Mechanisms of allergic diseases
(Supported by an educational grant from Merck & Co., Inc.)
Series editors: Joshua A. Boyce, MD, Fred Finkelman, MD, William T. Shearer, MD, PhD, and Donata Vercelli, MD

Autoinflammation: The prominent role of IL-1 in monogenic
autoinflammatory diseases and implications for common
illnesses
Raphaela Goldbach-Mansky, MD, MHS, and Daniel L. Kastner, MD, PhD

INFORMATION FOR CATEGORY 1 CME CREDIT
Credit can now be obtained, free for a limited time, by reading the review
articles in this issue. Please note the following instructions.
Method of Physician Participation in Learning Process: The core material for these activities can be read in this issue of the Journal or online at
the JACI Web site: www.jacionline.org. The accompanying tests may only
be submitted online at www.jacionline.org. Fax or other copies will not be
accepted.
Date of Original Release: December 2009. Credit may be obtained for
these courses until November 30, 2011.
Copyright Statement: Copyright Ó 2009-2011. All rights reserved.
Overall Purpose/Goal: To provide excellent reviews on key aspects of
allergic disease to those who research, treat, or manage allergic disease.
Target Audience: Physicians and researchers within the field of allergic
disease.
Accreditation/Provider Statements and Credit Designation: The
American Academy of Allergy, Asthma & Immunology (AAAAI) is accredited by the Accreditation Council for Continuing Medical Education
(ACCME) to provide continuing medical education for physicians. The
AAAAI designates these educational activities for a maximum of 1 AMA

Bethesda, Md

PRA Category 1 Creditä. Physicians should only claim credit commensurate with the extent of their participation in the activity.
List of Design Committee Members: Authors: Raphaela GoldbachMansky MD, MHS, and Daniel L. Kastner MD, PhD
Activity Objectives
1. To define monogenic and polygenic autoinflammatory disorders.
2. To describe the role of the NALP3/NLRP3 inflammasome.
3. To define the role of IL-1 and its receptor antagonist in autoinflammatory processes.
4. To compare the molecular and clinical features of the autoinflammatory diseases neonatal-onset multisystem inflammatory disease
(NOMID/CINCA) and deficiency of the IL-1 receptor antagonist
(DIRA).
Recognition of Commercial Support: This CME activity is supported
by an educational grant from Merck & Co., Inc.
Disclosure of Significant Relationships with Relevant Commercial
Companies/Organizations: The authors are employees of the National
Institutes of Health.

The discovery of the genetic causes of a rare group of immunemediated inflammatory conditions that mimic infections and
allergic conditions in their clinical presentation and the
molecular understanding of the function of the mutated
molecules in these diseases has led to a revolution in our
understanding of the pathogenesis of systemic and local
inflammation. The proteins mutated in a number of these
so-called autoinflammatory diseases are part of, or regulate the
activity of, intracellular molecular complexes, the
inflammasomes, that sense ‘‘danger’’ to the body and coordinate
an initial immune response. Our understanding of specific
triggers of the inflammasomes, coupled with the recognition that
inflammasomes are critical for activation of the
proinflammatory cytokine IL-1, has provided a rational and
very effective target in the treatment of a number of these rare

autoinflammatory diseases. In addition, the ongoing discovery of
the role of inflammasomes and IL-1 activation and secretion in a
number of genetically complex disorders have fundamentally
changed our view of disease pathogenesis in a growing number
of disorders that were heretofore not even thought of as
‘‘immunologic’’ diseases. (J Allergy Clin Immunol
2009;124:1141-9.)
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The concept of autoinflammation was initially developed about
10 years ago after the genetic causes of 2 hereditary fever
syndromes, familial Mediterranean fever (FMF)1,2 and the former
familial Hibernian fever,3 were identified by means of positional
cloning. The FMF mutations occurred in a novel gene, Mediterranean fever gene (MEFV), which encodes the protein pyrin. Mutations in the p55 TNF receptor led to the renaming of familial
Hibernian fever as TNF receptor–associated periodic syndrome
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Abbreviations used
CAPS: Cryopyrin-associated periodic syndromes
CNS: Central nervous system
DIRA: Deficiency of the IL-1 receptor antagonist
FCAS: Familial cold autoinflammatory syndrome
FDA: US Food and Drug Administration
FMF: Familial Mediterranean fever
IL-1R: IL-1 receptor
IL-1Ra: IL-1 receptor antagonist
IL-1RAcP: IL-1 receptor accessory protein
IL1RN: IL-1 receptor antagonist gene
MWS: Muckle-Wells syndrome

