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ABSTRACT

Interleukin (IL)-1 is a highly active and pleiotropic pro-inflammatory cytokine. Recent data impressively
demonstrate that activating mutations in a human gene involved in prolL-1f maturation or loss-of-
function mutations in the gene encoding IL-1 receptor antagonist (IL-1Ra) cause excessive activity of
this cytokine. This can result in life-threatening systemic and local inflammation, particularly in the skin.
Interestingly, experiments in mice revealed that epidermal keratinocytes can secrete large amounts of
IL-1a, which induces an inflammatory response in the skin. Secretion of IL-1 requires caspase-1 activ-
ity, and activation of the protease takes place in innate immune complexes, called inflammasomes. As
keratinocytes express and activate caspase-1 in an inflammasome-dependent manner, these epithelial
cells might be critically involved in the innate immunity of the skin. In this review we summarize the
current knowledge on IL-1 and inflammasomes in the skin, particularly their involvement in skin homeo-
stasis and disease. In addition, we discuss the hypothesis that keratinocytes are not only static bricks of
the epidermal wall, but immunologically active cells critically involved in different (auto)-inflammatory

(skin) diseases.

© 2010 Elsevier GmbH. All rights reserved.

Introduction

Inflammation represents a protective attempt by an organism
to restore a new homeostatic state after its disturbance by a harm-
ful stimulus. Depending on these stimuli the term inflammation
is used for a broad range of conditions. For example, infections
rapidly activate the innate immune system and induce an inflam-
matory response, which initiates the defence of the host against
the invading pathogen. Tissue damage also results in local and
acute inflammation, thereby allowing an efficient tissue repair
response (Medzhitov, 2008). IL-1 plays an important role in these
fundamental and beneficial processes (Dinarello, 2009a). However,
inflammation can also be “undesired”, chronic and destructive. It
can contribute to major human diseases such as type 2 diabetes,
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atherosclerosis, asthma, Alzheimer’s disease and cancer (Martinon
etal.,2009). Aninvolvement of IL-1 in the pathogenesis of these dis-
eases has also been demonstrated. In particular, it is a leading actor
in the recently defined auto-inflammatory diseases (Goldbach-
Mansky and Kastner, 2009). These diseases are characterized by
“sterile” inflammation without infection and the presence of auto-
antibodies or auto-reactive T cells. Reducing the activity of IL-1
results in rapid remission of symptoms (Aksentijevich et al., 2009;
Goldbach-Mansky et al., 2006; Reddy et al., 2009). Interestingly,
several auto-inflammatory diseases also affect the skin, and IL-
1 activity plays an important role in inflammatory and allergic
skin diseases such as psoriasis or contact dermatitis, demonstrating
the importance of IL-1 in the skin (Goldbach-Mansky and Kastner,
2009; Numerof and Asadullah, 2006). Several lines of evidence
suggest that keratinocytes are a major source of IL-1 in the skin
(Feldmeyer et al., 2007; Lee et al., 2009; Szabowski et al., 2000).
These non-professional immune cells represent the major cell type
of the epidermis.

In this review we highlight the recent advances in the under-
standing of the role of IL-1 and inflammasomes in skin homeostasis
and disease. In addition, we discuss a possible role of keratinocytes
as sensors of danger and producers of IL-1.

The skin
In mammals, the skin consists of two layers, which are sepa-

rated by the basement membrane (Fig. 1). The epidermis is the
surface layer, a keratinized, stratified and squamous epithelium
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Fig. 1. The cellular composition of the skin. Keratinocytes are a major source of IL-1. When activated and secreted, the cytokine induces an inflammatory response through

activation and recruitment of immune cells (inspired from Nestle et al., 2009a).

that is in permanent contact with the environment. The underlying
dermis is a connective tissue composed of collagen, elastic fibres
and a mixture of other extracellular matrix protein. It contains
nerve endings, blood and lymphatic vessels, extracellular matrix-
producing fibroblasts and several different types of immune cells
such as macrophages, dendritic cells (DC), mast cells, and T cells
(Nestle et al., 2009a). In contrast, the epidermis is made up almost
exclusively of densely packed keratinocytes at different stages of
differentiation. In addition, a few Langerhans cells, a type of DCs,
and pigment-producing melanocytes can be found. The epidermis
isin a constant equilibrium between proliferation of stem cells and
transit-amplifying cells in the basal layer, and a terminal differen-
tiation program of suprabasal keratinocytes (Fuchs and Raghavan,
2002). Keratinocyte terminal differentiation is an apoptosis-like
process that generates dead, anucleated, flat and keratin-filled cor-
neocytes in the stratum corneum at the surface of the epidermis,
which are continuously replaced by new cells. The entire epidermis
and in particular this layer of dead cells has an essential function
as the first barrier against the environment.

