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SUMMARY

Primer: inflammasomes and interleukin 1β 
in inflammatory disorders
Leigh D Church, Graham P Cook and Michael F McDermott*

INTRODUCTION
The concept of innate immunity as the primi-
tive cousin of the adaptive system, being 
non specific in most aspects of both recogni-
tion and response, has been transformed by the 
identification of the membrane-associated Toll-
like receptors (TLRs) and the cytosol-expressed 
Nod-like receptors (NLRs).1,2 Various levels of 
crosstalk between these two pathways have been 
described—most notably involving ‘inflamma-
somes’, intracellular multiprotein scaffold 
complexes that require input from both path-
ways. A series of discoveries involving a group of 
inherited chronic autoinflammatory disorders, 
the hereditary periodic fever syndromes, has 
helped to define the central roles of pyrin and 
NALP3 (NACHT domain, leucine-rich-repeat 
[LRR] domain, and pyrin domain [PYD]-
containing protein 3; also known as cryopyrin, 
PYPAF1 [pyrin-containing Apaf1-like protein 1] 
and CIAS1 [cold-induced auto inflammatory 
syndrome 1]) in the genesis of inflamma-
tion. Characterization of both the NALP1 and 
NALP3 inflammasomes has provided remark-
able insights into different mechanisms of 
innate immune responses and the regulation 
of one of the most important soluble mediators of 
inflammation, interleukin (IL)-1β.

IL-1β is considered the prototypic ‘multi-
functional’ cytokine, affecting nearly all cell 
types, either alone or in combination with other 
cytokines. Since its cloning in the early 1980s,3 
investigation of the diverse biological activities 
of IL-1β has significantly increased our under-
standing of the pathogenesis of several diseases, 
including type 1 diabetes,4 gout,5 and many 
autoinflammatory disorders, including the 
NALP3-associated disorders (familial cold auto-
inflammatory syndrome [FCAS], Muckle–Wells 
syndrome [MWS], chronic infantile neurologic, 
cutaneous and articular syndrome/neonatal 
onset multisystem inflammatory disease 
[CINCA/NOMID]), in addition to pyogenic 
sterile arthritis with pyoderma gangrenosum 
and acne (PAPA).6 This Review will focus on 
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inflamma somes—in particular, on the role 
of NALP3 in the regulation of IL-1β produc-
tion and the potential implications of IL-1β 
dysregulation in the pathogenesis of several of 
these disorders.

TOLL-LIKE RECEPTORS AND NOD-LIKE 
RECEPTORS
Innate immunity provides a rapid means 
of host defense by responding to microbial 
‘pattern’ molecules, such as cell-wall products 
(e.g. peptido glycan). Recognition occurs through 
a variety of germline-encoded pattern receptor 
molecules (PRMs), such as TLR family members, 
which sense extra cellular ligands. Recognition 
triggers a series of events that leads to the expres-
sion of many immune and inflammatory genes. 
To date, a total of 10 TLRs (TLR1–10) in humans 
and 12 TLRs (TLR1–9 and TLR11–13) in mice 
have been described.7 These are homologs of 
the prototype Toll molecule, which was origi-
nally identified in Drosophila melanogaster, and 
are arguably the most studied of the PRMs.8,9 
Endogenous cellular products asso ciated with 
tissue injury or self ‘danger’ signals, such as 
toxic compounds, defective nucleic acids, or 
the presence of normal cell components in 
atypical extracellular or intracellular locations, 
can also stimulate innate immune mechanisms 
through NLRs.10,11 The NLR family of PRMs 
includes 22 members in humans. The NLRs 
are the cytoplasmic counterparts of TLRs and 
sense microbial patterns that gain access to the 
cell, in addition to various metabolic stresses. 
Nucleotide-binding oligomerization domain 
(NOD) 1 and NOD2 were the first NLRs 
reported to function as intracellular sensors, 
recognizing distinct substructures of bacterial 
peptidoglycan. The NLR family broadly encom-
passes 5 members of the NOD subfamily, 14 
NALPs, IPAF (IL-1β-converting enzyme [ICE]-
protease-activating factor), NAIPs (neuronal 
apoptosis inhibitor factors), and CIITA (major 
histocompatibility complex [MHC] class II 
transactivator).12 The basic structural features 
and immunology of the NLR system have 
been reviewed in detail.13,14 Briefly, NLRs are 
character ized by three domains: an N-terminal 
effector domain, which can be a PYD, a caspase-
recruitment domain (CARD), or a baculovirus 
inhibitor of apoptosis protein repeat (BIR);1 
an intermediary nucleotide-binding domain 
(NBD; NACHT or NAD); and a C-terminal LRR 
domain (Figure 1).