(TRAPS). Both diseases present with episodic occurrences of
fever, sterile serositis, and other more variable inflammatory
manifestations but lack the clinical and laboratory markers that
indicate adaptive immune dysregulation, such as autoantibodies
and antigen-specific T cells. There is no evidence of infection,
allergy, or immunodeficiency; disease triggers in these 2 disorders
are not obvious, but nonspecific factors, such as stress and minor
infections, are often reported to induce flares.
In subsequent years, the genes causing at least 10 Mendelian
autoinflammatory diseases have been described and are listed in
Table I. In 1999, 2 Dutch groups independently reported that
mutations in the mevalonate kinase gene cause hyperimmunoglobulinemia D with periodic fever syndrome.4,5 In 2001, mutations
in another previously unknown gene that encodes the then-novel
protein cryopyrin were found to cause the autosomal dominant
disorders familial cold autoinflammatory syndrome (FCAS) and
Muckle-Wells syndrome (MWS).6 The following year, mutations
in this same gene were identified in patients with neonatal-onset
multisystem inflammatory disease (NOMID; also known as
chronic infantile neurologic, cutaneous, and arthritis [CINCA]
syndrome),7,8 which occurs as a sporadic disease because of the
reduced reproductive fitness often associated with these severe
mutations. The discovery of the genes underlying pyogenic arthritis, pyoderma gangrenosum, and acne9; Blau syndrome10; earlyonset sarcoidosis11; Majeed syndrome12; cherubism13; FCAS214;
and, most recently, the deficiency of the IL-1 receptor antagonist
(DIRA)15,16 have opened our awareness to yet more genes and
pathways, many of which have not been fully characterized.
Other systemic autoinflammatory diseases with presumed
more complex modes of inheritance include systemic-onset
juvenile idiopathic arthritis; adult-onset Still disease; the
syndrome of periodic fever with aphthous stomatitis, pharyngitis,
and cervical adenitis (PFAPA); Behcxet disease; and chronic
recurrent multifocal osteomyelitis (CRMO). The discovery that
gout is caused by increased activation of the NALP3 (NLRP3) inflammasome by uric acid crystals has illustrated the role of the
NALP3 (NLRP3) inflammasome in common diseases. The concept of autoinflammation is currently evolving, and the ongoing
discovery that innate immune dysregulation is also seen in
patients who were thought to have classical autoimmune diseases,
such as systemic lupus erythematosus and rheumatoid arthritis,
indicates that in many polygenic/complex inflammatory diseases,
abnormalities in the innate immune system and adaptive system
jointly contribute to disease.17 A recent extensive review explores
the concept of autoinflammation in diseases with mutations or
immune dysregulation not only involving inflammasome
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components with aberrations in the IL-1 pathway but also involving nuclear factor kB activation, protein misfolding, complement
regulation, cytokine signaling, and macrophage activation, reflecting the growing list of diseases that are thought to have evidence of autoinflammation.18
A major conceptual breakthrough in understanding autoinflammatory diseases has come from Hoffman et al’s 2001
discovery6 that mutations in the cryopyrin gene cause FCAS
and MWS.6 The gene that encodes cryopyrin is variously called
CIAS1, NALP3, NLRP3, and, rarely, PYPAF1 and is a major
component in the assembly of the NALP3 (NLRP3) inflammasome, an intracellular molecular complex that links the immune
system’s ability to sense danger to a first response to such challenges by activating the crucial proinflammatory cytokine
IL-1b. Despite the pivotal role of IL-1 in a number of autoinflammatory diseases, it is by no means the only cytokine pathway involved, but its exploration has certainly been aided by the
availability of IL-1–inhibiting drugs for therapy. Thus this
review will focus on the description of 2 autoinflammatory
syndromes in which the significant contribution of IL-1 to the
disease’s pathogenesis has been confirmed in clinical trials
with IL-1 inhibition.

THE INFLAMMASOME AS SENSOR OF DANGER
AND INSTIGATOR OF AUTOINFLAMMATION
Our immune system has evolved to protect our bodies against
microbial infections and cellular waste that accumulate when
cells are damaged or die. Two types of immune defense systems
have emerged. The recognition of exogenous and endogenous
danger by the innate immune system is mediated through patternrecognition receptors, which we inherit and are not subject to
adaptation or fine tuning through gene rearrangement or somatic
mutation as we get older. Receptors of the innate immune system
bind invariant microbial molecules, such as microbial cell wall
components. On the other hand, the recognition of foreign
antigens by the adaptive or acquired immune system is mediated
by receptors on T and B cells that undergo somatic mutation,
rearrangement, and specific selection and therefore allow fine
tuning of the receptor specificity in response to antigen contact.
This mechanism allows the development of a highly diverse
T- and B-cell receptor repertoire and enables the development of
immunologic memory.19
The NALP3 (NLRP3, cryopyrin) protein, which is mutated in
cryopyrin-associated periodic syndromes (CAPS), and its structurally related cousin NOD2 (C-terminal caspase recruitment
domain 15), which is mutated in patients with pediatric granulomatous arthritis and some patients with Crohn disease, have structural homology with plant resistance proteins20 and have
established an important role of these phylogenetically conserved
molecules in the recognition and response to danger in the human
organism. In contrast to other pathogen-recognition receptors,
such as most Toll-like receptors, the family of NOD-like receptors
to which NLRP3 and NOD2 belong are intracellular sensors.21
NOD-like receptors have been shown to form active multimolecular complexes called inflammasomes that, in the case of the most
often studied NALP3 inflammasome (Fig 1), result in increased
caspase-1–mediated IL-1b processing and secretion.22 The
NALP3 inflammasome can be triggered by a number of exogenous stimuli or ‘‘danger signals’’ that include conserved microbial
components and large inorganic crystalline structures, such as
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TABLE I. Monogenic autoinflammatory syndromes
Disease