The skin as an immune organ

Through its architecture and cellular composition the skin pro-
vides protection from injury and infection. The challenge for the
largest organ of our body is to ensure efficient defence against
pathogens and reliable immunosurveillance, but to avoid exces-
sive immune responses, which might result in auto-immunity and
chronic inflammation. The epidermis is in constant contact with
multiple microbes (1 million/cm?). The interaction between these
microorganisms, which produce bacteriolytic enzymes, antibiotics
and antifungal substances, and their competition for the coloniza-
tion of the surface helps maintaining the skin’s homeostasis. In

addition, an antimicrobial lipid layer produced by sebocytes covers
the skin surface. Keratinocytes are an important source of antimi-
crobial peptides. They are produced constitutively (e.g. lysozyme
and psoriasin), or after infection/inflammation (e.g. human (-
defensins and cathelicidin LL-37) (Glaser et al., 2005). Besides their
antimicrobial activity, antimicrobial peptides such as LL-37 have
a chemotactic role and modulate the immunological properties of
DC and T cells (Nestle et al., 2009b). Lymphocytes, mainly T cells
and B cells, and their receptors are responsible for the acquired
immunity. The adaptive immune response allows to specifically
recognize and remember “non-self” antigens of pathogens, and
to mount a strong attack on these pathogens each time they are
encountered. However, at the first time when the acquired immune
system gets into contact with a new antigen, this mounting requires
some days. In contrast, the innate immunity is less specific, but
much faster. It relies on the recognition of highly conserved non-self
pathogen-associated molecular patterns (PAMPs), and this recog-
nition results for example in the expression of pro-inflammatory
cytokines. These cytokines are able to activate and attract immune
cells, which in turn attack the pathogens. PAMPs are recognized by
Toll-like receptors (TLRs), also called pattern recognition receptors
(PRRs), which are expressed by immune cells such as monocytes,
macrophages, DCs and granulocytes, but also by keratinocytes. This
indicates that they initiate a first line response to various pathogen-
derived components (Creagh and O’Neill, 2006; Kollisch et al., 2005;
Ting et al., 2006). Agonists of TLRs include bacterial lipopeptides,
peptidoglycan and lipoteichoic acid (TLR2), double-stranded RNA
(TLR3), lipopolysaccharides (LPS) (TLR4), flagellin (TLR5), imida-
zoquinoline and single-stranded RNA (TLR7 and TLR8), as well as
CpG-containing DNA (TLR9) (McInturff et al., 2005).

Besides professional immune cells such as macrophages, neu-
trophils, dendritic cells and lymphocytes, keratinocytes have been
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demonstrated to play an important regulatory role in cutaneous
inflammatory and immune responses by producing various types of
cytokines (Nestle et al., 2009a). Keratinocytes are responsive to DCs
and T cell-derived cytokines, including interferons, tumour necro-
sis factor (TNF)a, IL-17 and the IL-20 family of cytokines. These
stimuli induce expression of pro-inflammatory cytokines (e.g. IL-
1, IL-6 and TNFa) as well as of chemokines, small heparin-binding
proteins with chemotactic activity such as IL-8 (CXCL8), CXCL10,
and CCL29 (Nestle et al., 2009D).

In pathological situations with an accumulation of T cells such
as psoriasis, allergic contact dermatitis, and lichen planus, ker-
atinocytes serve as non-professional antigen presenting cells and
express MHC I, intercellular adhesion molecules (ICAM-1) and CD-
36 antigen, demonstrating that they can interact with mononuclear
cells via adhesion molecules or via the release of cytokines (Barker
etal., 1991).