The ligands and functions of many of these 
NLRs are still being identified (Supplementary 
Table 1 online); NOD2 recognizes muramyl 
dipeptide, a molecular motif released from 
peptidoglycan that is common to Gram-negative 
and Gram-positive bacteria.15 NOD2 muta-
tions have been identified as determinants of 
genetic susceptibility to Crohn’s disease, but 
the pathogenic role of these mutations remains 
unclear.16,17 Mutations in the NACHT domain 
of NOD2 also underlie susceptibility to Blau 
syndrome, an autosomal-dominant condition 
comprising granulomatous arthritis, iritis, and 
skin rash.18,19 These mutations are thought to 
lead to excessive downstream basal activity of 
the transcription factor nuclear factor κB.20 
Interestingly, the three residues in the NACHT 
domain of NOD2 affected by mutations in Blau 
syndrome correspond to the same positions of 
pathogenic mutations in the NACHT domain 
of the closely related NALP3 protein that cause 
susceptibility to CINCA/NOMID, FCAS, and 
MWS.20 More recently, NOD2 mutations have 
also been implicated in early-onset sarcoid-
osis, a disease with similar clinical features to 
Blau syndrome.21

Much intracellular crosstalk occurs between 
TLRs and NLRs, which might lead to the gener-
ation of pro-IL-1β and other inflammatory 
cytokines, including IL-18 and IL-33.22–24 For 
instance, TLR ligands, such as lipo polysaccharide, 
induce activation of nuclear factor κB, thereby 
triggering gene expression and synthesis of pro-
IL-1β. Conversion of pro-IL-1β to its active form 
requires not only activation of caspase 1 (also 
known as IL-1β-converting enzyme),25 but also 
a second stimulus to induce the formation of 
the inflamma some, to enhance the proteolytic 
maturation and secretion of IL-1β.14

NALPS
NALPs form the largest family of PYD-
containing proteins; the human genome contains 
14 NALP genes (NLRP [NLR family, pyrin-
domain-containing] is the Human Genome 
Organization [HUGO] Gene Nomenclature 
Committee approved nomenclature for NALP 
genes but, because this topic is currently one 
of active discussion, the NALP nomenclature 
in current use is used here). Genomic analysis 
implies that these genes have evolved through 
duplication events. Several NALP genes, such 
as NALP2, NALP4, and NALP7 in humans, are 
apparent paralogs of mouse loci.
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As outlined above, NALPs comprise an 
N-terminal PYD domain, a NACHT domain, 
and a variable number of LRRs (Figure 1). LRRs 
are short repeat motifs (22–28 residues) that are 
found in a variety of cytoplasmic, membrane, 
and extracellular proteins, including TLRs and 
plant resistance proteins, both of which sense 
pathogens via this domain. Although NALPs 
have a wide range of functions, most seem to be 
involved in protein–protein interactions.

THE INFLAMMASOMES
Inflammasomes are multiprotein cytoplasmic 
complexes that mediate the activation of 
inflamma tory caspases: caspase 1 can be activated 
by both the NALP1 and NALP3 inflammasomes, 
whereas only the NALP1 inflammasome activates 
caspase 5. Caspase 1 cleaves pro-IL-1β to IL-1β 
and also activates IL-18 and IL-33; in this manner, 
the enzyme controls the maturation of some 
of the proinflammatory cytokines. The NALP1 
inflammasome, which was the first molecular 
platform to be described, is a large intra cellular 
complex composed of caspase 1, caspase 5, 
NALP1, and an adaptor known as apoptosis-
associated speck-like protein containing a CARD 
(ASC).26 However, several other inflammasomes 
have subsequently been identified.

The NALP3 inflammasome
NALP3, which is probably the best understood of 
the different NALPs, is involved in the recognition 
of numerous exogenous and host ligands.27 The 
different components of the NALP3 inflamma-
some include NALP3 itself, CARDINAL (which 
is thought to be a functional homolog of the 
C-terminus of NALP1), ASC, and caspase 1.28 
After being processed by caspase 1, IL-1β is secreted 
together with the active caspase 1 molecule 
(Figure 2).29,30

The mechanisms of activation of the NALP3 
inflammasome are gradually being deciphered; 
it recognizes a range of compounds, including 
bacterial RNA, ATP, and uric acid crystals (hence 
the acute inflammation observed in gout), 
and the antiviral imidazoquinoline compounds 
R837 and R848.31,32 NALP3 activation is also 
triggered by low concentrations of intracellular 
potassium33 and by UVB ultraviolet light;34 
sensing of these stimuli causes NALP3 to oligo-
merize, recruit ASC and caspase 1, and form an 
active inflammasome complex (Figure 2).35,36

