-
18BP (Dinarello et al. 2013).

Caspase-1, the founding member of the ver-
tebrate cysteine aspartate-specific protease fam-
ily, processes IL-1β into a 17 kDa mature frag-
ment (Howard et al. 1991). Similarly, caspase-1-
mediated proteolytic processing of IL-18 results
in a mature product of 17.2 kDa that is released
extracellularly (Ghayur et al. 1997; Gu et al.
1997). Not only are the cytokines IL-1β and IL-
18 themselves expressed as inactive proforms,
but caspase-1 is also expressed as a cytosolic in-
active zymogen. It gains proteolytic activity
through proximity-induced conformational
changes imposed by its recruitment in inflam-
masome complexes. Under physiological condi-
tions, this results in caspase-1 autocleavage and
enhanced cleavage of IL-1β and IL-18, although
genetic studies have shown that caspase-1 auto-
maturation is dispensable for caspase-1 protease
activity (Broz et al. 2010; Van Opdenbosch et al.
2014).

Inflammasomes are defined as caspase-1-
activating complexes. They are assembled in re-
sponse to infections, pathogen-associated mo-
lecular patterns (PAMPs), and cellular stress.
Major outcomes of inflammasome activation
are a lytic form of cell death called pyroptosis
and the concomitant release of IL-1 cytokines
and alarmins/danger-associated molecular pat-
terns (DAMPs) such as high-mobility group
box 1 protein (HMGB1). Several members of
the nucleotide-binding domain and leucine-
rich repeat (NLR)-containing receptor family,
when responding to intracellular danger, initiate
the formation of the inflammasome. Also,
AIM2 (absent in melanoma 2), a member of
the HIN200/AIM2-like receptor (ALR) family,
is an inflammasome sensor (Fernandes-Al-
nemri et al. 2009; Rathinam et al. 2010; Sauer
et al. 2010; Choubey 2012; Jin et al. 2012). More
recently, a member of the tripartite motif

(TRIM) family, Pyrin/TRIM20, was shown to
assemble a functional inflammasome (Xu et al.
2014). To date, five distinct inflammasomes,
named after the sensor, have been genetically
validated in mice studies (Fig. 2). Although in
humans only one NLRP1 gene exists, mice en-
code three paralogs: Nlrp1a, Nlrp1b, and Nlrp1c
(Boyden and Dietrich 2006). Gain-of-function
mutations inNlrp1awere shown to cause leuko-
penia and anemia in mice as a result of unwar-
ranted inflammasome activation in bone mar-
row cells (Masters et al. 2012). Bacillus anthracis
lethal toxin is the only defined biochemical
agent that activates the NLRP1b inflammasome
(Boyden and Dietrich 2006). Contrastingly, the
NLRP3 inflammasome responds to a large set of
molecules and insults. Uniquely, the NLRP3 in-
flammasome requires a two-stepmechanism for
activation. First TLR-priming provides for nu-
clear factor (NF)-κB-mediated transcriptional
up-regulation of NLRP3 itself and pro-IL-1β
(Bauernfeind et al. 2009). This sets the scene
for NLRP3 activation through incompletely un-
derstood mechanisms on subsequent exposure
to pore-forming agents, crystals, β-amyloids,
and many other products. Indeed, DAMPs like
extracellular ATP and hyaluronic acid; medical-
ly relevant crystalline products such as alum,
CPPD, MSU, silica, and asbestos; ionophores
such as nigericin; and β-fibrils can all trigger
assembly of the NLRP3 inflammasome (Maria-
thasan et al. 2006; Martinon et al. 2006; Halle
et al. 2008; Hornung et al. 2008). Moreover, the
major component of the outer membrane of
Gram-negative bacteria, lipopolysaccharide
(LPS), was shown to activate NLRP3 through a
noncanonical pathway involving caspase-11.
On detection of intracellular LPS, caspase-11
autonomously induces pyroptosis, and through
the NLRP3 inflammasome triggers caspase-1-
dependent IL-1β and IL-18 maturation (Kaya-
gaki et al. 2011; Shi et al. 2014). Intracellular
detection of bacterial flagellin or specific type
III secretion systems (T3SS) of, for example, Sal-
monella enterica serovar Typhimurium results
in activation of the NLRC4 inflammasome. Cy-
tosolic recognition of these bacterial factors by
members of the NLR family apoptosis inhibito-
ry protein (NAIP) cluster within the NLR fam-
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Figure 2. Schematic representation of inflammasome triggers and signaling events. Inflammasome-assembling
proteins including the nucleotide-binding domain and leucine-rich repeat (NLR) containing family members
NLRP1b, NLRC4, and NLRP3, as well as AIM2 and Pyrin detect, directly or through a secondary messenger, the
presence of a pathogen and/or cellular damage. This results in their oligomerization and inflammasome assembly
in which inactive procaspase-1 precursors are recruited. Although the PYD-based NLRP3, AIM2, and Pyrin
platforms require the bipartite adaptor protein ASC to recruit caspase-1, the caspase recruitment domain
(CARD)-based NLRP1b and NLRC4 inflammasomes recruit caspase-1 independently of ASC. Oligomerization
of procaspase-1 leads to its autoactivation, and active caspase-1 catalyzes the maturation and secretion of the
inflammatory cytokines interleukin (IL)-1β and IL-18. Additionally, active caspase-1 engages pyroptosis by
cleaving its substrate gasdermin D. This lytic mode of programmed cell death coincides with the release of
alarmins such as IL-1α and high-mobility group box 1 protein (HMGB1). T3SS, Type III secretion system;
PAMPs, pathogen-associated molecular patterns; DAMPs, danger-associated molecular patterns; dsDNA, dou-
ble-stranded DNA.
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ily—along with Ser533 phosphorylation of
NLRC4—mediates NLRC4 inflammasome acti-
vation (Mariathasan et al. 2004; Lightfield et al.
2011; Qu et al. 2012; Matusiak et al. 2015). On
cytosolic recognition of viral (e.g., vaccinia vi-
rus), bacterial (e.g., Francisella tularensis and
Listeria monocytogenes) or host-derived dou-
ble-stranded DNA (dsDNA), the AIM2 inflam-
masome is assembled (Fernandes-Alnemri et al.
2010; Kim et al. 2010; Rathinam et al. 2010; Di
Micco et al. 2016; Hu et al. 2016). Finally, it was
recently established that RhoA GTPase-inacti-
vating modifications induced by various bacte-
rial toxins (e.g., Clostridium difficile) indirectly
trigger activation of the Pyrin inflammasome
(Xu et al. 2014).

