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Abstract
The role of the potent proinflammatory cytokine IL-1 in disease could clinically be investigated
with the development of the IL-1 blocking agent anakinra (Kineret®), a recombinant IL-1 receptor
antagonist. It was first tested in patients with sepsis without much benefit but was later FDA
approved for the treatment of patients with rheumatoid arthritis. More recently IL-1 blocking
therapies are used successfully to treat a new group of immune-mediated inflammatory conditions,
autoinflammatory diseases. These conditions include rare hereditary fever syndromes and
pediatric and adult conditions of Still’s disease. Recently the FDA approved two additional longer
acting IL-1 blocking agents, for the treatment of cryopyrin-associated periodic syndromes
(CAPS), an IL-1 dependent autoinflammatory syndrome. The study of autoinflammatory diseases
revealed mechanisms of IL-1 mediated organ damage and provided concepts to a better
understanding of the pathogenesis of more common diseases such as gout and Type 2 diabetes
which show initial promising results with IL-1 blocking therapy.

History and Background
Interleukin1 (IL-1) is the prototype of a pro-inflammatory “alarm” cytokine that coordinates
responses to endogenous and exogenous danger to the organism; it particularly coordinates
the immune and hematologic responses. IL-1 was the first member of the family of IL-1
receptor molecules which currently consists of 11 members. IL-1α and IL-1β, both bind the
biologically active IL-1 receptor (IL-1R) Type I and the inactive receptor Type II. To form
an active signaling complex, the IL-1R Type I bound to either IL-1β or α, must associate
with the accessory protein (IL-1RAcP) (Fig. 1). In 1986 a soluble factor was isolated from
the urine of female patients that blocked the binding of IL-1 to its receptor.1 Four years later
this factor, the IL-1 receptor antagonist (IL-1Ra), was purified and cloned as the first
naturally occurring receptor antagonist that blocked the action of a cytokine.2 IL-1Ra is also
a member of the IL-1 family and has 26 to 30% homology with the gene structure of IL-1β
and 19% with that of IL-1α. Similar to the gene location of IL-1α und β, the gene location of
IL1RN is also on the human chromosome 2q14.3 As demonstrated in (Fig. 1), IL-1Ra
inhibits the formation of an IL-1 signaling complex and is an important negative regulator.
The balance between IL-1 and IL-1Ra is strictly regulated at many levels, and an imbalance
of IL-1 and IL-1Ra has been implicated as the cause or a severity factory in a number of
diseases.4 The discovery of two different autoinflammatory diseases that are mediated by
two distinct genetic abnormalities in the IL-1 pathway has demonstrated the phenotypic
manifestations of a dysregulated IL-1 pathway in human disease.

The majority of IL-1α is bound to the plasma membrane on monocytes and B cells or
remains inside the cell and may serve as an autocrine growth factor and as a DNA-binding
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transcription factor while IL-1β is produced primarily by macrophages upon stimulation
with microbial and nonmicrobial factors. Both cytokines lack a leader sequence. The events
necessary to lead to the secretion of IL-1α and IL-1β are still incompletely understood.
IL-1β is activated via an “inflammasome complex,” a molecular cytoplasmic platform that
activates pro-caspase-1, the enzyme that cleaves pro- IL-1β in to its active form.5 IL-1α and
IL-1β differ in their patterns of organ distribution. IL-1α is expressed in high levels (higher
than IL-1β) in lymphoreticular organs, intestine, spleen liver and lungs; it is dominantly
detected in the lumen facing epithelial cells, while IL-1β is expressed in higher levels than
IL-1α in privileged organs, such as kidney, heart, skeletal muscle and brain.6 IL-1β gets
rapidly activated and may coordinate a more restricted inflammatory response, it leads to
induction of IL-1β itself, TNF-α, MMPs, iNOS, COX-2 and PLA 2, depending on the target
cell type. IL-1β is the most powerful endogenous pyrogen known and has been implicated in
tissue damage and systemic symptoms of sepsis and several inflammatory diseases.4
Therefore IL-1 has been an early target in the therapy of a number of diseases but its path
through the recent medical history has been marked by failures and successes.