Interleukin-1 (IL-1)

IL-1 is a pleiotropic pro-inflammatory cytokine, which induces
systemic and local responses to infection. It induces expression of
adhesion molecules on endothelial cells. Together with the induc-
tion of chemokines, this stimulates the infiltration of inflammatory
and immunocompetent cells (Dinarello, 2009a). In addition, IL-1
causes fever, vasodilatation, hypotension and enhances pain sensi-
tivity. Based on these activities, it functions as a central mediator in
various acute and chronic inflammatory diseases, thus represent-
ing a potential target for therapeutic intervention (Dinarello, 1998,
2004). Expression of IL-1 is regulated at the transcriptional level
by nuclear factor kB (NF-kB) that is also responsible for expression
of TNFa. Vice versa, IL-1 and TNFa can both activate NF-kB. TNFa
is considered to act upstream of IL-1 in several conditions, which
lead to the paradigm ‘TNF-induced, IL-1-mediated disease’. How-
ever, there are several IL-1-specific diseases (see below) (Dinarello,
2004). Biological responses of IL-1 are mediated by the IL-1 recep-
tor type I (IL-1RI), which is ubiquitously expressed (Dinarello,
2009a). Interestingly, IL-1RI and TLRs share the same cytoplasmic
signalling domain, the Toll/interleukin-1 receptor (TIR) domain,
demonstrating the prominent role of IL-1 signalling for inflamma-
tion (Dinarello, 2009a). Agonists of IL-1RI are IL-1a and -3, which
are both initially expressed with an amino-terminal propeptide.
ProlL-13 cannot bind and activate IL-1RI, whereas prolL-1a has
the same biological activity as mature IL-1c. In most cases prolL-
1P is activated by the protease caspase-1 (Dinarello, 2009a; Kuida
et al., 1995; Li et al., 1995). However, other proteases were iden-
tified that are able to process prolL-1f3, e.g. neutrophil elastase
or mast cell protease (Guma et al., 2009; Mizutani et al., 1991).
ProlL-1a and -3 lack a signal peptide for protein secretion and they
leave the cell through one or several poorly understood mecha-
nisms, which do not depend on the classical endoplasmic reticulum
(ER)/Golgi pathway and are collectively called unconventional pro-
tein secretion (Nickel, 2003). IL-1 activity is also regulated by the
expression of the conventionally secreted IL-1 receptor antagonist
(IL-1Ra) (Dinarello, 2009a). IL-1Ra binds to IL-1RI, however, this
binding prevents binding of IL-1a and -8, cannot induce signal
transduction, and, therefore, blocks the receptor.

Inflammasomes

Caspase-1 activity is required for the activation of prolL-1f3, but
also for the unconventional secretion of prolL-1a and of many
other proteins involved in inflammation, repair and cytoprotec-
tion (Keller et al., 2008; Nickel and Rabouille, 2009). Caspase-1
is initially expressed as an inactive precursor, which is activated
in large complexes called inflammasomes (Martinon et al., 2009).

In a cell-free system from a macrophage cell line, the NLRP1
(nucleotide-binding domain, leucine-rich repeat-containing recep-
tor protein, also known as NALP1) inflammasome was identified
as a caspase-1-activating platform (Martinon et al., 2002). The
complex consists of the large backbone protein NLRP1, the small
ASC (apoptosis-associated speck-like protein containing a caspase
recruitment domain) adaptor protein, procaspase-1 and -5. The
NLRP1 inflammasome assembles via homotypic interactions of
death domain folds. Thereby, procaspase-1 and -5 are brought into
close proximity, which leads to their activation. Active caspase-
1 in turn activates prolL-1f3 and -18, resulting in secretion of the
active cytokines and therefore in inflammation in vivo. Meanwhile,
other inflammasome complexes have been identified, including the
NLRP3, NLRC4 (also known as IPAF) and the (absent in melanoma)
AIM2 inflammasome. They bind and activate caspase-1 via ASC,
although binding of ASC to NLRC4 is under debate (Schroder et al.,
2009; Stutz et al., 2009).

Activation of inflammasomes

What are the signals that induce assembly and activation of
inflammasomes? TLRs possess a leucine-rich repeat (LRR) domain
for agonist binding, and this domain can also be found on NLRs,
suggesting that the latter can be considered as intracellular PRRs
and as sensors for inflammasome assembly. Indeed, a lot of
agonists have been identified that activate the different inflam-
masomes (see Table 1). Whereas the stimulus for assembly and
activation of the NLRP1 inflammasome in humans is unknown,
anthrax lethal toxin activates caspase-1 in an NLRP1-dependent
manner in mice (Martinon et al., 2009). The NLRC4 inflamma-
some assembles upon incubation of macrophages with flagellin
from different species (flagellin is also a TLR5 agonist). The NLRP3
complex is activated by pore-forming toxins, but interestingly
also by different molecules released from stressed and damaged
cells, now collectively called damage-associated molecular pat-
terns (DAMPs), such as ATP and gout-causing uric acid crystals
(Martinon et al., 2009). In addition, exposure to other exogenous
crystals, asbestos and silica particles, and aluminium adjuvants,
results in NLRP3-dependent caspase-1 activation, demonstrating
that this complex represents an important link between innate
and acquired immunity. AIM2 directly binds dsDNA, and this bind-
ing results in inflammasome assembly, in caspase-1 activation and
in prolL-1f processing. In contrast, a direct binding of the above
mentioned structurally very different inflammasome agonists to
NLRPs could not be demonstrated and more indirect mechanisms
for caspase-1 activation have been proposed (Martinon et al.,
2009).