Although a wide variety of PAMPs and
DAMPs are able to trigger selective inflamma-
some assembly, the downstream effectors are
largely equal in all inflammasomes (Fig. 2).
The inflammasome adaptor apoptosis-associat-
ed speck-like protein containing a caspase re-
cruitment domain, ASC, bridges interactions
between inflammasome sensors and caspase-1
to promote caspase-1 oligomerization and the
formation of a single micrometer-sized supra-
molecular fibril structure named the “ASC
speck.” ASC is essential for Pyrin and other
PYD domain–containing sensors (NLRP3,
AIM2) to recruit caspase-1, whereas the caspase
recruitment domain-based sensors (NLRP1b
and NLRC4) can also recruit caspase-1 directly
as shown by the induction of caspase-1-medi-
ated pyroptosis and cytokine secretion from
macrophages of ASC-deficient mice (Broz et
al. 2010; Van Opdenbosch et al. 2014).

INNATE AND ADAPTIVE IMMUNE
STIMULATION BY INFLAMMASOME-
DEPENDENT IL-1 FAMILY CYTOKINES

As discussed above, secreted IL-1α and IL-1β,
which only share 26% homology at the protein
level, are recruited to the same membrane-
bound receptor (IL-1R), leading to similar im-
munological outcomes (March et al. 1985). An
important difference, however, is that both full-
length and mature IL-1α are able to bind IL-1R
to induce signaling, while only mature IL-1β is

able to do so (Mosley et al. 1987). IL-18 binds to
IL-18Rα, which heterodimerizes with IL-18Rβ.
Noteworthy, all IL-1 receptor family members
contain a TIR domain responsible for recruit-
ment of MyD88 and subsequent engagement of
NF-κB and mitogen-activated protein kinase
(MAPK)-dependent transcriptional reprogram-
ming (Fig. 1) (Dinarello 2009). These receptors
are differentially expressed on responder cells,
enabling them to engage various facets of the
immune system. Although IL-1α and IL-1β sig-
nal through the same receptors, these cytokines
are biologically not fully redundant as studies
using knockout mice showed IL-1α to be the
predominant cytokine that promotes allergy re-
sponses and Th17 differentiation in the gut and
the skin (Horai et al. 1998; Nakae et al. 2001;
Chung et al. 2009). In contrast, a major role
for IL-1β was attributed to induction of fever
(Horai et al. 1998; Nakae et al. 2001; Chung
et al. 2009). Apart from being a powerful endog-
enous pyrogen, IL-1β is also a potent recruiter
and activator of neutrophils and macrophages.
IL-1β is also well known to drive expression of
adhesionmolecules on immune cells to promote
tissue infiltration of monocytes from circulation
that instigate inflammatory responses (Wang
et al. 1995). Additionally, lowered pain thresh-
old, vasodilatation, and hypertension were re-
ported to be regulated by IL-1 signaling. A role
for IL-1 in the regulation of B-cell proliferation
and antibody production was also suggested
through its ability to stimulate production of
IL-6 (Antoni et al. 1986). Originally, IL-18 was
identified as interferon (IFN)-γ-inducing factor
(IGIF) given its major role in the production of
IFN-γ from T cells and natural killer (NK) cells.
IL-18 was first seen as a Th1-promoting cyto-
kine in the presence of IL-2 costimulation. IL-18
is now also known to promote severe airway
inflammation through the production of Th2
cytokines by naïve or Th1 polarized T cells
when combined with CD3 stimulation (Naka-
nishi et al. 2001; Hata et al. 2004). Taken togeth-
er, these results show that inflammasome-
dependent cytokines of the IL-1 family co-
ordinate responses to PAMPs and DAMPs by
impacting strongly on both innate and adaptive
immune responses.
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INFLAMMASOME-DEPENDENT IL-1 FAMILY
CYTOKINES IN AUTOINFLAMMATORY
DISEASES