Clinical Studies with the IL-1 Receptor Antagonist
Sepsis

Early studies in the late 1980s suggested that IL-1 levels were elevated in patients with
sepsis and levels correlated with mortality. Blockade of IL-1β has attenuated the severity of
disease and mortality in experimental models of shock and sepsis.7 Although blockade of
IL-1 was effective in animal models, two major studies in sepsis have provided conflicting
results concerning the morbidity and mortality in humans. A phase II study in patients with
sepsis suggested that treatment with the recombinant IL-1 RA, anakinra, reduced 28-day all
cause- mortality in a dose-dependent manner, however a phase III trial failed to demonstrate
a reduction in the 28-day mortality (Table 1). Despite the negative effect on overall
mortality, subset analysis suggests that patients in shock or with gram negative sepsis are
likely to most benefit from treatment. These results await further clarification and
confirmation.

Rheumatoid Arthritis
Rheumatoid arthritis (RA), a chronic autoimmune disease is characterized by chronic
inflammation of the joint lining (synovial membrane) which causes pain and swelling of
multiple joints, primarily of the small joints of hands, feet and wrists. Over time,
uncontrolled disease results in progressive joint damage, disability and increased mortality.
Patients can be effectively treated with disease modifying antirheumatic drugs (DMARD)
including methotrexate and leflunomide. The evolving understanding of the immune
mechanisms that perpetuate the inflammatory response has led to the development of
effective targeted therapies that have revolutionized the treatment of patients with active
RA. Approved biologics for the treatment of RA include TNF-α blockade, elimination of B
cells and blocking of co-stimulatory pathways.8 IL-1 blockade has also been evaluated in
the treatment of RA and the clinical trials are summarized in Table 1. Treatment with
anakinra is well tolerated, opportunistic infections are rare compared to those seen with anti-
TNF agents, and injection site reactions are the most common side effects. Treatment with
anakinra is more effective than placebo, and addition of anakinra to methotrexate therapy in
patients with an inadequate response to methotrexate alone, significantly improved joint
swelling, pain and inflammatory blood markers as measured by ACR 20, ACR 50, and ACR
70 responses. However the inconvenience of daily injections of anakinra and the superior
clinical effect of other anticytokine therapies have made anakinra a less favored choice in
the treatment of rheumatoid arthritis.9 The clinical data of IL-1 blockade with anakinra in
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RA have raised the questions whether anakinra is not a “good enough drug” to block IL-1 in
RA or whether targeting IL-1 in RA is the wrong cytokine.

Autoinflammatory Diseases
Monogenic Autoinflammatory Diseases—The discovery of the genetic causes of a
rare group of diseases that were initially termed hereditary fever syndromes, led to the
definition of a new group of diseases which are now called “autoinflammatory diseases.”
Autoinflammatory diseases are a new group of immune dysregulatory disorders that are
distinct from infections, allergic diseases, immunodeficiencies, and autoimmune diseases
and are characterized clinically by recurrent episodes of systemic inflammation (elevation of
acute phase reactants), predominance of neutrophils in the inflammatory infiltrate, and by
organ-specific inflammation that can affect the skin, joints, bones, eyes, gastrointestinal
tract, inner ears, and the central nervous system. Infection, autoantibodies and antigen-
specific T cells are not identified in patients. Single gene mutations in a subset of the
“monogenic” autoinflammatory disorders have been identified in familial Mediterranean
fever, PAPA (pyogenic arthritis, pyoderma gangrenosum, and acne) syndrome and the
cryopyrin-associated periodic syndromes (CAPS), pediatric granulomatous arthritis (PGA),
and others. The identification of these genes has helped to pinpoint dysregulated
inflammatory pathways in the innate immune system and have linked the pathogenesis of
these disorders to exaggerated responses to endogenous or exogenous “danger” triggers.10
The currently identified autoinflammatory diseases with known genetic causes are listed in
Table 2.

CAPS and DIRA—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 paper, these
include the spectrum of cryopyrin associated periodic syndromes (CAPS) that is caused by
mutations in NLRP3, NALP31113 and deficiency of the IL-1 receptor antagonist (DIRA)
that is caused by homozygous mutations in the IL-1 receptor antagonist gene (IL1RN).
14,15NLRP3 (also NALP3) encodes a protein, cryopyrin, that is a major component of the
NLRP3 (NALP3 or cryopyrin) inflammasome, a macromolecular complex that activates
caspase-1 the enzyme that controls activation and secretion of bioactive IL-1β (Fig. 2). The
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
asbestos and silica, but also endogenous “danger signals” that get released for example when
cells are stressed or are dying and include uric acid.