Inflammasome activity can be dampened 
down by a variety of cytoplasmic proteins, 
including pyrin,37 a protein associated with 
susceptibility to familial Mediterranean fever 
(FMF).38 Recently, NALP3 has been proposed to 
be involved in the sensitization phase of contact-
hypersensitivity allergic responses. Mice that lack 
either ASC or NALP3 have impaired contact-
hypersensitivity responses to skin irritants, such 
as trinitrophenylchloride, 2,4,6,-trinitrochloro-
benzene, and 2,4-dinitrofluorobenzene.39,40 
Dinitrofluorobenzene can trigger the release of 
IL-1β in keratinocytes and dendritic cells, which 
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Figure 1 Domain structure of several Nod-like receptors (NLRs). For 
comparison, the structure and domains of seven of the more prominent NLR 
family members are shown. The CARD domain depicted in CIITA is only 
present in some splice forms; the majority of transcripts encoding CIITA do 
not have a CARD. Abbreviations: AD, activation domain; BIR, baculovirus IAP 
(inhibitor of apoptosis protein) repeat; CARD, caspase-recruitment domain; 
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domain with function to find; IPAF, interleukin 1β-converting enzyme protease-
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implies that these irritants might directly acti-
vate NALP3.39 These findings demonstrate an 
involvement of the NALP3 inflammasome in 
the T-cell-dependent contact-hypersensitivity 
response and provide further support for a 
role of NLRs in linking innate and adaptive 
immune responses.

INTERLEUKIN 1β
One of the main functions of IL-1β is as a 
pyrogenic cytokine, produced mainly by blood 
monocytes. IL-1β is normally produced in 
response to infection, injury, or immunologic 
challenge;28 at minimal concentrations, it 
causes fever, hypo tension, and production of 
additional proinflamma tory cytokines, such 
as IL-6. The IL-1 family has expanded from 
the three founding members (IL-1α, IL-1β, 
and the IL-1 receptor antagonist [IL-1Ra]) to 
include IL-18, IL-33, and five other members 
(on the basis of amino acid sequence conserva-
tion and identity of either the gene or the three-
dimensional structure).22–24,41 The synthesis 
and release of IL-1β is very tightly regulated 
(unlike that of other cytokines, such as tumor 
necrosis factor);28 the immune system has 
evolved several mechanisms to regulate exces-
sive production or dysregulation of IL-1β, from 
transcription of the IL1B gene to cleavage of 
the 35 kDa pro-IL-1β precursor to generate the 
mature 17 kDa product.42 Several proteins—in 
particular, some CARD-containing proteins, 
such as the CARD-only protein (COP), Iceberg, 
the caspase 1 inhibitor proteinase inhibitor 9 
(PI-9), and pyrin—are believed to regulate IL-1β 
production by interfering with the recruitment 
of caspase 1 or directly neutralizing caspase 1 
activity.43–45 Other putative negative regulators 
of inflammasome activity have been described, 
such as pyrin-only protein 1 (POP1; also known 
as ASC2) and POP2.46,47 Much current research 
is devoted to understanding the mechanisms 
of action of these molecules, considering their 
potential as therapeutic agents.

INFLAMMATORY DISORDERS 
AND INFLAMMASOMES
A growing number of systemic inflamma-
tory diseases, characterized by fever, anemia, 
and elevated levels of acute-phase proteins, 
have been linked to excessive production 
and bio activity of IL-1β; all these conditions 
respond, to varying degrees, to specific blockade 
of the IL-1R.48 Furthermore, several of these 

disorders are associated with abnormalities in 
NLR signaling pathways, as exemplified by the 
‘cryopyrinopathies’, which are also termed 
‘the CIAS1-associated periodic syndromes’.

Cryopyrinopathies
The cryopyrinopathies constitute a subfamily 
of the hereditary periodic fever syndromes, and 
the clinical presentation includes unexplained 
episodes of fever and severe localized inflamma-
tion.49 This entire family of autoinflammatory 
syndromes is characterized by unprovoked 
systemic inflammation in the absence of high 
titers of autoantibodies or antigen-specific 
T cells.50 MWS, FCAS, and CINCA/NOMID 
were originally thought to be distinct clinical 
entities but are actually part of a spectrum of 
symptoms, with CINCA/NOMID being the 
most severe and FCAS (previously described as 
familial cold urticaria [FCU]) being the mildest. 
The majority of these disorders are caused by 
missense mutations in the NACHT domain of 
the NALP3/CIAS1 gene and are prime exam-
ples of dysregulated processing and secretion of 
IL-1β.51–53 MWS, CINCA/NOMID, and FCAS 
usually develop during childhood and are typi-
cally inherited from an affected parent as auto-
somal-dominant traits, although an appreciable 
percentage of cases might also arise spontane-
ously. The NALP3/CIAS1 mutations are thought 
to result in a gain-of-function effect, probably 
through the loss of a regulatory step asso ciated 
with NALP3 inflammasome activation that 
causes excessive production of IL-1β.25,54 
Fortunately, all these patients respond favorably 
to IL-1Ra therapy, despite having undetectable 
circulating levels of IL-1β.55,56

FMF and PAPA 
Two additional autoinflammatory diseases, FMF 
and PAPA, which map to distinct genetic loci, also 
have abnormalities in the NALP3 inflamma some 
pathway. FMF, an autosomal-recessive disorder 
caused by mutations in the pyrin-encoding gene 
(MEFV), is the most prevalent of the hereditary 
periodic fever syndromes worldwide. PAPA, a rare 
autosomal-dominant autoinflammatory disorder 
characterized by the accumulation of sterile, 
pyogenic, neutrophil-rich material in the joints 
and disfiguring skin lesions, is caused by muta-
tions in CD2BP1/PSTPIP1, which encodes proline-
serine-threonine-phosphatase-interacting 
protein 1. This protein is involved in actin 
reorganization during cytoskeletal-mediated 
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events and interacts with pyrin through its Src 
homology 3 domain.57,58