The above illustrates the vital role of inflamma-
some-released cytokines and alarmins in sus-
taining homeostasis. However, when signaling
is deregulated, it may become detrimental to
the host, as shown by the extensive catalog of
human diseases involving these cytokines and
alarmins. Based on progressing insight in
the genetic and functional etiology of noninfec-
tious immune diseases, primary immunodefi-
ciencies are increasingly regarded as a clinical
continuum, ranging from monogenic autoin-
flammatory diseases that are mainly driven by
aberrant innate immune signaling to equally
rare monogenic autoimmune disorders that in-
volve predominantly the adaptive immune re-
sponse (McGonagle andMcDermott 2006;Mas-
ters et al. 2009). The highly prevalent diseases
that affect mankind are situated somewhere
along this axis, involving both immune com-
partments to varying degrees. Intriguingly, in-
flammasome-released cytokines and alarmins
appear to be implicated throughout the whole
spectrum from autoinflammatory to autoim-
mune diseases, although inflammasome signal-
inghas so farmainlybeencharacterized in innate
immune cells. This insight coincides with a
steady increase in the number of clinical studies
showing the efficacyof anti-IL-1 therapies in dif-
ferent diseases, although the underlying mecha-
nisms and causal connections remain unclear in
most cases. In the following sections, the contri-
bution of inflammasome-released cytokines and
alarmins in autoinflammatory diseases will be
discussed. The interested reader is referred to
other work for more detailed discussions on
their roles in autoimmunity (Shaw et al. 2011;
Yang and Chiang 2015).

As introduced before, autoinflammatory
diseases are defined as illnesses caused by pri-
mary dysfunction of the innate immune system,
and are thus frequently marked by the absence
of pathogenic autoantibodies and autoreactive T
cells (McGonagle and McDermott 2006; Mas-
ters et al. 2009). They are sometimes also re-
ferred to as “periodic fever syndromes” because

many of these diseases feature recurrent fevers
and episodes of systemic or organ-specific in-
flammation.

A clinical challenge is that efficient diagnosis
is hampered by nonspecific symptoms that are
shared by patients suffering from diseases with
distinct etiologies. Moreover, patients suffering
fromautoinflammatorydiseaseswithsimilarun-
derlyingmechanisms and that respond topartic-
ular therapies, may present with atypical or even
distinctive symptoms. Thus, there is a growing
need for functional assays andgeneticmarkers to
classify these diseases. Although this is work in
progress that needs refinement whenever new
information becomes available, classification
based on the predominant proinflammatory
cytokine(s) or inflammatory pathways involved
may be sensible. As such, onemay primarily dis-
tinguish diseases caused by excessive IL-1, type I
IFN, tumor necrosis factor (TNF) production,
and/or NF-κB signaling. Here, we focus on
the IL-1-mediated autoinflammatory diseases
(AIDs). The subset of IL-1-driven syndromes
that are caused by mutations in core inflamma-
some proteins are further defined as “intrinsic
inflammasomopathies” (Table 2). There are,
however, also several diseases for which inflam-
masome involvement is hypothesized or in
which mutations have been defined in proteins
indirectly engaging inflammasome activation.
They will be grouped as “extrinsic inflammaso-
mopathies.”

Intrinsic Inflammasomopathies

To date, autoinflammatory disorders caused by
mutations in four out of the fivewell-established
inflammasome sensors have been documented.
Pathogenic NLRP1 mutations were shown to
cause skin inflammatory and cancer susceptibil-
ity syndromes in the absence of recurring fever
(Zhong et al. 2016) as well as an arthritis and
dyskeratosis syndrome (Grandemange et al.
2016). Instead, mutations in NLRP3, NLRC4,
and Pyrin are linked to systemic periodic fever
syndromes. Caspase-1 variants also have been
identified in patients suffering from recurrent
systemic inflammation. Surprisingly, these
CASP1 variants with reduced or even abrogated
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enzymatic activity nonetheless may create a
proinflammatory environment that might be
causal to the symptoms observed (Heymann
et al. 2014). To our knowledge, however, nomu-
tations in the inflammasome adaptor ASC have
been reported to cause inflammatory disease.