Laboratory research and clinical investigations conducted in parallel revealed the pivotal
role of IL-1β in causing the clinical disease phenotype of CAPS. Historically CAPS is
described as three diseases, familial cold autoinflammatory syndrome (FCAS), Muckle
Wells syndrome (MWS), and neonatal onset multisystem inflammatory disease (NOMID)
also called chronic inflammatory neurologic, cutaneous and arthritis syndrome (CINCA).
The discovery that genetic mutations in exon 3 of the gene, NLRP3 or NALP3 cause all three
disease phenotypes have revealed that these syndromes are caused by IL-1β overproduction
and form a disease spectrum with FCAS being the mildest and NOMID the most severe
disease manifestation. The disease is autosomal dominantly inherited and a history of other
affected family members can be obtained from most patients with FCAS and MWS whereas
NOMID/CINCA is caused by sporadic mutations and no family history of CAPS is present.

All CAPS patients present with episodes of fever, urticarial rash, joint pain, and elevations
in acute phase reactants but differ in the spectrum of multiorgan disease manifestations and
in long-term morbidity and mortality. In FCAS the inflammatory episodes are triggered by
cold, can present outside of the neonatal period and flares last for 12–24 h long-term
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outcome is favorable and amyloidosis is rare. In MWS and NOMID/CINCA, episodes of
fever, urticarial rash, and arthritis are continuous and not provoked by cold and disease is
usually present at or around birth.

Conjunctivitis, episcleritis, anterior ureitis and optic disc edema are also seen; and in a
European cohort, amyloidosis was reported in up to 25% of patients with MWS. In MWS
progressive neurosensory hearing loss presents in the 2nd to 3rd decade. In NOMID up to
60% of patients present with abnormal bony overgrowth and all patients have significant
CNS inflammation. Physical disability in patients with NOMID is caused by joint
contractures and severe growth retardation. Cognitive impairment is secondary to perinatal
complications and central nervous system (CNS) inflammation, which includes chronic
aseptic meningitis, the development of ventriculomegaly, cerebral atrophy, and seizures.
Sensorineural hearing loss develops in most patients in the first decade of life, and
progressive vision loss can be a consequence of optic nerve atrophy caused by chronically
increased intracranial pressures. Other findings include short stature, frontal bossing, and
rarely, flattening of the nasal bridge. If untreated, the reported mortality is estimated to be
around 20% before patients reach adulthood.16

We recently found that homozygous mutations of IL1RN, the gene encoding the IL-1
receptor antagonist (IL-1Ra), cause a severe inflammatory disease with some similarity to
NOMID which has a high mortality in childhood. Mutations in IL1RN lead to complete
absence of IL-1Ra and thus unopposed action of IL-1 on the IL-1 receptor and presents with
systemic inflammation, skin pustulosis and mulitfocal osteomyelitis. Vasculitis and
pulmonary manifestations can occur. Patients with DIRA do not have CNS or inner ear
inflammation and respond dramatically to treatment with anakinra which is the very protein
these children are missing. The IL1RN mutations are present in founder populations in
Newfoundland, the Netherlands, and Puerto Rico and possibly Lebanon,14,15 and further
founder mutations have since been identified in two other populations (personal
communications). Heterozygous carriers are asymptomatic and have no detectable cytokine
abnormalities in vitro. Interestingly DIRA expands the spectrum of organs that can be
damaged by increased IL-1 signaling to bone inflammation and pustular skin lesions (Fig.
3).

Clinical Response to Treatment with IL-1 Blocking Agents in NOMID and DIRA
—The clinical results to IL-1 blockade are striking; patients with CAPS respond well to
treatment with anakinra and more recently the newer long acting IL-1 inhibitors (Table 3).

