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The Inflammasome, an Innate
Immunity Guardian, Participates in
Skin Urticarial Reactions and Contact
Hypersensitivity
Naotomo Kambe1, Yuumi Nakamura1,2, Megumu Saito3,4 and Ryuta Nishikomori3

ABSTRACT
Urticarial rash, one of the clinical manifestations characteristic of cryopyrin-associated periodic syndrome
(CAPS), is caused by a mutation in the gene encoding for NLRP3 (nucleotide-binding oligomerization domain,
leucine-rich repeats containing family, pyrin domain containing 3). This intracellular pattern recognition receptor
and its adaptor protein, called apoptosis associated speck-like protein containing a caspase-recruitment and
activating domain (ASC), participate in the formation of a multi-protein complex termed the inflammasome. The
inflammasome is responsible for activating caspase-1 in response to microbial and endogenous stimuli. From
the analysis of cellular mechanisms of urticarial rash in CAPS, we have traced caspase-1 activated IL-1β in
CAPS to a surprising source: mast cells. Recently, two groups have generated gene-targeted mice that har-
bored Nlrp3 mutations. These mice had very severe phenotypes, with delayed growth and the development of
dermatitis, but not urticaria. The reason for the differences in the skin manifestations observed with CAPS and
these knock-in mice relates to the findings that the inflammasome also plays a role in contact hypersensitivity,
and that IL-18, another cytokine involved with inflammasome-activation of caspase-1, may be a major player in
dermatitis development.
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INTRODUCTION
The skin is the primary interface between the interior
of the body and the external environment. The skin
functions to retain water, prevent the permeation or
loss of other molecules and maintain body tempera-
ture. The skin also physically protects us from micro-
bial invasion. Furthermore, it has become established
that the skin itself plays a major role in the immune
system.1

Recognition of invading microorganisms is essen-
tial for inducing an effective immune response. This
process is mediated by germ line-encoded pattern
recognition receptors, which can also be found in
plants that do not have circulating white blood cells.

To date, the most extensively studied pattern recogni-
tion receptors have been the Toll-like receptors
(TLRs). Using their leucine-rich repeats (LRRs),
these transmembrane proteins recognize conserved
bacterial constituents, such as lipopolysaccharide
(LPS). More recently, another class of pattern recog-
nition receptors, called nucleotide-binding oligomeri-
zation domain (NOD)-LRRs containing family
(NLRs), have been identified.2 While TLRs detect
bacterial products at the outer cell surface or in en-
dosomes, intracellular NLRs mediate cytoplasmic rec-
ognition of bacterial products.3

Several NLR members participate in the formation
of a multi-protein complex termed the inflammasome
that is responsible for activating caspase-1 in re-
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Fig. 1 The inflammasome is comprised of an NLR protein 
and an adaptor protein ASC, which can bridge the NLR to 
pro-caspase-1. Activation of the inflammasome results in 
self-cleavage and activation of pro-caspase-1 into the active 
protease. Then, activated caspase-1 cleaves its target mole-
cules, including pro-IL-1β, into biologically active forms. 
LRRs, leucine-rich repeats; NOD, nucleotide-binding oligo-
merization domain; PYD, pyrin domain; CARD, caspase-re-
cruitment and activating domain; NLRP3, NOD-LRRs 
containing PYD 3; ASC, apoptosis-associated speck-like 
protein containing a CARD.

sponse to microbial and endogenous stimuli.4,5 The
inflammasome is comprised of an NLR protein and an
adaptor protein called apoptosis associated speck-like
protein containing a caspase-recruitment and activat-
ing domain (ASC), which can bridge the NLR to pro-
caspase-1 (Fig. 1). Activation of the inflammasome re-
sults in self-cleavage and activation of pro-caspase-1
into the active protease. Then, activated caspase-1
cleaves its target molecules, including pro-IL-1β, into
biologically active forms.6-9 IL-1β participates in sys-
temic and local responses to infection, injury and im-
munological challenges by inducing fever, activating
lymphocytes and by promoting leukocyte infiltrations
at sites of injury or infection.10,11

In this review, we will discuss the functions of the
inflammasome in the skin. In particular, we will focus
on the inflammasome comprised of NLR family, pyrin
domain containing 3 (NLRP3) in the regulation of IL-
1β production and the implications for skin diseases.

URTICARIA
Urticaria, or hives, is a common disease that affects
up to 20% of the general population at least once dur-
ing their lifetimes.12 This allergic disorder involving
the skin is fleeting in nature, as it is characterized by

the sudden appearance of wheals but the returning to
its normal appearance without pigmentation, usually
within 1-24 hours.13 In its histological aspects, the
wheal consistently exhibits localized edema of the
dermis with dilatations of the post-capillary venules
and lymphatic vessels. However, perivascular infil-
trates show variable intensities comprised of neutro-
phils, and�or eosinophils, macrophages and T cells.13

These inconsistent histological findings may under-
line the complex nature of the pathogenesis of urti-
caria, which has many sources including histamine
release by activated mast cells.

Although patients with acute urticaria often com-
plain of an upper airway infection, the eliciting cause
is unclear in over 50% of patients. In particular, for
chronic urticaria, defined as that persisting longer
than 6 weeks, triggers remain unidentifiable in the
majority of cases, despite extensive clinical and labo-
ratory investigations.12 In addition, urticaria is some-
times triggered by cold or heat contact, solar expo-
sure, delayed pressure, mechanical stimuli and vibra-
tion. These subtypes of urticaria are classified as
physical urticaria. Other types of urticaria are aqua-
genic, cholinergic, evoked by a contact irritant or
exercise-induced.13 Moreover, 2 or more different
subtypes of urticaria can co-exist in any given patient.