Cryopyrin-Associated Periodic Syndromes
(CAPS)

CAPS are a group of inherited inflammatory
disorders encompassing three different pheno-
types of increasing severity, namely, familial
cold-induced autoinflammatory syndrome
(FCAS), Muckle–Wells syndrome (MWS), and
neonatal-onset multisystem inflammatory dis-
ease ([NOMID] also known as chronic infantile
neurologic, cutaneous, articular [CINCA] syn-
drome). These disorders thus represent a spec-
trum of separate disease entities with overlap-
ping clinical features of variable severity, even
though sharing a common genetic cause. About
50 years after these syndromes were described,
NLRP3 (CIAS1) was identified as the causal gene
(Cuisset et al. 1999; Hoffman et al. 2001). More
than 100 disease-causing variants in NLRP3 are

currently registered in the Infevers database
(Milhavet et al. 2008). Most are missense muta-
tions in exon 3, which encodes the central
NACHT domain responsible for ATP binding
and hydrolysis. CAPS disease is autosomal
dominant with variable penetrance, and up to
70% of CAPS patients that appear NLRP3 mu-
tation-negative by conventional Sanger DNA-
sequencing methods may show somatic mosai-
cism for pathogenic NLRP3 mutations (Saito
et al. 2008; Tanaka et al. 2011).

Mutant NLRP3 is thought to alter the bal-
ance for NLRP3 inflammasome nucleation, re-
sulting in excessive inflammasome signaling in
response to otherwise harmless environmental
cues. This hypothesis is supported by the obser-
vationthatcoldexposureandlow-doseLPStreat-
ment of peripheral blood mononuclear cells
(PBMCs) from CAPS patients trigger secretion
of excessive IL-1β and IL-18 compared with lev-
els of healthy controls (Janssen et al. 2004;
Brydges et al. 2009). Furthermore, mouse strains
harboring CAPS-associated mutations in Nlrp3
show elevated levels of IL-1β and IL-18 in serum
and closelymimic humandisease. Also, cultured
cells from Nlrp3 mutant mice are hyperrespon-

Table 2. Interleukin (IL)-1-mediated autoinflammatory diseases

Disease Gene Mode of inheritance Treatments Mouse model

Intrinsic inflammasomopathies
CAPS NLRP3 Autosomal dominant Anti-IL-1 Nlrp3 knockin mice
FMF MEFV Autosomal recessive Colchicine, anti-IL-1 in

colchicine-resistent
patients

Mefv knockin mice with
mutant human B30.2
domain

NLRC4-AID NLRC4 Autosomal dominant Anti-IL-1, -IL-18, -IFN-
γ (explorative, few
patients)

–

DIRA IL1RN Autosomal recessive Anti-IL-1 Il1rn-deficient mice

Extrinsic inflammasomopathies
NLRP12AD NLRP12 Autosomal dominant Anti-IL-1 (temporary

effect)
–

PAPA PSTPIP1 Autosomal dominant Anti-IL-1, -TNF Pstpip1 knockin mice
TRAPS TNFRSF1A Autosomal dominant Anti-IL-1, -TNF Tnfrsf1a knockin mice
MKD/HIDS MVK Autosomal recessive Anti-IL-1, -TNF Heterozygous Mvk-

deficient mice
Majeed syndrome LPIN2 Autosomal recessive Anti-IL-1 –

CAPS, Cryopyrin-associated periodic syndromes; FMF, familial Mediterranean fever; IFN, interferon; DIRA, deficiency of
the IL-1 receptor antagonist; PAPA, pyogenic arthritis, pyoderma gangrenosum, and acne; TNF, tumor necrosis factor; TRAPS,
TNF receptor-associated periodic syndrome; MKD, mevalonate kinase deficiency; HIDS, hyperimmunoglobulin D syndrome.
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sive to inflammatory stimuli, similar to patients
(Brydges et al. 2009). To assess the relative con-
tribution of IL-1 and IL-18 signaling in CAPS,
mutant mice were bred to mice deficient for the
respective cytokine receptors. Notably, although
both IL-1R1 and IL-18R were implicated, cas-
pase-1 deletion appeared more effective in con-
trolling ongoing inflammation. This suggests
that release of pyroptosis-associated alarmins
such as HMGB1 might also contribute to the
disease. However, therapeutic neutralization of
IL-1β is highly effective in controlling disease
activity and leads to dramatic symptomatic im-
provement in the majority of CAPS patients de-
spite the cytokine being largely undetectable in
circulationofCAPSpatients (Goldbach-Mansky
et al. 2006; Gattorno et al. 2007; Brydges et al.
2013). Altogether, this suggests that excess IL-
1β has a primary pathogenic role in CAPS dis-
ease, while additional inflammasome effector
mechanisms may further support a vicious in-
flammatory cycle.