Although these systemic autoinflammatory 
disorders are relatively rare, identification of 
the mutated genes has been fundamental in 
character izing the role of IL-1β in systemic 
inflammation, regardless of the cause.59

Gout and pseudogout
Gout is caused by abnormal purine metabolism 
and is associated with deposition of mono sodium 
urate (MSU) crystals in joints and peri articular 
tissues. Similarly, pseudogout arises from depo-
sition of calcium pyrophosphate dihydrate 
crystals, owing to unknown causes. Martinon 
et al. have shown that MSU and calcium pyro-
phosphate dihydrate crystals activate the NALP3 
inflammasome, which causes the production 
of active IL-1β and IL-18.5 IL-1β blockade 
reduced MSU-crystal-induced inflamma tion in 
a mouse model.5 In a subsequent pilot study of 
10 patients with gout who had failed to respond 
to standard anti-inflammatory therapies, all 
patients responded to treatment with 100 mg/day 
of the IL-1Ra anakinra for 3 days.60 Refractory 
pseudo gout has also been successfully treated 
with anakinra.61

Systemic juvenile idiopathic arthritis 
and adult-onset Still’s disease
Systemic juvenile idiopathic arthritis (sJIA), a 
destructive, systemic inflammatory disease in 
children, shares many clinical, hematologic, 
and biochemical manifestations with the auto-
inflammatory syndromes; this has led to specu-
lation over whether sJIA should be reclassified 
as an autoinflammatory, rather than an auto-
immune, disease.62 Children suffering from 
sJIA present with systemic symptoms, including 
fever and/or rashes, that might precede the 
development of arthritis by months or years,63 
and dysregulated production of IL-1β has been 
proposed to underlie the pathogenesis of this 
disorder. Pascual et al. demonstrated that serum 
from sJIA patients could up regulate the expres-
sion of IL1A, IL1B, and other innate-immun ity 
genes in healthy controls.63 Furthermore, 
peripheral blood mononuclear cells from these 
patients produced excessive levels of IL-1β 
compared with healthy controls in vitro, and 
anakinra was effective in treating the disease,63 
which supported data from an earlier study.64

No mutations that affect IL-1β regulation 
have so far been identified in sJIA patients. 

Nevertheless, speculation remains that suscep-
tibility to sJIA might also involve mutations 
in particular inflammasome components. 
Considering the tight regulation of the synthesis, 
processing, and secretion of IL-1β, dysregula-
tion of IL-1β production, or indeed any of the 
naturally occurring IL-1Ra proteins, IL-1 type II 
decoy receptor proteins,65 or the soluble IL-1R 
accessory protein (IRAP),66 might contribute to 
increased activity of IL-1β in sJIA.

Significant elevation of IL-18 levels has been 
reported in the sera and synovial fluid of sJIA 
patients compared with other JIA patients;67,68 
however, it remains unclear whether this increase 
is a cause, or an effect, of the disease. IL-18 is 
also elevated in adult-onset Still’s disease 
(AOSD),69,70 a systemic inflammatory disease of 
unknown etiology that shares some clinical 
similarities with sJIA.71 AOSD presents with 
intermittent fevers, rashes, leukocytosis, 
increased levels of liver enzymes and lactate 
dehydrogenase, high levels of serum ferritin, 
lymphadenopathy, and splenomegaly. The use 
of anakinra in AOSD patients who are refrac-
tory to conventional therapies (estimated to 
be approximately 15%) has met with favor-
able results; several reports have documented 
its efficacy,64,72,73 and, in some cases, complete 
remission has been obtained.74 Interestingly, the 
levels of IL-18 usually remain elevated during 
disease remission,72 which supports a specific 
role for IL-1β in AOSD.

Schnitzler syndrome
Schnitzler syndrome is a disorder of unknown 
pathogenesis characterized by chronic, 
non pruritic urticaria, monoclonal gammo-
pathy, intermittent fevers, arthralgias/arthritis, 
bone pain, and lymphadenopathy; lympho-
plasmacytic malignancy occurs in at least 15% 
of patients. Early studies indicate that anakinra 
is an effective therapy for this disorder, because 
it has induced remission in most patients that 
have so far received the drug.75 Follow-up 
studies are in progress to establish how IL-1 
blockade might affect possible evolution to 
lymphoplasmacytic malignancy.