Compared with the variety of proposed causes for
urticaia, the strategy for treatment is relatively sim-
ple. Histamine H1-receptor antagonists are recom-
mended as the first line of treatment because hista-
mine release by cutaneous mast cells plays an impor-
tant role in the development of urticaria. However,
good responses using oral antihistamines have only
been recorded for 40% of patients.12 Antihistamines
have been shown not to be effective for physical urti-
caria, suggesting that in a significant number of indi-
viduals, chronic urticaria is mediated via histamine-
independent mechanisms.

CRYOPYRIN-ASSOCIATED PERIODIC SYN-
DROME
An urticarial rash (Fig. 2) that develops in the neona-
tal or early infant period is one of the clinical manifes-
tations characteristic of cryopyrin-associated periodic
syndrome (CAPS). CAPS is caused by a mutation in
the gene encoding for NLRP3, previously known as
NALP3�CIAS1�cryopyrin.14,15 CAPS includes a spec-
trum of hereditary periodic fever disorders that com-
prise 3 phenotypically overlapping, but relatively dis-
tinct syndromes: familial cold antoinflammatory syn-
drome [FCAS, Mendelian inheritance in men number
(MIM) #120100], Muckle-Wells syndrome (MWS,
MIM #191900) and chronic infantile neurological cu-
taneous and articular (CINCA) syndrome (MIM
#607115), also known as neonatal-onset multisystem
inflammatory disease. FCAS and MWS are character-
ized by periodic attacks of urticarial rash, fever and
arthralgia; whereas patients with CINCA syndrome,
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Fig. 2 Urticarial rash in a CAPS patient with an R260W 
mutation in NLRP3. The eruption is non-pruritic and returns 
to its normal appearance without pigmentation. Histopa-
thological sample from a skin eruption shows edema in the 
dermis accompanied by the perivascular infiltration of inflam-
matory cells, predominantly neutrophils.

Table Clinical manifestations of cryopyrin-associated peri-
odic syndromes

CINCAMWSFCAS

++++++Skin rash
Arthritis/Arthritis/Arthritis?Joint involvement
ArthralgiaArthralgia
+++--Cartilage target
+++++-Deafness
++++?-Chronic meningitis
++++-Eye involvement
?+++Amyloidosis

FCAS, familial cold auto-inflammatory syndrome; MWS, 

Muckle-Wells syndrome; CINCA, chronic infantile neurological, cu-

taneous and articular syndrome.

the most severe form of CAPS, exhibit chronic urti-
caria, as well as fever, arthropathy, chronic meningi-
tis, papilledema, growth and mental retardation and
hearing loss (Table).16 The urticarial rash observed
in CAPS is similar to that associated with common ur-
ticaria. However, unlike ordinary urticaria, the rash
observed in most CAPS patients is not pruritic and re-
sponds to therapy with an IL-1 receptor antagonist
rather than antihistamines.17-19

INFLAMMASOME ACTIVATION IN MAST
CELLS
After development of an anti-IL-1β specific antibody
(canakinumab), it was found that patients with CAPS
have abnormally high levels of circulating IL-1β, ap-
proximately 5 times the normal amount.20 In addition,
treating patients with canakinumab relieved their

rashes within a day, suggesting that IL-1β was the
sole cytokine responsible for the skin eruptions in
CAPS. The disease-responsible gene, NLRP3, is pre-
dominantly expressed in monocytes, granulocytes
and chondrocytes.14 However, after performing im-
munohistochemical staining, we traced IL-1β in CAPS
to a surprising source: mast cells.21 Interestingly,
mast cells in the skin samples from CAPS patients ex-
pressed active IL-1β without any treatment, whereas
those from healthy donors only expressed active cy-
tokine when appropriately stimulated.

Primary mast cells derived from mouse bone mar-
row and human cord blood expressed inflammasome
components, including NLRP3 and its adapter protein
ASC. As was the case with macrophages, production
of mature IL-1β via the NLRP3-inflammasome in mast
cells required 2 signals. Microbial ligands, such as
LPS, trigger the synthesis of the IL-1β precursor. A
second ATP-triggered signal activates the inflamma-
some. Although a major function of LPS is to induce
pro-IL-1β production, LPS also promotes the expres-
sion of Nlrp3 in mast cells.

In macrophages, ATP-driven stimulation via the pu-
rinergic receptor P2X, ligand-gated ion channel 7
(P2RX7) is essential for caspase-1 proteolytic cleav-
age and IL-1β secretion by LPS-primed cells (Fig.
3).22,23 P2RX7 forms a non-selective ion channel upon
activation with ATP and, after stimulation, mediates
K+ efflux, which may be important for activating the
inflammasome.24 This ion channel mediated by
P2RX7 rapidly transforms to a pore-like structure by
recruiting a pannexin-1 pore that allows passage of
molecules as large as 900 Da.22 It is possible, as has
been proposed for macrophages,25 that ATP pro-
motes passage of microbial ligands, such as LPS, via
pannexin-1 to trigger inflammasome activation in
mast cells. Consistent with this conjecture, ATP alone
did not induce IL-1β secretion by mast cells, even
though ATP triggered large-pore formation. IL-1β se-
cretion by mast cells was blocked for cells derived
from P2rx7-deficient mice or by incubation in high K+
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Fig. 3 P2RX7 forms a non-selective ion channel upon acti-
vation by ATP. Upon stimulation, P2R7X mediates K+ efflux 
and rapidly transforms to a pore-like structure by recruiting a 
pannexin-1 pore, which allows passage of molecules as 
large as 900 Da.
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Fig. 4 Autoinflammatory disease-associated mutations in 
NOD2 and NLRP3. Crohn’ s disease-associated mutations 
found primarily in the LRRs of NOD2 result in a loss of activ-
ity, whereas mutations associated with Blau syndrome and 
early onset sarcoidosis (EOS) clustered in the NOD region 
of NOD2 cause constitutive activation of the molecule. Un-
controlled constitutive activation of NLRP3 in FCAS, MWS 
and CINCA are found in the NOD region of NLRP3. The mu-
tations in NOD2 and NLRP3 associated with autoinflamma-
tory diseases shown here are those found from our 
experience with cases and those mutations shown in bold 
are in analogous positions in the two proteins of NOD2 and 
NLRP3. 
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extracellular medium. Thus, ATP-driven P2RX7 and
K+ efflux are also required for effective IL-1β secre-
tion by mast cells.21