Year mutation
published

Gene/protein

Inheritance pattern

FMF (MIM 249100)

1997

MEFV/pyrin

AR

TRAPS
(MIM 191190)

1999

TNFRSF1A/
TNFRSF1A,
TNFR1, p55

AD

2001

CIAS1 or
NLRP3/cryopyrin
or NLRP3 or
NALP3
CIAS1 or
NLRP3/cryopyrin
or NLRP3 or
NALP3
CIAS1 or
NLRP3/cryopyrin
or NLRP3 or
NALP3

CAPS
FCAS (MIM
120100)

Specific organ
inflammation

Skin, joints,
peritoneum, pleura

AD

First 6 mo of life, cold <24 h
induced

Skin, eyes, joints

AD

Infancy to
adolescence

24-48 h

Skin, eyes, joints,
inner ears,
meninges (mild)

Neonatal or early
infancy

Continuous with
flares

Skin, eyes, joints,
inner ears,
meninges, bony
epiphyseal
hyperplasia
Skin, eyes, joints,
serosa, prominent
lymph nodes

2001

NOMID
(MIM 607115)

2002

HIDS (MIM 260920)

1999

PGA (MIM 186580)

2001 and 2005*

PAPA (MIM 604416)

2002

Majeed syndrome
(MIM 609628)
Cherubism (MIM
118400)

2005

NOD2 or
CARD15/NOD2
or CARD15
CD2BP1 or
PSTPIP1/CD1BP1
or PSTPIP1
LPIN2/LPIN2

2001

SH3BP2/SH3BP2

AD

FCAS2 (MIM
611762)
DIRA (MIM 612852)

2008

NLRP12/NLRP12
or NALP12
IL1RN/IL-1Ra

AD

2009

Flare/fever pattern

80% of the cases
1-3 d
occur before the
age of 20 y
Median age at onset 1-6 wk
of 3 y

MWS
(MIM 191900)

AD/de novo

MVK/mevalonate
kinase (MK)

Disease onset

AR

Median age at onset 3-7 d
6 mo

Skin, eyes, joints,
peritoneum, pleura

AD/de novo

Early childhood

Continuous

Skin, eyes, joints

AD

Early childhood

Prolonged flares

Skin, joints

AR

Early infancy
(1-19 mo)
Childhood,
spontaneous
remission by 3rd
decade
Childhood, cold
induced
Neonatal or early
infancy

Weeks to months

Bones, periosteum,
anemia
Jaws, eyes (rare)

AR

Continuous early in
life

2-10 d, 1-3 3 per
month
Continuous with
flares

Skin, hearing, joints,
aphthous ulcers
Skin, bones, lungs
(rare), vasculitis
(rare)

AD, Autosomal dominant; AR, autosomal recessive; CARD15, C-terminal caspase recruitment domain; DIRA, deficiency of the IL-1Ra caused by autosomal-recessive loss-offunction mutations of IL1RN; HIDS, hyperimmunoglobulinemia D with periodic fever syndrome; MIM, Mendelian inheritance in man number; MVK, mevalonate kinase gene;
PAPA, pyogenic arthritis, pyoderma gangrenosum, and acne syndrome; PGA, pediatric granulomatous arthritis encompasses the familial Blau syndrome and the sporadic earlyonset sarcoidosis (MIM 609464); TRAPS, TNF receptor–associated periodic syndrome.
*The gene for the familial disease Blau syndrome was identified in 2001, and that for the sporadic form, sporadic early-onset sarcoidosis, was identified in 2005.

asbestos and silica, but also endogenous danger signals that get
released, for example, when cells are stressed or are dying and
include uric acid, ATP, and DNA and RNA fragments. Given
the diversity of stimuli that activate the NALP3 inflammasome,
it is likely that it is triggered by intermediate homeostatic changes
in the cell (the guard hypothesis) rather than by direct binding, as
has been shown for the plant resistance proteins.

