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Abstract

The inflammatory cytokines IL-1a and IL-1b orchestrate local and systemic inflammatory responses under-

lying a broad spectrum of diseases. Three agents for reducing IL-1 activities are currently available.

Anakinra is a recombinant form of the naturally occurring IL-1 receptor antagonist. Anakinra binds to

the IL-1 receptor and prevents the activity of IL-1a and IL-1b. The soluble decoy receptor rilonacept

and the neutralizing mAb canakinumab block IL-1b. A mAb directed against the IL-1 receptor and a

neutralizing anti-human IL-1a are in clinical trials. The availability of therapies specifically targeting IL-1

unveiled the pathological role of IL-1-mediated inflammation in a broadening list of diseases. Conditions

effectively treated with agents blocking IL-1 range from classic rheumatic diseases, such as RA and gout,

to autoinflammatory syndromes, such as systemic JIA and FMF. However, IL-1 antagonism is also effect-

ive against highly prevalent inflammatory diseases, namely cardiovascular diseases and type 2 diabetes,

conditions that are frequently encountered as co-morbidities in patients with rheumatic diseases. Thereby,

IL-1 inhibition has the potential to lift the burden of disease for patients with rheumatic conditions, but also

to provide clinical benefits beyond the efficacy on osteoarticular manifestations.
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Rheumatology key messages

. IL-1 is a pro-inflammatory molecule playing a critical role in a broadening list of diseases.

. IL-1 neutralization is effective against rheumatological, autoinflammatory and inflammatory diseases, such as
cardiovascular diseases and diabetes.

. In patients with rheumatological conditions, IL-1 inhibition may provide clinical benefits beyond the efficacy on
osteoarticular manifestations.

Introduction

Unequivocal evidence on the role of IL-1 in orchestrating

inflammation comes from deficiency of IL-1 antagonist, a

genetic disease characterized by loss of function in IL-1

receptor antagonist (IL-1Ra). IL-1Ra is a naturally occur-

ring endogenous member of the IL-1 family, which blocks

the IL-1 receptor type 1. This receptor is expressed on all

nucleated cells; therefore, IL-1Ra hinders systemic in-

flammation induced by IL-1. Newborns with deficiency

of IL-1Ra rapidly succumb to rampant sterile inflamma-

tion, with neutrophil infiltration of skin, joints and bones

and high levels of IL-17 [1, 2]. Daily treatment with the

recombinant form of IL-1Ra, termed anakinra, promptly

reverses inflammation and prevents a fatal outcome.

Two different genes code for IL-1 activity: IL-1a and IL-

1b. Both bind to the same receptor, IL-1 receptor 1 (IL-

1R1), and recruit the same co-receptor, IL-1 receptor 3,

which initiates signal transduction. IL-1a is constitutively

expressed as a precursor in most mesenchymal cells [3].

This cytokine is found in the intestine, liver, lung and

kidney, in platelets and in epithelial cells of surface tissues

throughout the body, such as skin keratinocytes, mucosal

membranes and vascular endothelium [4]. During ischae-

mia followed by cell necrosis, IL-1a in endothelial cells is

released in membrane fragments termed apoptotic bodies

[5, 6], which induce neutrophil infiltration [4] and contribute

to vascular inflammation in vasculitis [7]. In contrast, IL-1b
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is not expressed in mesenchymal tissues, instead being

produced primarily by haematopoietic cells.

Synthesis and release of IL-1b

Mainly produced by blood monocytes, tissue macro-

phages and dendritic cells, IL-1b is not detected in healthy

tissues with standard assays. Although the rate-limiting

step in the production of IL-1b is transcription, synthesis

from mRNA also requires an additional signal, which is

provided by exogenous microbial products or exogenous

cytokines, such as TNF-a, IL-18, IL-1a or IL-1b itself [8]. In

fact, IL-1 induction of IL-1 is part of the mechanism of

autoinflammation. IL-1b is synthesized as an inactive pre-

cursor and requires proteolytic cleavage by caspase-1 for

activation. The activation of caspase-1, an intracellular

cysteine protease, requires the oligomerization of a com-

plex of intracellular proteins termed the inflammasome [9].

Activated caspase-1 cleaves the N-terminal amino acid of

the inactive pro-IL-1b, thus allowing the release of the

mature, active form of the cytokine.