CAPS-ASSOCIATED NLRP3 INDUCES URTI-
CARIA
Disease-associated mutations associated with CAPS
are localized to the centrally located NOD region in
NLRP3. Of note, similar missense mutations in NOD2
have been identified in patients with Blau syndrome,
another autosomal-dominant autoinflammatory syn-
drome, and early-onset sarcoidosis, a set of sporadic
granulomatous disorders that phenotypically resem-
ble Blau syndrome.26-28 Interestingly, the amino acids
affected by an R260W mutation in NLRP3 and an
R334W mutation in NOD2 are at analogous sequence
positions, suggesting a common molecular mecha-
nism for their roles in the development of autoinflam-
matory disease (Fig. 4). Via molecular interactions of
their LRRs with their own NOD regions, NLRP3 and
NOD2 are maintained in inactive conformations. This
is relieved by ligand recognition via the LRRs.29,30

Disease-associated mutations are thought to mimic
active conformational changes that are induced by
microbial ligands, and in vitro studies suggest that
these mutations exert gain-of-function effects.5,29 In
the case of NLRP3, in addition of NF-κB activation,

the mutation found in CAPS constitutively activates
caspase-1 to produce active IL-1β.

Mouse Nlrp3 mutants, corresponding to those ob-
served in human CAPS, induced constitutive Asc-
dependent NF-κB activation and IL-1β secretion.21

Transfer of mast cells expressing an R258W mutant,
corresponding to R260W of human CAPS-associated
NLRP3, induced perivascular neutrophil-rich inflam-
mation in mouse skin, a histological hallmark of the
urticaria observed in CAPS patients. These findings
are consistent with a previous report that showed en-
hanced production of IL-1β in the skin of CAPS pa-
tients.18

However, it remains unclear why mast cells with a
constitutively activated NLRP3-inflammasome pro-
duce mature IL-1β, even in the absence of LPS. One
possibility is that CAPS-associated NLRP3 mutants in-
duce pro-IL-1β via constitutive activation of NF-κB in-
duction.31,32 Another possibility is that production of
pro-IL-1β is induced by endogenous or environmental
cues that operate in the skin independently of
NLRP3. Consistent with this latter model, the charac-
teristic skin rash observed in CAPS often develops
within the first few weeks of life when the skin is first
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exposed to environmental factors. This may include
exposure to small amounts of LPS and�or other mi-
crobial stimuli. The observation that skin abnormali-
ties in incontinentia pigmenti (MIM #308300) com-
mence at birth33 is also consistent with this possibil-
ity. This disorder is an X-linked dominant inherited
disorder caused by a mutation of NEMO, a gene that
encodes the regulatory component of the I-κB kinase
complex responsible for activating the NF-κB signal-
ing pathway.

Collectively, inflammasome activation in mast cells
contributes to the pathogenesis of IL-1β-mediated dis-
eases of the skin. Mast cells reside in numerous tis-
sues and also participate in experimental models of
arthritis34 and encephalomyelitis.35,36 Thus, it is possi-
ble that these cells play a role in disease pathogene-
sis not only in the skin, but also in the joints and cen-
tral nervous system, which are also major diseased
sites in CAPS patients.16 Additional studies are
needed in order to better understand the contribu-
tions of mast cells to IL-1β-mediated diseases associ-
ated with NLRP3.

Furthermore, urticaria that is associated with
CAPS is usually non-pruritic and unresponsive to anti-
histamines. This clinical observation is in line with
experimental results that NLRP3-inflammasome acti-
vation induces IL-1β secretion, but not degranulation,
in mast cells. Nonetheless, mast cells that expressed
a CAPS-associated NLRP3 mutant promoted vascular
permeability, a cellular response critical for wheal for-
mation in vivo. Because many cases of non-CAPS ur-
ticaria are unresponsive to histamine H1-receptor an-
tagonists, it is possible that skin rash associated with
histamine resistance is mediated via inflammasome
activation in mast cells. Thus, understanding the
pathophysiology of CAPS may provide critical in-
sights into more common diseases, such as
antihistamine-refractory urticaria.

CAPS AND KNOCK-IN MICE
Recently, two groups37,38 have generated gene-
targeted mice harboring Nlrp3 mutations that mimic
the amino acid substitutions in NLRP3 that were
found to cause disease susceptibility in CAPS. The
mice generated in both studies had very severe phe-
notypes. Newborn mice with an R258W mutation in
Nlrp3 exhibited delayed growth, decreased weight
gain and increased mortality. Adult animals were in-
fertile and developed dermatitis, but not urticaria, as-
sociated with increased sizes of lymphoid organs.38

The mice with A350V in Nlrp3 died between days 2
and 14 and exhibited profound growth delays, skin
abscesses, and hair growth and pigmentation de-
fects.37

At the cellular level, despite the observation that T
cells in mutant mice displayed altered polarization
profiles favorable to Th17, both groups found that
this defect was due to the expression of the mutated

Nlrp3 in antigen-presenting cells (APCs), but not in T
cells. They isolated bone marrow-derived macro-
phages or dendritic cells (DCs) and explored their re-
sponses to TLR ligands in the presence or absence of
ATP. In contrast to a study of CD14-positive periph-
eral mononuclear cells from a human CAPS patient
that secreted IL-1β without any treatment,30 myeloid
cells from mutant mice in both studies did not sponta-
neously secrete mature IL-1β. Rather, they displayed
a considerably higher sensitivity to TLR ligands than
cells from wild type (WT) mice.37,38 Importantly, for
optimal activation, addition of exogenous ATP was
not required in order to release IL-1β, supporting the
notion that the mutated Nlrp3 was constitutively ac-
tive and, therefore, did not require additional stimuli
for inflammasome activation.