IL-1 AS A PROTOTYPIC ‘‘ALARM’’ CYTOKINE
IL-1 helps coordinate the immune system’s early response to
exogenous and endogenous danger, serving as a prototypic alarm
cytokine.23 IL-1a and IL-1b were the first members to be described in a now 11-member family of IL-1 molecules that includes at least one IL-1 receptor antagonist (IL-1Ra)

molecule.24,25 The genes for 9 members of this family (all except
IL-18 [IL-1F4] and IL-33 [IL-1F11]) are encoded in a cluster on
the long arm of chromosome 2. In addition, the type I and II IL1 receptors belong to a different 10-member family that also includes an accessory receptor (IL-1 receptor accessory protein
[IL-1RAcP, IL-1R3]). Whereas IL-1b must be proteolytically
cleaved from its 31-kd precursor form to its 17-kd fragment to
be activated, the precursor form of IL-1a is already biologically
active. IL-1a and IL-1b both bind to the IL-1 receptor (IL-1R)
type I and to the ‘‘decoy’’ type II receptor, which lacks the intracellular Toll-like receptor domain needed for signaling.
When IL-1b or IL-1a bind to the IL-1R type I, the IL-1 receptor
accessory protein (IL-1RAcP, IL-1R3) associates with the IL-1/
IL-1R1 complex, thus approximating the intracellular Toll-like
receptor domains of the type I IL-1R and the IL-1RAcP into a
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FIG 1. The NALP3 (NLRP3) inflammasome and IL-1b–activating platform. The NALP3 (NLRP3) inflammasome is a macromolecular complex that cleaves pro–IL-1b to its biologically active form by bringing 2
molecules of pro–caspase-1 in close apposition with one another. NALP3/NLRP3, also known as cryopyrin,
is comprised of an N-terminal pyrin domain (PYD), a NACHT domain, and a C-terminal leucine-rich repeat
(LRR). The PYD of NALP3/NLRP3 binds the N-terminal PYD of the adaptor protein ASC (apoptosis-associated
speck-like protein with a caspase recruitment domain) by homotypic interactions. The C-terminal caspase
recruitment domain (CARD) of ASC binds the N-terminal CARD of pro–caspase-1, again through homotypic
interactions. The NACHT domain of NALP3/NLRP3 binds the N-terminal FIIND domain (domain with function to find) of Cardinal. The C-terminal CARD of Cardinal recruits a second molecule of pro–caspase-1 to the
complex. With induced proximity, the 2 pro–caspase-1 molecules undergo autocatalysis, liberating 2 catalytically active p20 and 2 catalytically active p10 domains, which form a heterotetramer capable of cleaving
pro–IL-1b.

dimer that recruits MyD88 and initiates the signaling cascade.
This process is tightly regulated at a number of levels, one of
which is through the IL-1 receptor antagonist (IL-1Ra), which
can bind the type I IL-1R but is unable to simultaneously engage
the IL-1RAcP. Thus the IL-1Ra competitively inhibits the formation of active IL-1R1/IL-1RAcP signaling complexes, thus preventing the proinflammatory signaling of IL-1a and IL-1b (Fig
2). IL-1Ra was first isolated in 1986 as a soluble factor from
the urine that competed with IL-1a and IL-1b for binding to their
receptor.26 In 1990, IL-1Ra was the first naturally occurring cytokine receptor antagonist to be purified and have its gene cloned.27
IL-1Ra has 26% to 30% homology to the gene structure of IL1b and 19% to that of IL-1a. The IL-1 receptor antagonist gene
(IL1RN) is encoded in the gene cluster on human chromosome
2q14, which also includes the genes for IL-1a and IL-1b.23 The
balance between IL-1 and IL-1Ra is crucial in distinguishing
proinflammatory and anti-inflammatory outcomes, and in a growing number of diseases, an imbalance of IL-1 and IL-1Ra seems to
influence disease severity.28 The discovery that CAPS and DIRA
are phenotypically distinct autoinflammatory diseases that are
mediated by molecular lesions in 2 different proteins in the IL1 pathway underscores the nuances and complexity of the
pathway.
As noted above, IL-1b is activated when it is cleaved by the
inflammasome. Because it is the most powerful endogenous
fever-inducing molecule (pyrogen) known, there are multiple
checkpoints to control its production and effects, including both

FIG 2. IL-1 receptor signaling. IL-1a and IL-1b can bind to the IL-1R1
receptor, which recruits the accessory receptor (IL-1ACP). This receptor
complex forms a signaling unit. However, binding of the IL-1Ra to the IL1R1 receptor inhibits IL-1 binding and does not allow for association with
the accessory receptor, and therefore no signaling through the receptor
occurs.