CONCLUSIONS
Inflammasomes and IL-1β are involved in the 
pathogenesis of several inflammatory disorders. 
The remarkable progress in this field has offered 
new hope for many patients with these dis orders 
and also highlighted the role IL-1β might have 
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in other inflammatory disorders, such as sJIA, 
AOSD, and rheumatoid arthritis (RA). The 
efficacy and efficiency of IL-1 blockade with 
anakinra in patients with MWS, FCAS, and 
CINCA/NOMID are countered by its short 
half-life (requiring daily subcutaneous injec-
tions) and diurnal variation in concentration. 
However, anakinra is a proof-of-principle for 
IL-1β blockade in these disorders, and a new 
generation of IL-1β antagonists can be antici-
pated in the near future. The development of 
antagonists with higher affinities and longer half-
lives will facilitate patient management and also 
assist patient compliance. It will also be necessary 
to determine whether disruption by anakinra of 
the vicious circle of IL-1β production induced by 
IL-1β is the major cause of decreased secretion 
of this cytokine following treatment or whether 
some other mechanism is involved.

The new generation of compounds that has 
been developed includes a long-acting fully 
humanized IL-1β antibody, a soluble IRAP, 
and IL-1 Trap (a combination of IL-1R type I 
and IRAP). An IL-1β monoclonal antibody is 
currently in phase II trials for both MWS and 
RA, and IL-1 Trap has received orphan drug 
designation by the US FDA for the treatment of 
cryopyrinopathies. A gene-therapy approach is 
also being developed to deliver IL-1β inhibitors. 
In a phase I clinical trial of nine post menopausal 
women affected by treatment-resistant RA, 
synoviocytes were transduced ex vivo with a 
recombinant retrovirus expressing an IL-1Ra 
and reinjected into multiple joints.76 The gene 
was expressed in all joints that received the trans-
gene, and the procedure was well tolerated by the 
patients. However, this regimen is currently too 
complex for routine use and the levels of IL-1Ra 
expression in vivo were not sufficiently high to 
ensure long-term anti-inflammatory levels.

In addition to these specific IL-1β-targeting 
agents, the development of caspase 1 inhibitors 
has shown encouraging results. In studies using 
the orally available prodrug VX-765, a potent, 
selective, competitive inhibitor of caspase 1, IL-1β 
secretion was blocked in lipopolysaccharide-
stimulated peripheral blood mononuclear cells 
from FCAS patients and control subjects.77 VX-765 
also reduced disease severity in a collagen-induced 
arthritis mouse model.78

Despite the increasing evidence for the 
involvement of IL-1β in tissue destruction 
and disease persistence in RA, and the benefit 
of blocking this pathway in animal models of 

RA, anakinra has provided little therapeutic 
benefit to RA patients. IL-1β is an extremely 
potent cytokine and must, therefore, be blocked 
continuously, which might explain, in part, the 
limited efficacy of anakinra in RA. In systemic 
autoinflammatory disorders, anakinra has direct 
‘access’ to its IL-1β target in the blood; this is 
not the case in RA, in which the deleterious 
effects of IL-1β are mediated primarily in the 
joints. Constitutively blocking cytokines might 
interfere with the efficiency of the immune 
system to cope with infection. This difficulty 
has been most publicized with the use of anti-
tumor necrosis factor therapies and consequent 
increase in rates of Mycobacterium tuberculosis 
infection. To date, few opportunistic infec-
tions have been reported with the long-term 
use of anakinra, although the first case of tuber-
culosis reactivation in an RA patient treated 
with anakinra has recently been reported.79 The 
results of clinical trials of other IL-1β inhibitors 
will, therefore, provide valuable information on 
the use of IL-1β inhibition in the treatment of 
RA and other rheumatic diseases.

Supplementary information in the form of a 
table is available on the Nature Clinical Practice 
Rheumatology website.

KEY POINTS
■ The NALP1 and NALP3 inflammasomes, both 

located in the cytoplasm, detect intracellular 
infection and cooperate with Toll-like receptor-
mediated pathways to induce a rapid and 
appropriate response to invading pathogens 
and genotoxic stress

■ Mutations in either pyrin or NALP3 are 
associated with susceptibility to innate 
immune-mediated diseases; aberrant  
processing of interleukin (IL)-1β occurs in all 
the ‘cryopyrinopathies’, as well as in gout 
and pseudogout

■ IL-1β blockade is remarkably effective for 
many of these conditions; however, IL-1β 
antagonists with higher affinities and longer 
half-lives than anakinra are required

■ Further investigations into the role of 
inflammasomes in the pathogenesis of several 
autoimmune conditions, such as type 1 
diabetes and neoplastic conditions, can 
be expected

Nature.indt   1Nature.indt   1 28/11/07   9:46:50 am28/11/07   9:46:50 am



REVIEW

JANUARY 2008  VOL 4  NO 1   CHURCH ET AL.    NATURE CLINICAL PRACTICE  RHEUMATOLOGY  41

www.nature.com/clinicalpractice/rheum

References
1 Fritz JH et al. (2005) How Toll-like receptors and 

Nod-like receptors contribute to innate immunity in 
mammals. J Endotoxin Res 11: 390–394

2 Martinon F et al. (2005) NLRs join TLRs as innate 
sensors of pathogens. Trends Immunol 26: 447–454

3 Auron PE et al. (1984) Nucleotide sequence of human 
monocyte interleukin 1 precursor cDNA. Proc Natl 
Acad Sci USA 81: 7907–7911