An important outcome from these knock-in mice
was that a common feature evoked by CAPS-
associated Nlrp3 was the development of severe skin
lesions. These included erythema, abscesses, scaling
and thickening of both the epidermis and dermis.
However, these observations only recapitulated
some, but not all, of the urticaria-like skin lesions re-
ported in CAPS patients. Moreover, both studies still
failed to address the critical question of whether or
not TLR-dependent accumulation of pro-IL-1β was
necessary for the burst of IL-1β secretion in CAPS.

CONTACT HYPERSENSITIVITY
The reasons for the discrepancies between the skin
manifestations of CAPS and gene-targeted mice har-
boring the Nlrp3 mutations could be directed to find-
ings that the inflammasome also plays a role in con-
tact hypersensitivity. Contact hypersensitivity in-
volves the priming of naïve T cells after sensitizing
chemicals penetrate the skin surface (sensitization)
and primed T cells are activated upon re-exposure to
the antigen (elicitation). Elicitation can be further
subdivided into early and late phases.39 The early
phase, characterized by increased vessel permeability
and local edema, peaks 8 hours after antigen re-
exposure and is believed to be mediated by local re-
lease of mediators, including IL-1β and histamine.40

The late phase develops 12-36 hours after antigen re-
exposure and is due to cellular infiltration. During
these processes, DC migration, antigen presentation,
expansion of specific T cells and recruitment of T
cells to the skin depend on the coordinated interac-
tions of inflammatory cytokines, namely IL-1β and IL-
18,41 which are important cytokines for initiating spe-
cific T-cell-mediated immune responses.

A role for the inflammasome in contact hypersensi-
tivity was analyzed by Watanabe et al.42 who found
that key components of the inflammasome were pre-
sent in keratinocytes. Some contact sensitizers, such
as trinitrochlorobenzene (TNCB), can induce
caspase-1-mediated cleavage and activation of IL-1β
and IL-18 in an ASC-dependent manner. Interestingly,
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chemical irritants like SDS and physical agents like
ultraviolet B could also trigger inflammasome activa-
tion in keratinocytes.43,44 Subsequently, it was found
that mice lacking Nlrp3 and adaptor protein Asc-
deficient mice had impaired early phase reactions
during the challenges. Thus, the inflammasome can
modulate the early effector phase of T cell-mediated
immune responses.

These findings, however, are in contrast with a re-
port by Sutterwala et al.45 who found that impaired re-
sponses in Nlrp3- and Asc-deficient mice were seen in
late-phase. Interestingly, in this report, Nlrp3-
deficient mice that received cells from sensitized WT
animals showed almost normal ear swelling, whereas
WT mice that received cells from sensitized donors
lacking Nlrp3 failed to develop ear swelling. This sug-
gests that Nlrp3 is necessary for inducing antigen-
specific T-cell responses. Indeed, Langerhans cell mi-
gration and an optimal contact hypersensitivity re-
sponse require functional caspase-1,46 even though
recent data suggest that important cross-presenting
APCs in the skin are not Langerhans cells, but are
langerin+�CD103+ DCs, most likely of dermal ori-
gin.47,48

NECROSIS AND NLRP3
How can we explain the discrepancies in these two
reports on contact hypersensitivity in mice? One pos-
sibility is that TNCB is very potent when causing di-
rect tissue damage, and that the signaling involved
might be strong enough to overcome the require-
ment of inflammasome activation for T-cell priming.49

Of potential interest is a recent report showing that
necrosis directly activates the NLRP3 inflamma-
some.50,51 By treating human monocytic THP-1 cells
with indirubin oxime derivative 7-bromoindirubin-3’-
oxime, Li et al.50 showed that the NLRP3 inflamma-
some was activated in cells undergoing necrosis, re-
sulting in the production of mature IL-1β and IL-18. It
is remarkable that inflammasome activation and the
release of these caspase-1 targeting cytokines did not
require LPS priming or other pro-inflammatory stim-
uli.

Along these lines, the activation of NLRP3 itself
mediates a form of necrosis termed pyronecrosis.52,53

We previously showed that the expression of a
disease-associated mutation of NLRP3 resulted in a
caspase-1 independent, but cathepsin B-dependent
form of cell death.32 This characteristic cell death can
also be observed in monocytes derived from CAPS
patients. NLRP3-mutant monocytes rapidly and selec-
tively underwent necrosis-like programmed cell
death after treatment with LPS accompanied by the
induction of NLRP3 expression. This unique NLRP3
phenotype enabled us to differentiate NLRP3-mutated
cells from WT cells in CAPS patients who had
disease-associated mutant NLRP3 as a latent mosa-
icism.54

Pyronecrosis is caspase-independent; neither the
activating cleavage of effector caspase-3 nor its sub-
strate poly-(adenosine diphosphate ribose) polym-
erase (PARP) occurs during cell death. Pyronecrosis
proceeds in the presence of caspase-1-specific inhibi-
tors, and even pan-caspase inhibitors. However, cell
death is abrogated in the presence of CA074-Me, an
inhibitor of the lysosomal protease cathepsin B, impli-
cating the contribution of lysosome activity in the
pathway. Pyronecrotic cells do not demonstrate DNA
fragmentation or a loss of mitochondrial membrane
potential. By electron microscopy, the morphological
changes characteristic of pyronecrosis are consistent
with necrosis and include membrane degradation and
uncondensed chromatin. Similar to classic necrosis,
pyronecrosis is accompanied by the release of the im-
mune modulator high-mobility group box 1
(HMGB1). Pyronecrosis induced by NLRP3 activa-
tion suggests an exciting connection between cell
death and inflammation in response to cellular insult
to injury.