the regulation of inflammasome activation and the control of its
end-organ activity through IL-1Ra. Although the major sources of
IL-1b are blood monocytes, tissue macrophages, and dendritic
cells,24 it should be noted that leukocytes producing this cytokine
are found in immunologically privileged organs, such as the
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FIG 3. Clinical manifestations of NOMID/CINCA and DIRA. A through D, Clinical images of NOMID. Fig 3, A,
shows an urticaria-like rash in a patient with NOMID. Fig 3, B, demonstrates the characteristic bony proliferation within the growth plate, as indicated by red arrows. Fig 3, C, indicates cochlear enhancement in a
patient with NOMID pretreatment. Fig 3, D, shows resolution of cochlear enhancement (cochleitis) in the
same patient after 3 months’ treatment with anakinra. E through G, Clinical images of DIRA. Fig 3, E, shows
a pustular rash on the neck, arm, and trunk. Fig 3, F, shows heterotopic bone formation and periosteal elevation on the proximal femurs bilaterally (red arrows). Fig 3, G, shows pathognomonic widening of multiple
anterior ribs in a neonate with DIRA (red arrowheads).

kidney, heart, skeletal muscle, and brain.29 Release of IL-1b leads
to induction of IL-1b itself, TNF, inducible nitric oxide synthase,
COX-2, prostaglandin E2, nitric oxide, and type 2 phospholipase
A, depending on the target cell type. In contrast to IL-1b, the
biologic activity of IL-1a is not dependent on the inflammasome,
and the biologically active IL-1a precursor is present intracellularly (and might be released with cell death) and on the cell membrane.24 IL-1a is expressed at high levels in epithelial cells, such
as in the intestine and lungs, as well as lymphoreticular organs,
such as the spleen and liver. Because IL-1 plays such a pivotal
role in the initiation of inflammation, it has been an important
therapeutic target, although the most impressive results of targeting IL-1 have occurred only recently as this strategy has been used
in the treatment of autoinflammatory diseases.

EARLY CLINICAL STUDIES WITH IL-1RA IN SEPSIS
AND RHEUMATOID ARTHRITIS
Based on the observation that IL-1b blockade had attenuated
the severity of disease and mortality in experimental models of
shock and sepsis,30 clinical trials of the recombinant IL-1Ra anakinra were conducted in the early 1990s to asses its utility in these
2 conditions. The results of a phase II study suggested a possible
benefit, with anakinra reducing 28-day all-cause mortality in a
dose-dependent manner.31 However, based on a subsequent phase
III trial that failed to demonstrate a reduction in 28-day mortality,32 it was not approved for this indication. Several years later,
anakinra was US Food and Drug Administration (FDA) approved
for the treatment in rheumatoid arthritis, an autoimmune disease
characterized by chronic inflammation of the joint lining (synovial membrane). Although anakinra is well tolerated despite its
requisite daily dosing and common injection site reactions, anti-

TNF agents appear to have superior clinical efficacy in patients
with rheumatoid arthritis.33 To date, there have been no trials
published indicating that other IL-1–blocking agents are more
effective than anakinra in patients with rheumatoid arthritis.
Two disorders that are caused by dysregulated IL-1 responses
with remarkable clinical responses to IL-1 blockade will be
discussed in detail in this article. These include the spectrum of
CAPS that is caused by mutations in NLRP3 (NALP3, CIAS1)6-8
and DIRA that is caused by homozygous mutations in the IL-1 receptor antagonist gene (IL1RN).15,16 Selected clinical trials data
with IL-1–blocking agents in other autoinflammatory diseases
will also be briefly discussed.

CAPS
Clinical presentation
Historically, CAPS was described not as a single entity but as 3
different disorders that were not recognized as related to one
another until their common genetic cause was established. These
diseases are familial cold urticaria (now known as FCAS), MWS,
and NOMID, which was first named CINCA syndrome. These
conditions were initially not recognized as related because
of striking differences in severity, multiorgan disease manifestations, and long-term morbidity and mortality, although they do
share manifestation of episodic fever and urticaria-like rash (Fig
3, A) and increases in acute-phase reactants. Although patients
with MWS or NOMID typically present with an urticaria-like
rash at birth, patients with FCAS might present later in life. Patients with FCAS present with a classical history of ‘‘cold-induced’’ episodes of inflammation that manifest with fever,
urticaria-like rash, joint pain, conjunctivitis, and headaches. Episodes can last for 12 to 48 hours and then subside. Although
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TABLE II. Clinical features of NOMID and their response to IL-1–blocking therapy

Inflammation

Symptoms/signs

End-organ damage

Preventable
Partially reversible if damage not
permanent
Further progression is halted

Systemic inflammation
Conjunctivitis, anterior and posterior
uveitis, subcorneal infiltrates
Papilledema
Cochleitis
Leptomeningitis

Fever, headaches
Eye pain, cloudy vision

Amyloidosis in 30%
Retinal scarring, corneal clouding

Yes*
Yes*

Headache
Progressive reversible hearing loss
Headache, CSF pleocytosis

Progressive optic nerve atrophy
Progressive permanent hearing loss
Hydrocephalus, brain atrophy,
cognitive impairment

Yes*
Yes*
Leptomeningitis is fully reversible,
hydrocephalus only when treated
early, evidence of halting further
progression is emerging

Bony enlargement

Bone and joint pain

Deformities, contractures

Maybe preventable with early
treatment, but once a lesions is
formed, progression is not halted
with treatment.