IL-1 in murine skin

Whereas mice lacking caspase-1, IL-1a, IL-1[3, or both cytokines
develop normally and do not exhibit spontaneous disease symp-
toms (Dinarello, 2009a), IL-1Ra knockout mice suffer from arteritis,
arthritis and skin inflammation (Horai et al., 2000; Nicklin et
al.,, 2000; Shepherd et al., 2004). This demonstrates that the
expression of IL-1Ra is essential for the regulation of the activ-
ity of IL-1 in murine skin. Transgenic mice overexpressing IL-1a
in keratinocytes suffer from spontaneous inflammation in the
skin (Groves et al., 1995), and additional overexpression of IL-
1RI in Kkeratinocytes aggravates this phenotype (Groves et al.,
1996), demonstrating that keratinocyte-derived IL-1 activity and
IL-1 signalling in these cells are able to induce an inflammatory
phenotype. Transgenic mice overexpressing caspase-1 in the epi-
dermis show a spontaneous recalcitrant dermatitis and skin ulcers
(Yamanaka et al., 2000). Surprisingly, mice lacking caspase-8 in
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Table 1

Inflammasome agonists. Agonists of the different inflammasomes and the cell types, in which activation was identified, are listed (Dostert et al., 2009; Fritz et al., 2006;
Martinon and Tschopp, 2007; Mishra et al., 2010; Petrilli et al., 2007; Schroder et al., 2009).

Inflammasome Agonists Cell type
NLRP1b Microbial toxins
Lethal factor from Bacillus anthracis Macrophages (mouse BMDM)
NLRP3 PAMPs
Peptidoglycan/MDP Macrophages
Bacterial RNA Macrophages
Poly I:C Macrophages
Microbial toxins
Nigericin (Streptomyces hygroscopicus), aerolysin (Aeromonas Macrophages
hydrophila), maiotoxin (marine dinoflagellates), listeriolysin O (Listeria
monocytogenes), gramicidin (Bacillus brevis), alpha-toxin
(Staphylococcus aureus)
Live bacteria
Staphylococcus aureus, Listeria monocytogenes, Escherichia coli, Macrophages
Mycobacterium tuberculosis
Viruses
Sendai virus, influenza virus, adenovirus Macrophages
Fungi
Candida albicans, Saccharomyces cerevisiae Macrophages
Parasites
Malarial hemozoin Macrophages
DAMPs
Extracellular ATP (via P2X7 receptor) Macrophages
Hyaluronan Macrophages (mouse alveolar)
Glucose Macrophages (THP1)
Amyloid-beta Microglial cells (murine)
K* efflux inducing agents (ATP, NAD+) Macrophages
Calcium influx Keratinocytes
Reactive oxygen species (ROS) Macrophages (THP1)
Imidazoquinoline compounds (R837 and R848) Macrophages
TNP (trinitrophenylchloride), TNCB Keratinocytes
Gout (MSU) and pseudogout crystals (CPPD) Macrophages
Exogenous crystals (asbestos, silica) Macrophages
Aluminium adjuvants Macrophages
Genetic activating mutations in NLRP3
UV irradiation Keratinocytes
SDS Keratinocytes
NLRC4/IPAF PAMPs
Intracellular flagellin Macrophages (mouse BMDM)
Live bacteria
Gram-negative bacteria (Legionella pneumophila, Salmonella Macrophages
typhimurium, Shigella flexneri, or Pseudomonas aeruginosa)
NAIP Live bacteria
Legionella pneumophila Macrophages (peritoneal)
AIM2 Intracellular dsDNA Macrophages
Unknown Listeria
Francisella