Familial Mediterranean Fever (FMF)

With an estimated 150,000 patients, FMF is con-
sidered the most common monogenic autoin-
flammatory disease worldwide. Most patients
have autosomal recessive inheritance, although
cases with apparent dominant disease also are
relatively frequent. FMF usually has a childhood
onset, and is characterizedby recurrent attacks of
fever associated with serositis. Its main long-
term complication is amyloid A (AA) amyloid-
osis, a severemanifestation with poor prognosis.
Since its suggested use in 1972, the microtubule
polymerization inhibitor colchicine has become
the gold standard for treatment in FMF, with
an overall nonresponder rate of only 5%–10%
(Goldfinger 1972; Zemer et al. 1986). Colchicine
not only prevents FMF attacks, but also normal-
izes disease-associated complications (Zemer
et al. 1986). FMF is particularly common around
the Mediterranean basin, the Middle East, and
the Caucasus, frequently affecting Jewish, Turk-
ish, Armenian, Arab and Southern European,
andNorthAfrican populations. In these regions,
the prevalence of FMF is between 1 in 500 and 1
in 1000.

Mutations inMEFVwere shown to cause the
disease in most FMF patients (Balow et al. 1997;
French FMF Consortium 1997). To date, more
than 310 MEFV sequence variants have been
reported in the Infevers database (Milhavet
et al. 2008).MEFVmutations are very common
inMiddle Eastern populations and the Mediter-
ranean basin, with carrier rates reaching up to
1:5 individuals. This suggests an evolutionary
benefit for heterozygous individuals living in
these countries (Schaner et al. 2001; Fumagalli
et al. 2009). Paradoxically, similar to apparently
healthy individuals of the Mediterranean basin,
only a single demonstrable MEFV mutation is
found in as many as 20%–30% of patients diag-
nosed with FMF (Booty et al. 2009;Marek-Yagel
et al. 2009; Ozen 2009). Moreover, a subset of
10%–20% of patients lacksMEFVmutations al-
together (Ben-Zvi et al. 2015). Although the dis-
ease is less prevalent in Northern Europe (with
estimated frequencies below 1:75,000), the dis-
ease has spread over the world with migrations
of South European, North African, and Middle
Eastern populations over the past centuries and
in more recent times (Ozen and Bilginer 2014).

MEFV encodes Pyrin, a protein that is high-
ly expressed in monocytes and neutrophils (Ba-
low et al. 1997; French FMF Consortium 1997;
Centola et al. 2000). Pyrin engages inflamma-
some activation in response to RhoA GTPase-
inactivating bacterial toxins (Xu et al. 2014).
Although this discovery sparked significant re-
search in Pyrin regulation mechanisms and
FMF etiology (Gao et al. 2016; Masters et al.
2016; Park et al. 2016; Van Gorp et al. 2016),
the molecular mechanisms driving pathology in
FMF are still poorly understood. As in most
AID patients, IL-1β is barely detectable in the
serum of FMF patients. IL-18, on the other
hand, is elevated in serum of FMF patients, re-
gardless of whether measured in patients expe-
riencing an attack or when in remission (Haz-
nedaroglu et al. 2005; Koga et al. 2016). These
findings warrant further investigation of the po-
tential role of IL-18 in FMF pathogenesis. Of
note, mouse Pyrin lacks the carboxy-terminal
B30.2 (PRY/SPRY) domain that is mutated in
most FMF patients. Mice engineered to express
Pyrin with a human B30.2 extension containing
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FMF-associated mutations spontaneously de-
velop IL-1-dependent inflammation (Chae
et al. 2011). In agreement, disease symptoms
in approximately 2/3 of FMF patients with in-
adequate response to colchicine were effectively
treated with anti-IL-1 (Kuijk et al. 2007; Calli-
garis et al. 2008; Hashkes et al. 2012; van der
Hilst et al. 2016).

Notably, despite the efficacious prophylactic
use of colchicine in controlling FMF symptoms,
FMF-associated mutations in the B30.2 domain
were recently shown to dispense with the re-
quirement for microtubules in Pyrin inflamma-
some activation (Van Gorp et al. 2016). Only
FMF PBMCs activated the Pyrin inflammasome
independently of microtubules because colchi-
cine prevented Pyrin inflammasome activation
in PBMCs of healthy individuals and patients
suffering from other autoinflammatory diseases
(CAPS and systemic juvenile idiopathic arthritis
[sJIA]) (Van Gorp et al. 2016). The prophylactic
efficacy of colchicine treatment is thus likely to
be found downstream from Pyrin inflamma-
some activation. One likely explanation is that
it may limit neutrophil recruitment into tissues
by countering microtubule-dependent rolling,
transmigration, and extravasation.