CSF, Cerebrospinal fluid.
*Applies to all categories.

patients suffer from these attacks, in most cases long-term outcome is favorable, and amyloidosis is rare.34
In patients with MWS, episodes of fever, urticarial rash, and
arthritis can be continuous and in most instances are not provoked
by cold. Conjunctivitis, episcleritis, and optic disc edema are also
seen, and progressive perceptive hearing loss develops in the
second to fourth decade; in a European cohort amyloidosis was
reported in up to 25% of patients.35,36
NOMID was first described in 2 siblings with a continuous rash
from birth, lymphadenopathy, uveitis, and mental retardation.37
Anne Marie Prieur coined the acronym CINCA syndrome and asserted that it is distinct from systemic-onset juvenile idiopathic arthritis (or pediatric Still disease). Dr Prieur observed that
abnormal bony overgrowth of the knees and chronic meningitis
were seen in children with CINCA (NOMID) that were absent
in the patients with Still disease.38,39 The characteristic arthropathy seen in patients with NOMID is caused by uncontrolled overgrowth of the patella and epiphyses of the long bones (Fig 3, B)
and presents in up to 60% of patients.40 Joint contractures are
an important cause of disability, but the most serious manifestations of NOMID are the consequence of chronic aseptic meningitis. Resulting central nervous system (CNS) manifestations
include increased intracranial pressure, ventriculomegaly, cerebral atrophy, seizures, sensorineural hearing loss that begins in
childhood and can lead to deafness, progressive vision loss caused
by optic nerve atrophy from chronically increased intracranial
pressures, and mental retardation.42,43 Other findings include
short stature, frontal bossing of the skull, and, rarely, flattening
of the nasal bridge. If untreated, the reported mortality in patients
with NOMID is reported to be 20% before adulthood.43
FCAS, MWS, and NOMID/CINCA are all transmitted in an
autosomal dominant fashion. However, although a history of
other affected family members can usually be elicited from
patients with FCAS and MWS, NOMID/CINCA often occurs as a
de novo mutation, with no family history of CAPS. It should be
noted that this is often due to the fact that, in the past, many patients with NOMID never had children. With effective treatment,
this picture is likely to change. Laboratory research and clinical
investigations conducted in parallel revealed the pivotal role of
IL-1b in causing the clinical disease phenotype of CAPS. The

discovery that genetic mutations in exon 3 of the gene NLRP3
(NALP3, CIAS1) cause all 3 disease phenotypes explains the
IL-1b overproduction seen in all 3. These illnesses comprise a
disease spectrum, with FCAS being the mildest and NOMID
the most severe disease on the continuum. Nevertheless, up to
40% of patients with clinical NOMID have no demonstrable mutations in NLRP3, suggesting the likelihood that mutations will
eventually be found in other inflammasome-related genes.
Patients with FCAS, MWS, and NOMID often receive diagnoses late in life, when IL-1–mediated organ damage has already
occurred. Early on, patients often receive misdiagnoses of
allergies or viral infections, and the correct diagnosis is often
only made when the patients are much older and might have
permanent hearing loss. An early clue to the correct diagnosis can
be obtained from a careful history. A nonpruritic rash that might
burn or even sting but rarely itches and the presence of a
neutrophilic dermal infiltrate on a skin biopsy specimen can
help to make an early diagnosis. Microscopic examination of
lesional skin reveals a predominant perivascular neutrophilic
infiltrate, dermal edema, and dilated blood vessels, without the
presence of vasculitis, mast cells, or mast cell degranulation. The
latter are indicative of histamine release and are typically seen in
allergic urticarial skin rashes.44-46 The characteristic neutrophilic
infiltrate on skin histology should raise an early suspicion of an
autoinflammatory disease, including CAPS, which would allow
for timely treatment.