keratinocytes suffer from strong cutaneous inflammation because
of enhanced production and inflammasome-dependent secretion
of prolL-1a (Lee et al., 2009; Sollberger and Beer, 2009). This is
partially due to IL-1a signalling to dermal fibroblasts, which in
turn induces expression of growth factors required for prolifer-
ation of keratinocytes. Such a double-paracrine mechanism has
also been demonstrated in a two-dimensional culture model of
keratinocytes and fibroblasts (Szabowski et al., 2000). However,
a recent paper doubts an involvement of IL-1a in the inflam-
matory phenotype of keratinocyte-specific caspase-8 knockout
mice (Kovalenko et al., 2009). The discrepancy may be explained
by the involvement of recently discovered IL-1 family members
such as IL-1F6, because overexpression of this cytokine also leads
to an inflammatory skin phenotype (Blumberg et al., 2007). In
summary, these mouse models demonstrate the importance of IL-
1 signalling and particularly the impact of keratinocyte-derived
IL-1 activity for skin homeostasis and inflammation. However,
it should be kept in mind that mice represent a model sys-
tem, whose skin is anatomically quite different from human
skin.

The inflammasome in human keratinocytes

Human and murine macrophages express IL-1 only upon stim-
ulation, e.g. with TLR agonists. In contrast, human keratinocytes
constitutively synthesize prolL-1a, -3, and IL-1Ra. However, they
do not activate and secrete these pro-inflammatory cytokines
under normal conditions (Feldmeyer et al., 2007). Whereas inflam-
matory skin diseases are successfully treated with low doses of UVB,
high doses can cause sunburn (Maverakis et al., 2010), which rep-
resents an inflammatory reaction. It has been known for a long
time that human keratinocytes secrete IL-1( upon UVB irradia-
tion, however, the pathway leading to its maturation was unknown
(Kondo et al., 1994). Even the question whether keratinocytes
are able to activate caspase-1 has been a matter of controversy
(Mizutani et al., 1991; Zepter et al., 1997). Human keratinocytes
express all inflammasome proteins in vitro and most likely also in
vivo (Faustin and Reed, 2008; Feldmeyer et al., 2007; Watanabe
et al,, 2007). Irradiation of these cells with a physiological dose
of UVB induces secretion of large amounts of mature IL-13 and
of prolL-1a;, comparable to the amount secreted by activated
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Fig. 2. The NLRP3 inflammasome. The NLRP3 inflammasome is the prototype of
a caspase-1-activating complex, which assembles upon sensing of several danger
and stress signals (see Table 1). This results in activation of caspase-1, which in
turn processes prolL-1f3, and in secretion of the active pro-inflammatory cytokine.
In vivo, secretion of IL-1f3 induces inflammation. Human keratinocytes express all
components of the NLRP3 inflammasome, and these proteins are required for UVB-
induced secretion of IL-13 and of prolL-1a (Feldmeyer et al., 2007; Martinon et al.,
2009).

macrophages. This secretion is completely blocked by treatment
with caspase-1 inhibitors (Feldmeyer et al., 2007). IL-13 activa-
tion is dependent on the release of CaZ* from intracellular stores,
but does not require de novo protein synthesis. In contrast to
macrophages, neither an efflux of intracellular K* nor stimulation
with ATP induces IL-1f3 secretion in keratinocytes. Using an siRNA
approach it was shown that the NLRP3 inflammasome is mainly
responsible for UVB-induced maturation and secretion of IL-1f3,
although NLRP1 also plays a role (Feldmeyer et al., 2007). Most
importantly, studies with caspase-1 knockout mice and wild-type
littermates revealed that UVB-induced inflammation in the skin
of these animals requires caspase-1, suggesting that UVB induces
IL-1 release by keratinocytes also in vivo (Feldmeyer et al., 2007).
As murine keratinocytes express prolL-1a but very little prolL-1(3,
UVB-induced inflammation in mice is most likely dependent on
prolL-1a. Recently, it was shown that unconventional secretion of
prolL-1a requires caspase-1 activity, demonstrating that caspase-
1 not only regulates IL-13 activation, but also prolL-1a activity
(Keller et al., 2008). These results demonstrate that also non-
professional immune cells such as human keratinocytes express
inflammasome proteins, which are required for the activation of
prolL-1(3 as well as for the secretion of mature IL-13 and of prolL-1a
(Fig. 2).