However, we should note that necrosis does not al-
ways induce inflammasome activation. Treatment
with hydrogen peroxide or paclitaxel, which induce
caspase-independent necrosis, fails to induce inflam-
masome activation. Similarly, induction of necropto-
sis through TNF-α in the presence of caspase-3 and
caspase-9 inhibitors55 did not result in inflammasome
activation. If necrosis was induced too rapidly by re-
peated cycles of freeze-thaw or excessive osmotic
shock, inflammasome activation was greatly reduced.
Based on these findings, during activation of the
NLRP3 inflammasome, the dissolution of the cellular
architecture that occurs during some specific forms
of necrosis may be required for lysosome destabiliza-
tion.56

Another impressive point to remember from the
study by Li et al.50 is that it remains unclear how pro-
IL-1β is induced in a sterile environment without bac-
terial components like LPS. Several endogenous dan-
ger signals released by necrotic cells have been
shown to stimulate TLRs and other pattern recogni-
tion receptors and, therefore, have the potential to in-
duce pro-IL-1β, although this has not been defini-
tively demonstrated. Of note, endogenous molecules
can serve a priming role for NLRP3-inflammasome
activation.51 Biglycan and hyaluronic acid, compo-
nents of the extracellular matrix, were capable of
priming macrophages for Nlrp3-inflammasome activa-
tion in response to pressure-disrupted necrotic cells.
Hence, extracellular matrix components that accumu-
late in non-physiological sites or amounts can func-
tion as signal for the induction of pro-IL-1β accumula-
tion, suggesting that inflammasome activation can oc-
cur in vivo in sterile settings without microbes.

Another possibility is that inflammasome activation
during necrosis can lead to the release of mature IL-
18, even in the absence of microbial stimuli, as IL-18
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is constitutively expressed by several cell types. IL-
18, in turn, via activation of the MyD88-dependent
pathway, leads to the transcription of pro-
inflammatory cytokine genes, including IL-1β,57 and
amplifies inflammation. Thus, IL-18 may be one of the
earliest mediators of the sterile inflammatory re-
sponse that is triggered by necrosis or tissue dam-
age.

IL-18 AND DERMATITIS
In a report by Watanabe et al.,42 IL-1 receptor defi-
ciency resulted in a significant decrease in the inten-
sity of ear swelling. However, it did not totally abro-
gate ear swelling after elicitation with TNCB, sug-
gesting that other cytokines�signals are likely to
modulate the early phases of contact hypersensitivity.
This may be due, at least in part, to the presence of
IL-18, which is also activated by caspase-1.58,59

Keratinocytes constitutively produce both pro-IL-
1β60 and pro-IL-18,61 but lack endogenous caspase-1
activity under normal conditions.60 Using established
keratinocyte-specific caspase1-transgenic mice with a
human keratin 14 promoter that specifically ex-
pressed the targeted gene at the basal layer of kerati-
nocytes, Yamanaka et al.62 showed that the mice
spontaneously suffered from chronic dermatitis un-
der specific pathogen-free (SPF) conditions, which
was accompanied by abnormally elevated serum lev-
els of IL-18 and IL-1β. Another transgenic mouse
model in which epidermal cells over secreted IL-18
also spontaneously developed atopic dermatitis-like
skin eruption under SPF conditions, and a deletion of
Il18 protected against the development of skin erup-
tions.63 This finding suggests that excessive cutane-
ous IL-18 release is a causative factor for the develop-
ment of dermatitis. Of potential interest is that the
phenotypes in the skin of these caspase-1 and IL-18
transgenic mice closely resembled that in disease-
associated Nlrp3 knock-in mice.

Furthermore, Terada et al.64 developed an intrinsic
atopic dermatitis mouse model with daily applications
of protein A, a surface molecule and virulence factor
of Staphylococcus aureus, which resulted in destruc-
tion of the skin barrier with a subclinical dose of SDS.
In this model, neutralizing anti-IL-18 antibodies and
Il18-deficient mice could completely protect against
SDS plus S. aureus-derived protein A-induced derma-
titis, suggesting the importance of IL-18 for atopic
dermatitis-like skin eruptions. This is also interesting
when we consider the recent findings that hemo-
lysins and bacterial lipoproteins in S. aureus can in-
duce activation of the NLRP3 inflammasome.65,66

Thus, another target inflammasome-activating cy-
tokine, IL-18, may be a major player for dermatitis de-
velopment.