NLRC4-Associated Autoinflammatory
Diseases (NLRC4-AIDs)

Several autoinflammatory patients were recently
described with mutations in the inflammasome
sensor NLRC4 (Canna et al. 2014; Kitamura
et al. 2014; Romberg et al. 2014; Bracaglia et al.
2015; Kawasaki et al. 2016; Volker-Touw et al.
2016). NLRC4-AID may have a broad spectrum
of clinical presentations. Patients have been re-
ported with CAPS-like disease, or may suffer
from episodic fever, enterocolitis, arthritis, cu-
taneous erythematous nodes, and/or urticarial
rash. In some patients, NLRC4-AID may cause
near-fatal autoinflammation associated with se-
vere macrophage activation syndrome (MAS).
The latter is a potentially lethal complication
in rheumatic diseases associated with highly el-
evated ferritin and IL-18 levels in circulation.
Although clinical presentationmay vary consid-
erably, all patients had an autosomal dominant

inheritance of NLRC4 missense mutations
(Canna et al. 2014; Kitamura et al. 2014; Rom-
berg et al. 2014; Bracaglia et al. 2015; Volker-
Touw et al. 2016). A single case with apparent
de novo somatic mosaicism in NLRC4 has also
been reported (Kawasaki et al. 2016). All dis-
ease-linkedmutations are locatedwithin or close
to the central NACHT domain. Mapping of
these mutations on the crystal structure of mu-
rine NLRC4 (Hu et al. 2013) suggests that they
may destabilize intramolecular interactions that
keep NLRC4 in an autorepressed conformation
(Canna et al. 2014). In agreementwith a gain-of-
functionmode of operation, increased IL-18 and
ferritin levels were detected in serum of several
NLRC4-AID patients (Canna et al. 2014; Rom-
berg et al. 2014; Bracaglia et al. 2015; Kawasaki
et al. 2016; Volker-Touw et al. 2016). Unlike IL-
18, IL-1β was barely detectable in circulation of
these patients (Canna et al. 2014; Kawasaki et al.
2016; Volker-Touw et al. 2016).

Unlike in CAPS, clinical responses to anti-
IL-1 therapy appear more disparate in NLRC4-
AID. This is illustrated by clinical responses to
anakinra—a recombinant IL-1Ra—in a large
Dutch pedigree, which varied from resistance
to complete remission (Volker-Touw et al.
2016). Moreover, anakinra treatment in another
patient normalized some markers of systemic
inflammation and enabled cessation of steroids,
without affecting serum IL-18 levels (Canna
et al. 2014). The above suggests that excessive
IL-18 may contribute importantly to NLRC4-
AID pathology. In agreement, an infant with
NLRC4-AID and severe MAS that was refracto-
ry to anti-TNF and anti-IL-1β therapy was ef-
fectively treated with recombinant human IL-
18BP, which binds and neutralizes bioactive
IL-18 (Canna et al. 2016). IFN-γ, which is pro-
duced by T lymphocytes and NK cells in re-
sponse to myeloid cell–derived IL-18 and IL-2,
also may be a promising target for treatment of
NLRC4-AID and associated MAS (Bracaglia
et al. 2015). Experience from “emergency com-
passioned use” appears highly promising, and
controlled studies therefore may expedite regu-
latory approval and adoption of these investiga-
tional therapeutic agents in NRC4-AID and
other MAS-associated diseases.
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Deficiency of the IL-1 Receptor Antagonist

Deficiency of the IL-1 receptor antagonist
(DIRA) is a very rare autosomal recessive disease
caused by mutations in the IL1RN gene encod-
ing IL-1Ra (Aksentijevich et al. 2009; Reddy et
al. 2009). Pathogenic mutations result in defec-
tive IL-1Ra production, thus causing unopposed
IL-1 signaling on engagement of the cognate
receptor. IL-1R1 is ubiquitously expressed
throughout tissues with particularly high ex-
pression levels noted in keratinocytes, possibly
explaining the characteristic skin lesions and
massive neutrophilic infiltration associated
with the disease. DIRA is further associated
with bone lesions and joint inflammation. If
left untreated, DIRA presents a life-threatening
condition resulting from the development of a
systemic inflammatory response syndrome and
death from multiorgan failure. Remarkably,
however, recurrent fevers have not been reported
to occur in these patients. Although lifelong
treatment is required, patients respond very
well to anti-IL-1 therapy.

Extrinsic Inflammasomopathies

Although intrinsic inflammasomopathies have
molecular etiologies clearly tightening them to
defined inflammasome signaling mechanisms
as discussed above, extrinsic inflammasomopa-
thies are disorders for which the potential link to
aberrant inflammasome signaling still needs to
be firmly established. As understanding of the
roles of inflammasomes and IL-1 in these dis-
eases progresses, some of these pathologies may
require reclassification as intrinsic inflammaso-
mopathies or inflammasome-independent syn-
dromes in the future.