Clinical responses to treatment with IL-1–blocking
agents in patients with NOMID
The clinical results for IL-1 blockade are striking; patients with
CAPS respond well to treatment with anakinra and, more
recently, the newer, long-acting IL-1 inhibitors. Clinical studies
have shown significant improvement in the clinical symptoms of
CAPS, including rash, headaches, fevers, and joint pain, and
marked improvement in inflammatory markers, with remission in
many patients, even in 60% of patients with NOMID. IL-1
blockade with anakinra in patients with NOMID can reverse
organ inflammation imaged on magnetic resonance imaging,
including CNS leptomeningitis and cochlear inflammation (Fig 3,
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TABLE III. A comparison of NOMID/CINCA with DIRA

Gene
Functional consequence

Skin
Bone
CNS involvement

NOMID/CINCA

DIRA

CIAS1/NLRP3
Increased inflammasome
activation
(IL-1b, IL-18, IL-33)
Urticarial rash
Epiphyseal
overgrowth
Aseptic meningitis,
blindness, hearing loss

IL1RN
Decreased inhibition
of IL-1 (a and b)
Pustulosis
Multifocal
osteomyelitis
None known

C and D), which is the cause of progressive hearing loss.41 Preliminary data in very young children suggest that disability might be
prevented if therapy can be initiated early in life, which requires
early diagnosis (our own unpublished data). Clinical features that
lead to permanent IL-1–mediated organ damage and those that are
responsive to treatment with IL-1 blockade are listed in Table II.
The dose of anakinra needed to suppress inflammation in patients
with CAPS depends on disease severity and clinical phenotype
and is lowest in patients with FCAS (0.5-1.5 mg/kg/d in most patients) and up to 3.5 mg/kg/d in patients with MWS and up to 6
mg/kg/d in patients with NOMID/CINCA. Despite multiple
open-label studies showing the remarkable benefit of anakinra
in patients with CAPS, this drug has not been FDA approved
for the treatment of these conditions. However, recent successful
drug development programs with the long-acting IL-1 inhibitor
rilonacept (IL-1 Trap; Regeneron Pharmaceuticals, Inc, Tarrytown, NY), led to the first FDA-approved therapy for
CAPS.47,48 A second long-acting IL-1 inhibitor, canakinumab
(Novartis AG, Basel, Switzerland), also showed efficacy in patients with CAPS and was recently approved by the FDA for
the treatment of CAPS.49

DIRA
We recently reported a series of 9 patients with a severe
autoinflammatory condition with some similarity to NOMID who
had homozygous mutations in IL1RN.15 Eight of the 9 patients
had inactivating point mutations in IL1RN, whereas the remaining
patient, a child from Puerto Rico, harbored a 175-kb genomic
deletion that encompassed IL1RN and 5 other genes in the IL1
family (IL1F9, IL1F6, IL1F8, IL1F5, IL1F10, and IL1RN, from
centromere to telomere). In an accompanying case report in the
New England Journal of Medicine, another group reported an unrelated patient, also of Puerto Rican ancestry, with the same large
genomic deletion and similar clinical findings.16 The mortality of
our early reported cases included 3 of 9 identified patients during
early childhood. In recognition of the distinct clinical and genetic
features of this illness, we have proposed the name ‘‘deficiency of
the IL-1 receptor antagonist (DIRA)’’ to denote these patients.
Mutations in IL1RN lead to complete absence of IL-1Ra
protein and thus unopposed action of IL-1 on the IL-1 receptor
because the competitive antagonist is lacking. Affected children
present with their first symptoms within the first 2.5 weeks of
life. Fetal distress, pustular rash, joint swelling, oral mucosal
lesions, and pain with movement were common presenting
features. Over time, all children had cutaneous pustulosis, ranging
from discrete crops of pustules to generalized severe pustulosis or
ichthyosiform lesions (Fig 3, E). Similar to patients with NOMID,

lesional skin biopsy specimens show extensive neutrophilic infiltration in the dermis, but in contrast to NOMID, the neutrophils
are also present in the epidermis, and pustule formation along
the hair follicles, acanthosis, and hyperkeratosis are seen on
biopsy. Histopathologic evidence of vasculitis was observed in
the connective and fat tissue adjacent to bone in 1 patient,15 and
extensive thrombosis was found in another child.16 Pain and joint
swelling are early indicators of bone involvement, and extensive
epiphyseal ballooning, similar to the bony deformities seen in patients with NOMID, were observed in one of 3 children from
Puerto Rico. Radiographic characteristics of the bony lesions
include balloon-like widening of the anterior rib ends, which
was seen in all affected children; periosteal elevation along multiple long bones and heterotopic ossification around the hip; and
multifocal osteolytic lesions (Fig 3, F and G). Signs of cord compression were seen in one of several children who had vertebral
osteolytic lesions that led to vertebral collapse. Bone biopsy specimens are sterile, with variable histology showing purulent osteomyelitis, fibrosis, and sclerosis. Cerebral vasculitis/
vasculopathy was present in 1 patient on magnetic resonance
imaging, and pulmonary hemosiderosis with progressive interstitial fibrosis was seen in 1 patient who had died. Interestingly, most
children do not have high-grade fever despite a marked increase in
the erythrocyte sedimentation rate and C-reactive protein levels.
Therapy with DMARDs and high doses of corticosteroids only
partially controlled clinical symptoms and acute-phase reactants.
In contrast to patients with NOMID (Table III), patients with
DIRA do not have CNS or inner ear inflammation. Patients
with point mutations respond dramatically to treatment with anakinra, which is the recombinant form of the very protein these
children are missing. Patients with the genomic deletion exhibit
a gratifying but less complete response to anakinra. The IL1RN
mutations are present in founder populations in Newfoundland
The Netherlands, Puerto Rico, and possibly Lebanon.15,16 Heterozygous carriers are asymptomatic and have no detectable cytokine abnormalities in vitro. The clinical presentation early in
life can resemble that of neonatal sepsis and osteomyelitis. Failure to recognize and treat with anakinra can lead to the development of a severe inflammatory response syndrome and death from
multiorgan failure. The dramatic effect of treatment with anakinra
that can be lifesaving, makes the early recognition of this disease
very important.