LESSONS FROM CAPS
During the past decade, our understanding of the cel-

lular and molecular mechanisms by which innate im-
mune system molecules sense specific molecular pat-
terns of components of invading organisms has in-
creased tremendously. The NLRs, together with the
TLRs, are now appreciated as parts of this important
sensing system that allows the host to generate effec-
tive immune responses. NLRP3 also detects various
endogenous, sterile danger signals in the absence of
microbial infection. Progress in understanding the
roles of NLRs will improve our knowledge to answer
questions, such as how to transfer insights from
mouse model systems to translational research focus-
ing on human pathology, especially from the rare ge-
netic disorder CAPS, associated with an NLRP3 muta-
tion, to more common diseases, such as ordinary urti-
caria and dermatitis. Interestingly, two NLRP3 single
nucleotide polymorphisms (SNP, rs4612666 and
rs10754558) were recently reported to be signifi-
cantly associated with susceptibility to food-induced
anaphylaxis as well as aspirin-induced asthma.67

Functional analysis of the rs4612666 SNP located in
intron 7 of NLRP3 showed 1.2-fold higher transcrip-
tional enhancer activity than the other constructs con-
taining the T allele, whereas rs10754558 in the 3’un-
translated region affected the stability of the NLRP3
mRNA. Thus, NLRP3 polymorphisms may increase
the risk of the hypersensitive phenotype of allergy.

However, we still cannot answer all of the ques-
tions for the roles of the inflammasome in the skin.
IL-18, as well as IL-33, are target molecules for in-
flammasome-activated caspase-1. Nevertheless, why
does the urticarial rash in CAPS depend solely on IL-
1β? Why can’t we induce hives in mice, even if acti-
vated Nlrp3 is induced? We should still look carefully
at the clinical manifestations of CAPS in order to de-
termine what happens in humans when the inflamma-
some is activated.

ACKNOWLEDGEMENTS
We thank Akihiro Fujisawa, Hideaki Tanizaki,
Yoshiki Miyachi, and Tatsutoshi Nakahata (Kyoto
University), Makoto Murakami (The Tokyo Metro-
politan Institute of Medical Science), Yun-Gi Kim and
Gabriel Núñez (The University of Michigan), Shinji
Shimada (Yamanashi University) and Hiroyuki Mat-
sue (Chiba University) for their encouragement and
support of the work on NLRs. We also wish to ex-
press our sincere thanks to the CAPS patients, their
parents and physicians for their participation in our
studies.

This work was supported, in part, by Grant-in-Aid
for Science Research from the Ministry of Education,
Culture, Sports, Science and Technology of Japan
(N.K., M.S. and R.N.), The Cell Science Research
Foundation (Y.N.) and KANAE Foundation for the
Promotion of Medical Science (Y.N.).



Kambe N et al.

8 Allergology International Vol 59, No2, 2010 www.jsaweb.jp�

REFERENCES
1. Nestle FO, Di Meglio P, Qin JZ, Nickoloff BJ. Skin im-

mune sentinels in health and disease. Nat Rev Immunol
2009;9:679-91.

2. Ting JP, Lovering RC, Alnemri ES et al. The NLR gene
family: a standard nomenclature. Immunity 2008;28:285-
7.

3. Ye Z, Ting JP. NLR, the nucleotide-binding domain
leucine-rich repeat containing gene family. Curr Opin Im-
munol 2008;20:3-9.

4. Mariathasan S, Newton K, Monack DM et al. Differential
activation of the inflammasome by caspase-1 adaptors
ASC and Ipaf. Nature 2004;430:213-8.

5. Martinon F, Burns K, Tschopp J. The inflammasome: a
molecular platform triggering activation of inflammatory
caspases and processing of proIL-beta. Mol Cell 2002;10:
417-26.

6. Church LD, Cook GP, McDermott MF. Primer: inflamma-
somes and interleukin 1beta in inflammatory disorders.
Nat Clin Pract Rheumatol 2008;4:34-42.

7. Martinon F, Mayor A, Tschopp J. The inflammasomes:
guardians of the body. Annu Rev Immunol 2009;27:229-
65.

8. Martinon F, Tschopp J. Inflammatory caspases and in-
flammasomes: master switches of inflammation. Cell
Death Differ 2007;14:10-22.

9. Petrilli V, Dostert C, Muruve DA, Tschopp J. The inflam-
masome: a danger sensing complex triggering innate im-
munity. Curr Opin Immunol 2007;19:615-22.

10. Dinarello CA. Biologic basis for interleukin-1 in disease.
Blood 1996;87:2095-147.

11. Lamkanfi M, Dixit VM. Inflammasomes: guardians of cy-
tosolic sanctity. Immunol Rev 2009;227:95-105.

12. Nettis E, Pannofino A, D’Aprile C, Ferrannini A, Tursi A.
Clinical and aetiological aspects in urticaria and angio-
oedema. Br J Dermatol 2003;148:501-6.

13. Zuberbier T, Asero R, Bindslev-Jensen C et al, and Der-
matology Section of the European Academy of Allergol-
ogy and Clinical Immunology, Global Allergy and Asthma
European Network, European Dermatology Forum,
World Allergy Organization. EAACI�GA (2) LEN�EDF�
WAO guideline: definition, classification and diagnosis of
urticaria. Allergy 2009;64:1417-26.

14. Feldmann J, Prieur AM, Quartier P et al. Chronic infantile
neurological cutaneous and articular syndrome is caused
by mutations in CIAS1, a gene highly expressed in poly-
morphonuclear cells and chondrocytes. Am J Hum Genet
2002;71:198-203.

15. Hoffman HM, Mueller JL, Broide DH, Wanderer AA,
Kolodner RD. Mutation of a new gene encoding a putative
pyrin-like protein causes familial cold autoinflammatory
syndrome and Muckle-Wells syndrome. Nat Genet 2001;
29:301-5.

16. Neven B, Prieur AM, Quartier dit Maire P, and Med-
scape. Cryopyrinopathies: update on pathogenesis and
treatment. Nat Clin Pract Rheumatol 2008;4:481-9.

17. Hawkins PN, Lachmann HJ, McDermott MF. Interleukin-
1-receptor antagonist in the Muckle-Wells syndrome. N
Engl J Med 2003;348:2583-4.