The inflammasome in contact-mediated hypersensitivity

Contact hypersensitivity (CH) to haptens is a clinically rele-
vant syndrome known as allergic contact dermatitis. An established
mouse model for CH is also available. CH represents an adap-
tive immune response, which consists of two phases. Haptens are
applied to the skin, which primes T cells (sensitization phase).
Subsequent skin exposure to the hapten leads to a localized inflam-
matory response that manifests within about 24h (elicitation
phase). This reaction is thought to depend on DC (Langerhans cell)
migration to the lymph node, antigen presentation and recruitment
of T cells after expansion to the exposed skin. The involvement of
Langerhans cells as activators or inhibitors in CH is under debate
(Nestle et al., 2009a), and CH is also found in mice without T cells
(O’Leary et al., 2006), suggesting a considerable amount of redun-
dancy in this model. Interestingly, mice lacking IL-1[3 or wild-type
mice treated with IL-1Ra showed impaired CH reactions, demon-
strating a requirement of IL-1 signalling in this adaptive immune

response (Kondo et al., 1995; Shornick et al., 1996). Consequently,
CH reactions are strongly diminished in mice lacking NLRP3 or ASC.
Depending on the model, the inflammasome is required for the sen-
sitization or elicitation phase (Sutterwala et al., 2006; Watanabe et
al.,2007). This links IL-1 and the inflammasome to the development
of adaptive immunity in the skin.

IL-1 and the inflammasome in (skin) diseases

Due to the important role of IL-1 in the induction of inflam-
matory responses, aberrant activity of the cytokine and of the
inflammasomes is involved in the pathogenesis of many dis-
eases, including skin diseases (Dinarello, 2009a). Inhibition of the
activity of IL-1@ through IL-1Ra (Anakinra, originally approved
for the treatment of rheumatoid arthritis) or other IL-1 block-
ers allows the successful treatment of these diseases (Dinarello,
2009a).

The cryopyrin-associated periodic syndrome (CAPS) comprises
a spectrum of rare inherited inflammatory disorders, which are
associated with mutations in the NLRP3 gene. These mutations
result in constitutive activation of the NLRP3 inflammasome and,
therefore, in uncontrolled activity of IL-13, demonstrating the
importance of NLRP3 and of IL-1 in humans. CAPS is character-
ized by a broad spectrum of clinical manifestations, including fever,
fatigue, inflammation of the skin, bones, joints (arthritis) and of
the central nervous system. This sterile inflammation can result in
sensorineural hearing loss, intellectual impairment and meningitis
(Goldbach-Mansky et al., 2006; Leslie et al., 2006; Ross et al., 2008).
IL-1 blockade in patients suffering from CAPS results in a complete
remission of symptoms as long as the treatment is given. Experi-
ments with a CAPS model using an NLRP3 mutant knock-in mouse
carrying the mutation found in human CAPS patients showed that
the disease required an intact inflammasome, was only partially
dependent on IL-1f3, and was independent of T cells (Brydges et al.,
2009).

Deficiency in IL-1Ra (DIRA) due to homozygous mutations
in this gene causes life-threatening auto-inflammation, affecting
mainly the skin (severe pustulosis and ichthyosiform lesions) and
the bones, similar to symptoms of patients suffering from CAPS
(Aksentijevich et al., 2009; Reddy et al., 2009). This demonstrates
that the expression of IL-1Ra is essential for the regulation of the
activity of IL-1 in human skin. DIRA belongs to the recently defined
auto-inflammatory diseases (see above), which all respond to IL-1
blockade, and many of these disorders affect the skin (Dinarello,
2009b). Also in patients suffering from type 2 diabetes mellitus,
Anakinra is beneficial, improving the glycemic control (Dinarello,
2009b; Larsen et al., 2007).