4 Mandrup-Poulsen T et al. (1986) Affinity-purified 
human interleukin I is cytotoxic to isolated islets of 
Langerhans. Diabetologia 29: 63–67

5 Martinon F et al. (2006) Gout-associated uric acid 
crystals activate the NALP3 inflammasome. Nature 
440: 237–241

6 Church LD et al. (2006) Hereditary auto-inflammatory 
disorders and biologics. Springer Semin 
Immunopathol 27: 494–508

7 O’Neill LA (2006) How Toll-like receptors signal: what 
we know and what we don’t know. Curr Opin Immunol 
18: 3–9

8 Anderson KV et al. (1985) Establishment of dorsal-
ventral polarity in the Drosophila embryo: the induction 
of polarity by the Toll gene product. Cell 42: 791–798

9 Medzhitov R et al. (1997) A human homologue of the 
Drosophila Toll protein signals activation of adaptive 
immunity. Nature 388: 394–397

10 Matzinger P (2002) The danger model: a renewed 
sense of self. Science 296: 301–305

11 Shi Y et al. (2003) Molecular identification of a danger 
signal that alerts the immune system to dying cells. 
Nature 425: 516–521

12 Ting JP et al. (2006) CATERPILLERs, pyrin and 
hereditary immunological disorders. Nat Rev Immunol 
6: 183–195

13 Fritz JH et al. (2006) Nod-like proteins in immunity, 
inflammation and disease. Nat Immunol 7: 1250–1257

14 Mariathasan S et al. (2007) Inflammasome adaptors 
and sensors: intracellular regulators of infection and 
inflammation. Nat Rev Immunol 7: 31–40

15 Inohara N et al. (2003) Host recognition of bacterial 
muramyl dipeptide mediated through NOD2. 
Implications for Crohn’s disease. J Biol Chem 278: 
5509–5512

16 Ogura Y et al. (2001) A frameshift mutation in NOD2 
associated with susceptibility to Crohn’s disease. 
Nature 411: 603–606

17 Maeda S et al. (2005) Nod2 mutation in Crohn’s 
disease potentiates NF-kappaB activity and IL-1beta 
processing. Science 307: 734–738

18 Tromp G et al. (1996) Genetic linkage of familial 
granulomatous inflammatory arthritis, skin rash, and 
uveitis to chromosome 16. Am J Hum Genet 59: 
1097–1107

19 Miceli-Richard C et al. (2001) CARD15 mutations in 
Blau syndrome. Nat Genet 29: 19–20

20 van Duist MM et al. (2005) A new CARD15 mutation in 
Blau syndrome. Eur J Hum Genet 13: 742–747

21 Kanazawa N et al. (2005) Early-onset sarcoidosis and 
CARD15 mutations with constitutive nuclear factor-
kappaB activation: common genetic etiology with Blau 
syndrome. Blood 105: 1195–1197

22 Okamura H et al. (1998) Interleukin-18: a novel 
cytokine that augments both innate and acquired 
immunity. Adv Immunol 70: 281–312

23 Schmitz J et al. (2005) IL-33, an interleukin-1-like 
cytokine that signals via the IL-1 receptor-related 
protein ST2 and induces T helper type 2-associated 
cytokines. Immunity 23: 479–490

24 Carriere V et al. (2007) IL-33, the IL-1-like cytokine 
ligand for ST2 receptor, is a chromatin-associated 
nuclear factor in vivo. Proc Natl Acad Sci USA 104: 
282–287

25 Agostini L et al. (2004) NALP3 forms an IL-1beta-
processing inflammasome with increased activity in 
Muckle–Wells autoinflammatory disorder. Immunity 
20: 319–325

26 Dowds TA et al. (2004) Cryopyrin-induced interleukin 
1beta secretion in monocytic cells: enhanced activity 
of disease-associated mutants and requirement for 
ASC. J Biol Chem 279: 21924–21928

27 Martinon F et al. (2007) Inflammatory caspases and 
inflammasomes: master switches of inflammation. 
Cell Death Differ 14: 10–22

28 Dinarello CA (1998) Interleukin-1 beta, interleukin-18, 
and the interleukin-1 beta converting enzyme. Ann 
NY Acad Sci 856: 1–11

29 Martinon F et al. (2002) The inflammasome: 
a molecular platform triggering activation of 
inflammatory caspases and processing of proIL-beta. 
Mol Cell 10: 417–426

30 Martinon F et al. (2004) Identification of bacterial 
muramyl dipeptide as activator of the NALP3/
cryopyrin inflammasome. Curr Biol 14: 1929–1934

31 Kanneganti TD et al. (2006) Bacterial RNA and small 
antiviral compounds activate caspase-1 through 
cryopyrin/Nalp3. Nature 440: 233–236

32 Mariathasan S et al. (2006) Cryopyrin activates the 
inflammasome in response to toxins and ATP. Nature 
440: 228–232

33 Petrilli V et al. (2007) Activation of the NALP3 
inflammasome is triggered by low intracellular potassium 
concentration. Cell Death Differ 14: 1583–1589