IL-1 BLOCKADE IN OTHER AUTOINFLAMMATORY
DISEASES
Anakinra has also been used to prevent attacks and reduce
systemic inflammation in patients with colchicine-resistant
FMF,50-52 hyperimmunoglobulinemia D with periodic fever syndrome,53,54 and TNF receptor–associated periodic syndrome,55-57
and good responses were also reported in patients with Blau syndrome58 and some with pyogenic arthritis, pyoderma gangrenosum, and acne.59 In addition to the effect in monogenic
diseases, a number of presumed polygenic autoinflammatory diseases have successfully been treated with IL-1 inhibition. Some
likely polygenic autoinflammatory diseases that share clinical
similarities with monogenic autoinflammatory diseases also
show impressive responses to IL-1 blockade. These include acute
and chronic gout,60,61 pseudogout, and Schnitzler syndrome,62 a
rare acquired urticarial disease with clinical similarities to
MWS that is also associated with a monoclonal IgM
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gammopathy. A subset of patients with pediatric63-68 and adult
Morbus Still disease67,69,70 is also responsive to IL-1 blockade.
A case report of a patient with Behcxet disease71 and the improvement in glucose tolerance in type II diabetes treated with IL1 blockade72 suggest that IL-1 involvement and IL-1–mediated
organ damage are not only limited to a small group of rare diseases but that autoinflammation might be a concept that could
be useful in thinking about the pathogenesis and treatment of
some common diseases that are not traditionally thought to be immunologic diseases.

SUMMARY
The systemic autoinflammatory diseases are a group of
illnesses characterized by episodic or sometimes chronic inflammation without evidence of high-titer autoantibodies or antigenspecific T lymphocytes. Monogenic autoinflammatory diseases
are inborn errors of the phylogenetically ancient innate immune
system, with its predominance of myeloid cells and germline
receptors, whereas monogenic autoimmune diseases affect
primarily acquired or adaptive immunity, with its predominance
of lymphocytes and receptors that somatically rearrange and
mutate. There is accumulating evidence that some more common
polygenic immune disorders lie at the interface between autoinflammatory and autoimmune disease, combining elements of
innate and adaptive immunopathology. IL-1 is one of the key
mediators of the innate immune system, and several monogenic
autoinflammatory diseases show evidence of dysregulation of
IL-1 signaling. A macromolecular complex denoted the inflammasome cleaves IL-1b from its biologically inactive precursor
form to its 17-kd fragment, which is a major mediator of fever and
inflammation. The best studied of the various molecular variants
of the inflammasome is the NLRP3 (NALP3) inflammasome. In
CAPS (FCAS, MWS, and NOMID/CINCA) there is constitutive
activation of the NLRP3 inflammasome caused by autosomal
dominant mutations in the NLRP3 gene. This leads to excessive
IL-1b activation and varying degrees of inflammation, with the
most severe manifestations seen in patients with NOMID/
CINCA. The activation and effects of IL-1b are highly regulated.
The IL-Ra protein, which is encoded by the IL1RN gene, blocks
IL-1 signaling by competitively inhibiting binding of IL-1b to
its receptor. In a newly described autoinflammatory disease
denoted DIRA, patients have autosomal recessive, inactivating
mutations in the gene encoding IL-1Ra, leading to a profound
inflammatory phenotype. Although CAPS and DIRA exhibit similarities both phenotypically and immunologically, there are
important clinical differences that likely teach us about the differences between inflammasome and IL-1Ra expression in local tissues. Regardless of these differences, the recombinant IL-1Ra
anakinra shows marked efficacy in patients with both CAPS
and DIRA. With the recognition of the expanding spectrum of
autoinflammatory disease, and the corresponding involvement
of IL-1b in some of these other more genetically complex conditions, IL-1 is an attractive therapeutic target in a growing family
of illnesses that only recently were not suspected to be immunologically mediated.
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