18. Hoffman HM, Rosengren S, Boyle DL et al. Prevention of
cold-associated acute inflammation in familial cold autoin-
flammatory syndrome by interleukin-1 receptor antago-
nist. Lancet 2004;364:1779-85.

19. Lachmann HJ, Kone-Paut I, Kuemmerle-Deschner JB et
al. Use of canakinumab in the cryopyrin-associated peri-

odic syndrome. N Engl J Med 2009;360:2416-25.
20. Lachmann HJ, Lowe P, Felix SD et al. In vivo regulation

of interleukin 1beta in patients with cryopyrin-associated
periodic syndromes. J Exp Med 2009;206:1029-36.

21. Nakamura Y, Kambe N, Saito M et al. Mast cells mediate
neutrophil recruitment and vascular leakage through the
NLRP3 inflammasome in histamine-independent urticaria.
J Exp Med 2009;206:1037-46.

22. Ferrari D, Pizzirani C, Adinolfi E et al. The P2X7 receptor:
a key player in IL-1 processing and release. J Immunol
2006;176:3877-83.

23. Mariathasan S, Weiss DS, Newton K et al. Cryopyrin acti-
vates the inflammasome in response to toxins and ATP.
Nature 2006;440:228-32.

24. Pelegrin P, Surprenant A. Pannexin-1 mediates large pore
formation and interleukin-1beta release by the ATP-gated
P2X7 receptor. EMBO J 2006;25:5071-82.

25. Kanneganti TD, Lamkanfi M, Kim YG et al. Pannexin-1-
mediated recognition of bacterial molecules activates the
cryopyrin inflammasome independent of Toll-like recep-
tor signaling. Immunity 2007;26:433-43.

26. Kanazawa N, Okafuji I, Kambe N et al. Early-onset sarcoi-
dosis and CARD15 mutations with constitutive nuclear
factor-kappaB activation: common genetic etiology with
Blau syndrome. Blood 2005;105:1195-7.

27. Miceli-Richard C, Lesage S, Rybojad M et al. CARD15
mutations in Blau syndrome. Nat Genet 2001;29:19-20.

28. Okafuji I, Nishikomori R, Kanazawa N et al. Role of the
NOD2 genotype in the clinical phenotype of Blau syn-
drome and early-onset sarcoidosis. Arthritis Rheum 2009;
60:242-50.

29. Agostini L, Martinon F, Burns K, McDermott MF, Hawk-
ins PN, Tschopp J. NALP3 forms an IL-1beta-processing
inflammasome with increased activity in Muckle-Wells
autoinflammatory disorder. Immunity 2004;20:319-25.

30. Saito M, Fujisawa A, Nishikomori R et al. Somatic mosa-
icism of CIAS1 in a patient with chronic infantile neu-
rologic, cutaneous, articular syndrome. Arthritis Rheum
2005;52:3579-85.

31. Dowds TA, Masumoto J, Zhu L, Inohara N, Nunez G.
Cryopyrin-induced interleukin 1beta secretion in mono-
cytic cells: enhanced activity of disease-associated mu-
tants and requirement for ASC. J Biol Chem 2004;279:
21924-8.

32. Fujisawa A, Kambe N, Saito M et al. Disease-associated
mutations in CIAS1 induce cathepsin B-dependent rapid
cell death of human THP-1 monocytic cells. Blood 2007;
109:2903-11.

33. Berlin AL, Paller AS, Chan LS. Incontinentia pigmenti: a
review and update on the molecular basis of pathophysiol-
ogy. J Am Acad Dermatol 2002;47:169-87; quiz 188-90.

34. Nigrovic PA, Binstadt BA, Monach PA et al. Mast cells
contribute to initiation of autoantibody-mediated arthritis
via IL-1. Proc Natl Acad Sci U S A 2007;104:2325-30.

35. Dietsch GN, Hinrichs DJ. The role of mast cells in the
elicitation of experimental allergic encephalomyelitis. J
Immunol 1989;142:1476-81.

36. Robbie-Ryan M, Tanzola MB, Secor VH, Brown MA. Cut-
ting edge: both activating and inhibitory Fc receptors ex-
pressed on mast cells regulate experimental allergic en-
cephalomyelitis disease severity. J Immunol 2003;170:
1630-4.

37. Brydges SD, Mueller JL, McGeough MD et al.
Inflammasome-mediated disease animal models reveal
roles for innate but not adaptive immunity. Immunity
2009;30:875-87.



Inflammasome in Skin Diseases

Allergology International Vol 59, No2, 2010 www.jsaweb.jp� 9

38. Meng G, Zhang F, Fuss I, Kitani A, Strober W. A mutation
in the Nlrp3 gene causing inflammasome hyperactivation
potentiates Th17 cell-dominant immune responses. Im-
munity 2009;30:860-74.

39. Grabbe S, Schwarz T. Immunoregulatory mechanisms in-
volved in elicitation of allergic contact hypersensitivity.
Immunol Today 1998;19:37-44.

40. Kitagaki H, Ono N, Hayakawa K, Kitazawa T, Watanabe
K, Shiohara T. Repeated elicitation of contact hypersensi-
tivity induces a shift in cutaneous cytokine milieu from a
T helper cell type 1 to a T helper cell type 2 profile. J Im-
munol 1997;159:2484-91.

41. Shornick LP, De Togni P, Mariathasan S et al. Mice defi-
cient in IL-1beta manifest impaired contact hypersensitiv-
ity to trinitrochlorobenzone. J Exp Med 1996;183:1427-36.

42. Watanabe H, Gaide O, Petrilli V et al. Activation of the IL-
1beta-processing inflammasome is involved in contact hy-
persensitivity. J Invest Dermatol 2007;127:1956-63.