34 Feldmeyer L et al. (2007) The inflammasome 
mediates UVB-induced activation and secretion 
of interleukin-1beta by keratinocytes. Curr Biol 17: 
1140–1145

35 O’Connor W Jr et al. (2003) Cutting edge: CIAS1/
cryopyrin/PYPAF1/NALP3/CATERPILLER 1.1 is an 
inducible inflammatory mediator with NF-kappa B 
suppressive properties. J Immunol 171: 6329–6333

36 Yu JW et al. (2006) Cryopyrin and pyrin activate 
caspase-1, but not NF-kappaB, via ASC 
oligomerization. Cell Death Differ 13: 236–249

37 Chae JJ et al. (2006) The B30.2 domain of pyrin, the 
familial Mediterranean fever protein, interacts directly 
with caspase-1 to modulate IL-1beta production. 
Proc Natl Acad Sci USA 103: 9982–9987

38 Samuels J et al. (1998) Familial Mediterranean fever at 
the millennium. Clinical spectrum, ancient mutations, 
and a survey of 100 American referrals to the 
National Institutes of Health. Medicine (Baltimore) 77: 
268–297

39 Watanabe H et al. (2007) Activation of the IL-1beta-
processing inflammasome is involved in contact 
hypersensitivity. J Invest Dermatol 127: 1956–1963

40 Sutterwala FS et al. (2006) Critical role for NALP3/
CIAS1/Cryopyrin in innate and adaptive immunity 
through its regulation of caspase-1. Immunity 24: 
317–327

41 Pizarro TT et al. (2007) Cloning IL-1 and the birth of a 
new era in cytokine biology. J Immunol 178: 
5411–5412

42 Dinarello CA (2007) Mutations in cryopyrin: bypassing 
roadblocks in the caspase 1 inflammasome for 
interleukin-1beta secretion and disease activity. 
Arthritis Rheum 56: 2817–2822

43 Lee SH et al. (2001) Cop, a caspase recruitment 
domain-containing protein and inhibitor of caspase-1 
activation processing. J Biol Chem 276: 34495–34500

44 Humke EW et al. (2000) ICEBERG: a novel inhibitor of 
interleukin-1beta generation. Cell 103: 99–111

45 Annand RR et al. (1999) Caspase-1 (interleukin-
1beta-converting enzyme) is inhibited by the human 
serpin analogue proteinase inhibitor 9. Biochem J 
342: 655–665

Nature.indt   1Nature.indt   1 28/11/07   9:46:50 am28/11/07   9:46:50 am



REVIEW

42  NATURE CLINICAL PRACTICE  RHEUMATOLOGY    CHURCH ET AL.   JANUARY 2008  VOL 4  NO 1

www.nature.com/clinicalpractice/rheum

46 Stehlik C et al. (2003) The PAAD/PYRIN-only protein 
POP1/ASC2 is a modulator of ASC-mediated nuclear-
factor-kappa B and pro-caspase-1 regulation. 
Biochem J 373: 101–113

47 Bedoya F et al. (2007) Pyrin-only protein 2 modulates 
NF-kappaB and disrupts ASC:CLR interactions. 
J Immunol 178: 3837–3845

48 Dinarello CA (2005) Blocking IL-1 in systemic 
inflammation. J Exp Med 201: 1355–1359

49 Kastner DL (2005) Hereditary periodic fever 
syndromes. Hematology Am Soc Hematol Educ 
Program 1: 74–81

50 McDermott MF (1999) Autosomal dominant recurrent 
fevers. Clinical and genetic aspects. Rev Rheum Engl 
Ed 66: 484–491

51 Hoffman HM et al. (2001) Mutation of a new gene 
encoding a putative pyrin-like protein causes familial 
cold autoinflammatory syndrome and Muckle–Wells 
syndrome. Nat Genet 29: 301–305

52 Feldmann J et al. (2002) Chronic infantile neurological 
cutaneous and articular syndrome is caused by 
mutations in CIAS1, a gene highly expressed in 
polymorphonuclear cells and chondrocytes. Am J 
Hum Genet 71: 198–203

53 Aganna E et al. (2002) Association of mutations in the 
NALP3/CIAS1/PYPAF1 gene with a broad phenotype 
including recurrent fever, cold sensitivity, sensorineural 
deafness, and AA amyloidosis. Arthritis Rheum 46: 
2445–2452

54 Gattorno M et al. (2007) Pattern of interleukin-1beta 
secretion in response to lipopolysaccharide and ATP 
before and after interleukin-1 blockade in patients 
with CIAS1 mutations. Arthritis Rheum 56: 
3138–3148

55 Hawkins PN et al. (2004) Spectrum of clinical features 
in Muckle–Wells syndrome and response to anakinra. 
Arthritis Rheum 50: 607–612

56 Hoffman HM et al. (2004) Prevention of cold-
associated acute inflammation in familial cold 
autoinflammatory syndrome by interleukin-1 receptor 
antagonist. Lancet 364: 1779–1785