IL-1 plays arole in the development of cancer, and its neutraliza-
tion inhibited tumour angiogenesis, development and invasiveness
in experimental tumour models (Apte et al., 2006a,b; Bar et al.,
2004). In line with this finding is the constitutive secretion of
IL-13 by human melanoma cells, resulting in auto-inflammation
and thereby contributing to the development and progression of
melanomas (Okamoto et al., 2010). Interestingly, highly invasive
melanoma cells induce the expression of matrix metalloproteinase-
1 in an IL-1a and FGF2 dependent manner, and this is required
for tumor invasion and metastasis (Loffek et al., 2005). As IL-
1la and FGF2 secretions are both regulated by caspase-1 activity
(Keller et al., 2008), this also points to a role of the inflamma-
some in melanoma. However, recently it has also been shown
that the NLRP3 inflammasome is required for efficient anti-
cancer immunity (Aymeric et al., 2010; Ghiringhelli et al., 2009).
These contradictory observations may reflect the paradoxical
role of inflammation in cancer development (de Visser et al.,
2006).
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Vitiligo is an autoimmune skin disease, in which melanocytes in
the skin are destroyed, and this causes depigmentation in patches
of the skin. Patients affected by vitiligo also suffer with a higher fre-
quency from other autoimmune disorders like autoimmune thyroid
disease, rheumatoid arthritis, diabetes and lupus erythematosus.
DNA sequence variants in the NLRP1 region confer susceptibility to
autoimmune and auto-inflammatory diseases that are associated
with vitiligo (Jin et al., 2007). Because NLRP1 is a part of the NLRP1
inflammasome, which is expressed by keratinocytes (see above),
and because serum IL-1(3 levels are elevated in patients with gen-
eralized vitiligo, this suggests the involvement of NLRP1 and of IL-1
in the pathogenesis of this disease (Jin et al., 2007).

Many anti-inflammatory and immunomodulatory drugs are
on the market, and the molecular mechanisms by which these
drugs exert their pharmacological activities are often only partially
characterized. Interestingly, thalidomide, which is used for the
treatment of inflammatory diseases and cancer, has recently been
shown to inhibit caspase-1 and, therefore, liberation of IL-1 activ-
ity (Keller et al., 2009). In addition, the herbal anti-inflammatory
compound parthenolide and other IKK( inhibitors are also able to
inhibit caspase-1 (Juliana et al., 2010). Therefore, it can be expected
that more anti-inflammatory drugs inhibit the immune system
through a blockade of IL-1 and of inflammasomes.

Conclusions and perspectives

During the last years a lot of evidence has accumulated that IL-1
signalling is essential for the homeostasis of the skin and critically
involved in several (auto)-inflammatory (skin) diseases. IL-1 activ-
ity is determined through the balance of IL-1 to IL-1Ra (Dinarello,
2009a). Ablation of IL-1Ra in humans and mice results in strong
cutaneous inflammation (Aksentijevich et al., 2009; Horai et al.,
2000; Nicklin et al., 2000; Reddy et al., 2009; Shepherd et al., 2004).
Overexpression of IL-1a in epidermal keratinocytes of mice induces
a chronic inflammatory skin phenotype, demonstrating that these
non-professional immune cells can secrete large amounts of IL-1
(Groves et al., 1995, 1996). Caspase-1 is required for the genera-
tion of IL-1 activity through activation of proIL-13 and regulation
of unconventional secretion of IL-1[3 and of prolL-1a (Keller et al.,
2008). Overexpression of the protease in keratinocytes in mice also
results in skin inflammation (Yamanaka et al., 2000). Human pri-
mary keratinocytes express high levels of prolL-1a and - and
of inflammasome proteins (Feldmeyer et al., 2007; Watanabe et
al., 2007). The latter are required for UVB-induced activation of
caspase-1, and subsequent (pro)IL-1 secretion and/or activation.
In addition, activating mutations in the human NLRP3 gene cause a
similar inflammatory phenotype in the skin as inactivation of the
IL-1Ra gene (Aksentijevich et al., 2009).

These data also suggest a function of keratinocytes in the immu-
nity of the skin through the sensing of danger and the generation
of IL-1 activity. Such a role is surprising, since the skin contains a
variety of different professional immune cells. For an estimation
of the contribution of keratinocytes to a cutaneous inflammatory
response, mouse models are necessary, which allow the condi-
tional ablation of IL-1 or of inflammasome proteins in these cells.
A second challenge is to examine a possible crosstalk between ker-
atinocytes and other cells in the skin, which may be required for the
induction of an inflammatory response and for its maintenance.
Although IL-1 blockers are increasingly used for the treatment
of (auto)-inflammatory diseases, which affect the skin, a better
understanding of inflammation at the cellular and molecular level
might allow the development of new and more specific drugs for
therapeutic intervention. Due to its accessibility the skin offers
unique possibilities in this respect. Finally, only a few stimuli are
known, which activate the NLRP3 inflammasome. In the future it

can be expected that more inflammasome activators and inflam-
masome complexes will be identified, which activate caspase-1 in
keratinocytes but also in other cells of the skin.
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