Majeed Syndrome

Majeed syndrome is a rare autosomal recessive
disorder caused by mutations in LPIN2, a gene
encoding a phosphatidic acid phosphatase (Fer-
guson et al. 2005). To date, 18 variants have been
reported for Majeed syndrome in Infevers.
Overlapping with the clinical presentation of
DIRA patients, Majeed syndrome patients pre-

sent with chronic recurrent multifocal osteo-
myelitis and neutrophilic skin lesions. Unlike
DIRA, however, these symptoms are often ac-
companied by anemia and periodic fevers as
part of the typical clinical picture of adult
Majeed syndrome patients. Although the under-
lyingmolecular etiology of the disease is unclear,
IL-1 likely is a key factor of pathogenesis in this
syndrome as illustrated by anecdotal evidence
showing a rapid and impressive clinical re-
sponse to IL-1β-blocking therapies in two sib-
lings withMajeed syndrome (Herlin et al. 2013).

NLRP12-Associated Autoinflammatory
Disorder (NLRP12AD)

Missensemutations inNLRP12were reported to
cause CAPS-like clinical manifestations (Jeru et
al. 2008, 2011b; Borghini et al. 2011). To date, 35
NLRP12 variants have been reported in the Inf-
evers database. Akin to CAPS, NLRP12AD has
an autosomal dominant inheritance, and PBMCs
of NLRP12AD patients also were shown to have
spontaneous and cold exposure–induced IL-1β
release (Jeru et al. 2011a). Although the role of
NLRP12 in inflammasome activation and secre-
tion of IL-1β remains controversial, the clinical
phenotype of NLRP12AD patients combined
with cold-induced IL-1β release by ex vivo–stim-
ulated PBMCs provided a rationale for exploring
anti-IL-1 therapy in these patients. In contrast to
CAPS patients in which anti-IL-1 is highly effec-
tive, anti-IL-1 initially led to marked but incom-
plete clinical improvement, and patients pro-
gressively relapsed after 3 months of treatment
(Jeru et al. 2011a). Although larger studies are
required, thesefindings suggest thatNLRP12AD
may differ mechanistically from CAPS. Further
understanding ofNLRP12’s roles in the immune
system and the underlying mechanisms may
pave the way toward more effective therapeutic
options for these patients.

Pyogenic Arthritis, Pyoderma Gangrenosum,
and Acne Syndrome

Pyogenic arthritis, pyoderma gangrenosum, and
acne (PAPA) syndrome is an autosomal domi-
nant disease that is characterized by painful
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flares of recurrent arthritis with predominantly
neutrophilic infiltration, and variable skin in-
flammation (Smith et al. 2010). Inmost patients,
the disease arises frommutations in the proline–
serine–threonine phosphatase-interacting pro-
tein 1 gene (PSTPIP1, also known as CD2-bind-
ing protein 1 [CD2BP1]) (Yeon et al. 2000; Wise
et al. 2002). To date, 25 disease-associated vari-
ants of PSTPIP1 have been reported in Infevers.
PSTPIP1 is a cytoskeleton-associated protein
with diverse binding partners, including the
phosphatase rich in proline (P), glutamic acid
(E), serine (S), and threonine (T) residues–type
protein tyrosine phosphatase (PTP-PEST, also
known as PTPN12),Wiskott–Aldrich syndrome
protein (WASP), c-Abl kinase, Fas ligand, and
the inflammasome protein Pyrin (Smith et al.
2010). Notably, PAPA-associated PSTPIP1 mu-
tants show higher binding affinity for Pyrin
compared with wild-type (WT) PSTPIP1 (Sho-
ham et al. 2003), and disease-linked PSTPIP1
mutants were proposed to engage inflamma-
some activation through Pyrin (Yu et al. 2007;
Waite et al. 2009). However, it is not clear why
colchicine therapy, highly efficacious in FMF
patients, does not alter disease progression in
PAPA patients (Geusau et al. 2013). Neverthe-
less, anecdotal evidence suggests IL-1β blockade
as a promising approach for controlling clinical
manifestations in this ultrarare disease (Diersel-
huis et al. 2005; Federici et al. 2013; Geusau et al.
2013), warranting further investigation in larger
clinical trials.

Mevalonate Kinase Deficiency/Hyper-IgD
Syndrome

In most patients, mevalonate kinase deficiency
(MKD) is caused by homozygous loss-of-func-
tion mutations in the MVK gene encoding me-
valonate kinase, although a subset of patients
has no detectable MVK mutation, and others
may display dominant autosomal disease asso-
ciated with a single mutation. MVK is an en-
zyme of the cholesterol and isoprene biosynthe-
sis pathway (van der Meer et al. 1984; Drenth
et al. 1999; Houten et al. 1999). The disease was
originally named hyperimmunoglobulin D syn-
drome (HIDS) because constitutively high levels

of immunoglobulin D (IgD) were observed in
circulation of MKD patients, next to elevated
levels of C-reactive protein, erythrocyte sedi-
mentation rate, and other classical markers of
ongoing inflammation. However, with the real-
ization that not all MKD patients have increased
serum IgD levels, that IgD levels do not appear to
correlate with disease severity, and that elevated
IgD levels are sometimes also detected in pa-
tients with other autoinflammatory diseases,
the diseasewas renamedMKD tomore accurate-
ly refer to the factor causing pathogenesis (Am-
mouri et al. 2007).