57 Brydges S et al. (2006) The systemic autoinflammatory 
diseases: inborn errors of the innate immune system. 
Curr Top Microbiol Immunol 305: 127–160

58 Shoham NG et al. (2003) Pyrin binds the PSTPIP1/
CD2BP1 protein, defining familial Mediterranean 
fever and PAPA syndrome as disorders in the 
same pathway. Proc Natl Acad Sci USA 100: 
13501–13506

59 McDermott MF (2004) A common pathway in periodic 
fever syndromes. Trends Immunol 25: 457–460

60 So A et al. (2007) A pilot study of IL-1 inhibition by 
anakinra in acute gout. Arthritis Res Ther 9: R28

61 McGonagle D et al.: Successful treatment of resistant 
pseudogout with anakinra. Arthritis Rheum, in press

62 McGonagle D et al. (2006) A proposed classification of 
the immunological diseases. PLoS Med 3: e297

63 Pascual V et al. (2005) Role of interleukin-1 (IL-1) in 
the pathogenesis of systemic onset juvenile idiopathic 
arthritis and clinical response to IL-1 blockade. J Exp 
Med 201: 1479–1486

64 Verbsky JW et al. (2004) Effective use of the 
recombinant interleukin 1 receptor antagonist anakinra 
in therapy resistant systemic onset juvenile rheumatoid 
arthritis. J Rheumatol 31: 2071–2075

65 Colotta F et al. (1994) The type II ‘decoy’ receptor: a 
novel regulatory pathway for interleukin 1. Immunol 
Today 15: 562–566

66 Smith DE et al. (2003) The soluble form of IL-1 receptor 
accessory protein enhances the ability of soluble type II 
IL-1 receptor to inhibit IL-1 action. Immunity 18: 87–96

67 Lotito AP et al. (2007) Interleukin 18 as a marker of 
disease activity and severity in patients with juvenile 
idiopathic arthritis. J Rheumatol 34: 823–830

68 Maeno N et al. (2002) Highly elevated serum levels of 
interleukin-18 in systemic juvenile idiopathic arthritis 
but not in other juvenile idiopathic arthritis subtypes 
or in Kawasaki disease: comment on the article by 
Kawashima et al. Arthritis Rheum 46: 2539–2541

69 Kawashima M et al. (2001) Levels of interleukin-18 and 
its binding inhibitors in the blood circulation of patients 
with adult-onset Still’s disease. Arthritis Rheum 44: 
550–560

70 Choi JH et al. (2003) Serum cytokine profiles in 
patients with adult onset Still’s disease. J Rheumatol 
30: 2422–2427

71 Bywaters EG (1971) Still’s disease in the adult. Ann 
Rheum Dis 30: 121–133

72 Fitzgerald AA et al. (2005) Rapid responses to anakinra 
in patients with refractory adult-onset Still’s disease. 
Arthritis Rheum 52: 1794–1803

73 Rudinskaya A et al. (2003) Successful treatment of a 
patient with refractory adult-onset still disease with 
anakinra. J Clin Rheumatol 9: 330–332

74 Kotter I et al.: Anakinra in patients with treatment-
resistant adult-onset Still’s disease: four case reports 
with serial cytokine measurements and a review of the 
literature. Semin Arthritis Rheum, in press 

75 de Koning HD et al.: Schnitzler syndrome: beyond 
the case reports: review and follow-up of 94 patients 
with an emphasis on prognosis and treatment. Semin 
Arthritis Rheum, in press 

76 Evans CH et al. (2005) Gene transfer to human joints: 
progress toward a gene therapy of arthritis. Proc Natl 
Acad Sci USA 102: 8698–8703

77 Stack JH et al. (2005) IL-converting enzyme/caspase-1 
inhibitor VX-765 blocks the hypersensitive response 
to an inflammatory stimulus in monocytes from familial 
cold autoinflammatory syndrome patients. J Immunol 
175: 2630–2634

78 Wannamaker W et al. (2007) (S)-1-((S)-2-{[1-(4-amino-
3-chloro-phenyl)-methanoyl]-amino}-3,3-dimethyl- 
butanoyl)-pyrrolidine-2-carboxylic acid ((2R,3S)-2-
ethoxy-5-oxo-tetrahydro-furan-3-yl)-amide (VX-765), 
an orally available selective interleukin (IL)-converting 
enzyme/caspase-1 inhibitor, exhibits potent anti-
inflammatory activities by inhibiting the release of 
IL-1beta and IL-18. J Pharmacol Exp Ther 321: 509–516

79 Settas LD et al. (2007) Reactivation of pulmonary 
tuberculosis in a patient with rheumatoid arthritis during 
treatment with IL-1 receptor antagonists (anakinra). 
J Clin Rheumatol 13: 219–220

Competing interests
The authors declared no 
competing interests.

Nature.indt   1Nature.indt   1 28/11/07   9:46:50 am28/11/07   9:46:50 am



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG WEB PDF Job Options. 150dpi. 22nd September 2004. PDF 1.4 Compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