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, remission is also seen in 60% of patients with
NOMID. IL-1 blockade with anakinra in NOMID can reverse organ inflammation imaged
on MRI including CNS leptomeningitis and cochlear inflammation which is the cause for
progressive hearing loss.17 Preliminary data in very young children suggest that disability
may be prevented if therapy can be initiated early in life which requires early diagnosis (our
own unpublished data). The dose of anakinra needed to suppress inflammation in CAPS
depends on disease severity and clinical phenotype and is lowest in FCAS (0.5 to 1.5 mg/kg/
day in most patients) up to 3.5 to 6 mg/kg/day in patients with NOMID/CINCA. Despite
multiple open label studies showing the remarkable benefit of anakinra in 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, Arcalyst®, led to
the first FDA approved therapy for CAPS.18,19 A second long acting IL-1 inhibitor,
canakinumab, Ilaris®, also showed efficacy in CAPS and was recently approved by the
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FDA for the treatment of CAPS.20 Both agents were evaluated in patients with FCAS and
MWS.

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, HIDS, and TRAPS, and clinical responses were also reported in patients with Blau
and also PAPA syndrome.

In addition to the effect in monogenic diseases, a number of presumed polygenic
autoinflammatory diseases have also successfully been treated with IL-1 inhibition (Table
3). Some likely polygenic autoinflammatory diseases that share clinical similarities with
some monogenic autoinflammatory diseases show impressive responses to IL-1 blockade.
These include acute and chronic gout, pseudogout and the management of Schnitzler
syndrome, a rare acquired urticarial disease with clinical similarities to MWS that is also
associated with a monoclonal IgM gammopathy. A subset of patients with pediatric and
adult Morbus Still’s disease is also responsive to IL-1 blockade. A case report of a patient
with Behcet’s disease and the improvement in glucose tolerance in Type II diabetes treated
with IL-1 blockade suggest that IL-1 mediated organ damage is not only limited to a small
subset of rare diseases (Table 3).

Safety of IL-1 Therapy
The three currently approved drugs targeting IL-1 are listed in Table 4. All drugs are
generally well tolerated. In two studies up to 71% of patients treated with anakinra
developed an injection site reaction, which was typically reported within the first 4 weeks of
therapy. The development of injection site reactions was uncommon after the first month of
therapy. The incidence of infection was 40% in the anakinra-treated patients and 35% in
placebo-treated patients. The incidence of serious infections in studies was 1.8% in
anakinra-treated patients and 0.6% in placebo-treated patients over six months. These
infections consisted primarily of bacterial events such as cellulitis, pneumonia, and bone and
joint infections, rather than unusual, opportunistic, fungal, or viral infections. Most patients
continued on study drug after the infection resolved. There were no on-study deaths due to
serious infectious episodes in either study. In patients who received both anakinra and
etanercept for up to 24 weeks, the incidence of serious infections was 7%. The most
common infections consisted of bacterial pneumonia (4 cases) and cellulitis (4 cases). One
patient with pulmonary fibrosis and pneumonia died because of respiratory failure.53

The most commonly reported adverse reaction associated with Rilonacept was an injection
site reaction. In 360 patients treated with Rilonacept and 179 treated with placebo, the
incidence of infections was 34% versus 27% for rilonacept and placebo. One
Mycobacterium intracellulare infection after bursal injection and a death from Streptococcus
pneumoniae meningitis occurred.54 In the canakinumab studies injection site reactions
occurred in up to 9% of patients and up to 14% of patients developed vertigo with the
injections.55