MKD is a very rare disease with currently
204 disease-associated MVK variants reported
in the Infevers database. Most patients are of
Caucasian background, with highest disease in-
cidence in individuals of Dutch and French de-
scent. Depending on the level of residual MVK
enzymatic activity, the clinical spectrum ranges
from mild to potentially lethal forms of meva-
lonic aciduria. In addition to recurrent fever,
MKD patients may further display skin rash,
arthralgia, myalgia, and arthritis. The thresh-
old-dependent phenotype seen in patients is
also reflected in mouse models, with MVK de-
ficiency causing embryonic lethality, and hap-
loinsufficient mice grossly phenocopying some
serological parameters of the human disease
(Hager et al. 2007).

Although the molecular etiology of MKD is
still debated, it is clear that reduced MVK activ-
ity leads to build-up of mevalonic acid, and a
shortage of cholesterol, vitamins, and other
products of the isoprenoid biosynthesis path-
way, which cause uncontrolled release of IL-1β
through incompletely understood mechanisms.
An attractive hypothesis suggests that defects in
the mevalonate pathway may trigger unwar-
ranted activation of the Pyrin inflammasome
consequent to defective geranylgeranylation of
RhoA GTPase (Mandey et al. 2006; Akula et al.
2016; Park et al. 2016). Surprisingly, however,
MKDpatients generally do not benefit from col-
chicine therapy, although on the other hand ex-
periencewith IL-1 blockade has been impressive
with ∼90% of patients having immediate and
complete clinical responses (Ter Haar et al.
2013; Jesus and Goldbach-Mansky 2014).
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TNF Receptor–Associated Periodic Syndrome
(TRAPS)

TRAPS is an autosomal dominant disease
causedbymutations in theTNFRSF1Agene cod-
ing for TNF receptor 1 (TNF-R1) (McDermott
et al. 1999). More than 140 TRAPS-linked mu-
tations inTNFRSF1Ahave been identified. TNF-
R1 is a membrane-bound member of the death
receptor family that initiates signaling on bind-
ing of its ligand TNF. Activation of TNF-R1 im-
plies the formation of two spatially distinct TNF-
R1 signaling complexes that have the capacity to
signal either NF-κB activation (prosurvival) or
programmed cell death. Most TNFRSF1A gene
mutations that cause TRAPS result in accumu-
lation of misfolded TNF-R1, and reduced ex-
pression of the mutated receptor at the plasma
membrane. Starting from TNFRSF1A heterozy-
gosity and the dominant inheritance of the dis-
ease, analysis of knockinmicewith heterozygous
mutations in TNF-R1 revealed thatWTandmu-
tant TNF-R1 act in concert from distinct cellular
locations to potentiate inflammation in TRAPS
(Simon et al. 2010). However, although muta-
tions in TNF-R1 are the genetic basis of the dis-
ease, long-termuseofTNF-inhibiting agents has
been surprisingly ineffective in the clinic, with
some biologicals even precipitating inflammato-
ry attacks and worsening disease (Jacobelli et al.
2007; Nedjai et al. 2009; Quillinan et al. 2011;
Bulua et al. 2012). Contrastingly, the use of
both anakinra and the IL-1β-neutralizing
monoclonal antibody canakinumab induced
rapid control of symptoms in TRAPS patients
with sustained clinical benefits during treatment
(Simon et al. 2004; Gattorno et al. 2008, 2016;
Brizi et al. 2012). Thus, although the pathogen-
esis ofTRAPS is complex and still not completely
understood, the success of anti-IL-1 therapies
clearly indicates the importance of IL-1 signaling
in TRAPS pathogenesis.

CONCLUDING REMARKS

As discussed above, autoinflammatory diseases
may be caused by a myriad of genes regulating a
diversity of innate immune and metabolic path-
ways. These defects converge on a select number
of key inflammatory mediators, with inflamma-

some-produced IL-1β featuring prominently in
this list. This is evidenced by the therapeutic
efficacy of IL-1-blocking strategies in clinically
diverse—though not all—autoinflammatory
diseases. More recently, inflammasome-pro-
duced IL-18 and downstream IFN-γ production
have emerged as potential therapeutic targets in
the treatment of certain autoinflammatory syn-
dromes and MAS. In addition, the existence of
IL-1β/IL-18-independent inflammasome effec-
tor mechanisms, including pyroptosis and the
associated release of alarmins such as HMGB1
and S100 proteins, highlight further avenues by
which inflammasomes may contribute to auto-
inflammation. Undoubtedly, progressive under-
standing of the molecular underpinnings regu-
lating inflammasome activation and production
of the key cytokines IL-1β and IL-18 may pro-
vide much needed novel therapeutic targets for
modulating inflammation and immunity. These
endeavors should benefit patients suffering from
autoinflammatory, as well as other immune-re-
lated diseases.
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