43. Feldmeyer L, Keller M, Niklaus G, Hohl D, Werner S,
Beer HD. The inflammasome mediates UVB-induced acti-
vation and secretion of interleukin-1beta by keratinocytes.
Curr Biol 2007;17:1140-5.

44. Keller M, Ruegg A, Werner S, Beer HD. Active caspase-1
is a regulator of unconventional protein secretion. Cell
2008;132:818-31.

45. Sutterwala FS, Ogura Y, Szczepanik M et al. Critical role
for NALP3�CIAS1�Cryopyrin in innate and adaptive im-
munity through its regulation of caspase-1. Immunity
2006;24:317-27.

46. Antonopoulos C, Cumberbatch M, Dearman RJ, Daniel
RJ, Kimber I, Groves RW. Functional caspase-1 is re-
quired for Langerhans cell migration and optimal contact
sensitization in mice. J Immunol 2001;166:3672-7.

47. Bedoui S, Whitney PG, Waithman J et al. Cross-
presentation of viral and self antigens by skin-derived CD
103+ dendritic cells. Nat Immunol 2009;10:488-95.

48. Waithman J, Allan RS, Kosaka H et al. Skin-derived den-
dritic cells can mediate deletional tolerance of class I-
restricted self-reactive T cells. J Immunol 2007;179:4535-
41.

49. Yazdi AS, Ghoreschi K, Rocken M. Inflammasome activa-
tion in delayed-type hypersensitivity reactions. J Invest
Dermatol 2007;127:1853-5.

50. Li H, Ambade A, Re F. Cutting edge: Necrosis activates
the NLRP3 inflammasome. J Immunol 2009;183:1528-32.

51. Iyer SS, Pulskens WP, Sadler JJ et al. Necrotic cells trig-
ger a sterile inflammatory response through the Nlrp3 in-
flammasome. Proc Natl Acad Sci U S A 2009;106:20388-
93.

52. Ting JP, Willingham SB, Bergstralh DT. NLRs at the in-
tersection of cell death and immunity. Nat Rev Immunol
2008;8:372-9.

53. Willingham SB, Bergstralh DT, O’Connor W et al. Micro-
bial pathogen-induced necrotic cell death mediated by the
inflammasome components CIAS1�cryopyrin�NLRP3 and
ASC. Cell Host Microbe 2007;2:147-59.

54. Saito M, Nishikomori R, Kambe N et al. Disease-

associated CIAS1 mutations induce monocyte death, re-
vealing low-level mosaicism in mutation-negative
cryopyrin-associated periodic syndrome patients. Blood
2008;111:2132-41.

55. Hitomi J, Christofferson DE, Ng A et al. Identification of a
molecular signaling network that regulates a cellular ne-
crotic cell death pathway. Cell 2008;135:1311-23.

56. Hornung V, Bauernfeind F, Halle A et al. Silica crystals
and aluminum salts activate the NALP3 inflammasome
through phagosomal destabilization. Nat Immunol 2008;
9:847-56.

57. Puren AJ, Fantuzzi G, Gu Y, Su MS, Dinarello CA.
Interleukin-18 (IFNgamma-inducing factor) induces IL-8
and IL-1beta via TNFalpha production from non-CD14+
human blood mononuclear cells. J Clin Invest 1998;101:
711-21.

58. Kawase Y, Hoshino T, Yokota K et al. Exacerbated and
prolonged allergic and non-allergic inflammatory cutane-
ous reaction in mice with targeted interleukin-18 expres-
sion in the skin. J Invest Dermatol 2003;121:502-9.

59. Wang B, Feliciani C, Howell BG et al. Contribution of
Langerhans cell-derived IL-18 to contact hypersensitivity.
J Immunol 2002;168:3303-8.

60. Mizutani H, Black R, Kupper TS. Human keratinocytes
produce but do not process pro-interleukin-1 (IL-1) beta.
Different strategies of IL-1 production and processing in
monocytes and keratinocytes. J Clin Invest 1991;87:1066-
71.

61. Stoll S, Muller G, Kurimoto M et al. Production of IL-18
(IFN-gamma-inducing factor) messenger RNA and func-
tional protein by murine keratinocytes. J Immunol 1997;
159:298-302.

62. Yamanaka K, Tanaka M, Tsutsui H et al. Skin-specific
caspase-1-transgenic mice show cutaneous apoptosis and
pre-endotoxin shock condition with a high serum level of
IL-18. J Immunol 2000;165:997-1003.

63. Konishi H, Tsutsui H, Murakami T et al. IL-18 contributes
to the spontaneous development of atopic dermatitis-like
inflammatory skin lesion independently of IgE�stat6 un-
der specific pathogen-free conditions. Proc Natl Acad Sci
U S A 2002;99:11340-5.

64. Terada M, Tsutsui H, Imai Y et al. Contribution of IL-18 to
atopic-dermatitis-like skin inflammation induced by
Staphylococcus aureus product in mice. Proc Natl Acad
Sci U S A 2006;103:8816-21.

65. Craven RR, Gao X, Allen IC et al. Staphylococcus aureus
alpha-hemolysin activates the NLRP3-inflammasome in
human and mouse monocytic cells. PLoS One 2009;4:
e7446.

66. Munoz-Planillo R, Franchi L, Miller LS, Nunez G. A criti-
cal role for hemolysins and bacterial lipoproteins in
Staphylococcus aureus-induced activation of the Nlrp3 in-
flammasome. J Immunol 2009;183:3942-8.

67. Hitomi Y, Ebisawa M, Tomikawa M et al. Associations of
functional NLRP3 polymorphisms with susceptibility to
food-induced anaphylaxis and aspirin-induced asthma. J
Allergy Clin Immunol 2009;124:779-85. e6.