Summary
The discovery of the genetic causes for a number of monogenic autoinflammatory diseases
in general and the discovery of mutations in NLRP3/NALP3/CIAS1 that cause CAPS and
mutations in IL1RN that cause DIRA in particular, have resulted in profound advances in our
understanding of the role of IL-1 in human diseases. In CAPS the genetic defects lead to the
oversecretion of IL-1β and in DIRA the absence of IL-1 receptor antagonist leads to
unopposed signaling of IL-1α and IL-1β through the IL-1 receptor. Through clinical studies
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with IL-1 blocking agents, the pivotal role of IL-1 in causing not only the systemic
inflammation but also the organ specific disease has linked the discovery of the genetic
cause, the understanding of the immunopathogenesis with the choice of a rational treatment
approach. Following the disappointment of anti IL-1 therapy in sepsis and rheumatoid
arthritis, the successes of anti-IL 1 therapy in the treatment of monogenic autoinflammatory
diseases have not only clearly demonstrated the prominent role of IL-1 in human diseases,
but also illustrate the success of molecular biology in exploring human diseases, and in
developing a medical practice guided by our understanding of the disease pathogenesis and
the rational use of targeted therapies. The expansion of the role of IL-1 in genetically
complex diseases is justified by recent studies showing benefit of using IL-1 blockade in
gout and Type II diabetes. Better equipped with the availability of novel long-acting
biologics that block the IL-1 pathway, and the development of small orally administered
molecules that target the IL-1 pathway and the inflammasome, the exploration of the IL-1
pathway in a broad spectrum of human diseases can continue.
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Figure 1.
IL-1 receptor signaling. IL-1α and IL-1β can bind to the IL-1R1 receptor which recruits the
accessory receptor. This receptor complex forms a signaling unit (ACP). However binding
of the IL-1 receptor antagonist to the IL-1R1 receptor inhibits IL-1 binding and does not
allow for association with the ACP and therefore no signaling through the receptor occurs.
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Figure 2.
The Inflammasome, an IL-1 activating platform. Cryopyrin (NLRP3, NALP3, CIAS1) is a
key molecule in regulating an inflammatory cytokine processing platform. Cryopyrin, ASC,
Cardinal and two procaspase-1 molecules assemble to form, the cryopyrin inflammasome
that activates caspase-1. Active caspase-1, enzymatically cleaves inactive IL-1β into its
active form.

Goldbach-Mansky Page 17

Ann N Y Acad Sci. Author manuscript; available in PMC 2011 April 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Clinical manifestations of NOMID/CINCA and DIRA. (A) to (D) depict characteristic
clinical manifestations of patients with NOMID; (E) to (G) depict characteristic clinical
manifestations of DIRA. (A) NOMID presents with an urticaria like rash, however the
cellular infiltrate is neutrophilic consistent with neutrophilic dermatitis. (B) Radiographic
findings of the knee show tumor like hyperostotic lesions originating in the growth plate.
Once ossification is completed, the bone of these lesions is histologically normal. (C)
Postcontrast FLAIR MRI of the inner ears shows abnormal cochlear enhancement
suggestive of cochlear inflammation. (D) Postcontrast FLAIR MRI of brain show
leptomeningeal enhancement. (E) Shows generalized pustulosis seen in a 3-month-old
infant. (F) A hip X-ray shows heterotrophic ossification or periosteal cloaking of the
proximal femoral metaphysic and periosteal elevation of the diaphysis. (G) Typical
radiographic manifestations on a chest X-ray include widening of multiple anterior ribs
(arrows).
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Table 3

Selected Clinical Studies in some Autoinflammatory Diseases SyndromeStudy

Syndrome Study

Monogenic Disorders*

Familial Mediterranean Fever (FMF) 29–31

TNF receptor associated periodic syndrome (TRAPS) 32–34

Hyper IgD syndrome (HIDS 35,36

CAPS (FCAS) 37

CAPS (Muckle Wells Syndrome) 18–20

CAPS (NOMID/CINCA) 17

Pediatric granulomatous arthritis (PCA)§ 38

PAPA syndrome¶ 39

Polygenic disorders**

SOJIA*** 40–45

AOSD**** 46–48

Gout 49,50

Behcet’s disease 51

Diabetes Type
 II52 II52

*
1. Monogenic disorders are caused by a homozygous or heterozygous mutations in genes associated with the modulating innate immune

pathways.

§
2. Pediatric granulomatous arthritis (PGA) is the term applied to the syndromes formerly described as Blau syndrome, a familial form of

granulomatous disease, and early onset sarcoidosis, a sporadic form.

¶
3. Pyogenic arthritis, pyoderma gangrenosum, and acne (PAPA) syndrome.

**
4. These likely polygenetic diseases do not have any genetic mutations or polymorphisms identified yet but are believed to be caused by genetic

predispositions.

***
5. Only studies with more than 10 patients are listed; systemic onset juvenile idiopathic arthritis (SOJIA).

****
6. Only studies with more than 5 patients are listed; adult onset still's disease (AOSD).
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