The activation of the inflammasome represents an ef-

fective safety mechanism preventing deregulated release

of IL-1b. For example, blood monocytes from persons

with mutation in NLRP3 (also known as cryopyrin), a com-

ponent of the inflammasome, release significantly greater

levels of mature IL-1b [10]. Unrestricted activation of

caspase-1 and secretion of IL-1b characterize cryopyrin-

associated periodic syndrome (CAPS), clinically

manifesting as multi-organ sterile inflammation.

Autoinflammatory diseases are different
from autoimmune diseases

Autoinflammatory syndromes differ from autoimmune dis-

eases in that the pathogenesis does not revolve around

recognition of self-antigens by dysfunctional

T lymphocytes or autoantibodies. Rather, the hallmark of

autoinflammatory syndromes is uncontrolled monocyte/

macrophage-driven inflammation. Monocytes from pa-

tients with autoinflammatory diseases release more IL-

1b, but not TNF-a, compared with healthy persons

[11�13]. However, in many autoinflammatory diseases, a

specific mutation to account for the increased secretion

has not been determined. Fundamental differences in the

pathogenesis of autoimmune and autoinflammatory con-

ditions dictate the need for different treatment

approaches. While autoimmune diseases are treated

with a variety of cytokine-blocking agents, neutralizing

antibodies and inhibitors of cell migration [14], autoinflam-

matory diseases are characteristically responsive to IL-1

blockade. Although the hereditary autoinflammatory dis-

eases are rare, the clinical manifestations, biochemical

and haematological manifestations are common to many

inflammatory conditions, ranging from gout [15] to type 2

diabetes (T2D) [16]. These and several others are to some

extent responsive to IL-1 blockade.

Treating a broad spectrum of
inflammatory conditions with anakinra

The IL-1R1 is expressed in nearly all tissues and binds

both IL-1a and IL-1b. Thus, the receptor-blocking agent

anakinra antagonizes either IL-1a or IL-1b. Clinical effi-

cacy of anakinra, rather than cytokine levels, confirms

the role of IL-1 in a broad spectrum of inflammatory dis-

eases. For example, in severe IL-1-mediated inflammatory

conditions the amount of circulating IL-1b is in the pico-

molar range [17] and IL-1a is rarely found in the circula-

tion, but resolution of clinical disease is effectively

accomplished by anakinra.

Anakinra is currently approved for the treatment of RA

refractory to DMARDs and for the treatment of neonatal-

onset multisystem inflammatory disease, which is part of

the CAPS spectrum. As shown in supplementary Table

S1, available at Rheumatology Online, IL-1 blockade

with anakinra is used off label in the management of sev-

eral other rheumatological diseases, hereditary systemic

inflammatory diseases and systemic and local inflamma-

tory syndromes for which no genetic basis has been

found. Even without a genetic basis, increased release

of IL-1b from cultured monocytes has been demon-

strated, for example, in subjects with systemic onset JIA

[13]. The mAb canakinumab is approved for the treatment

of CAPS and of systemic onset JIA, whereas the soluble

decoy receptor rilonacept is approved only for the treat-

ment of CAPS. However, various inflammatory conditions

are also treated with mAbs targeting IL-1b (supplementary

Table S2, available at Rheumatology Online) or with rilo-

nacept (supplementary Table S3, available at

Rheumatology Online).

For some diseases, such as RA, the data discussed in

this review are derived from large randomized controlled

trials; in other cases, the data come from smaller studies

or case reports. Of note, clinical efficacy of anakinra is

often described in patients refractory to standard therapy

or common treatments, such as high-dose CSs, MTX and

anti-TNF-a agents.

RA and associated co-morbidities

The efficacy of anakinra in patients with RA, alone or in

association with MTX, was evaluated in several controlled

studies [18], which consistently documented a significant

reduction in disease severity, improvement in quality of

life, reduction of joint space narrowing and significant

slowing of radiographic joint damage and bone erosions

[19]. No direct comparison is available between the effi-

cacy of IL-1 blockade and other biologics, including TNF-

a blockers, which dominate the field of biologic treat-

ments for RA. Based upon indirect comparisons, anakinra

seemed moderately efficacious in inducing ACR re-

sponses [20, 21]. Currently, anakinra is mostly adminis-

tered to patients failing anti-TNF-a therapy or with

contraindications to blocking TNF-a, such as malignancy

or recurrent infections, particularly Mycobacterium tuber-

culosis infections. In patients refractory to anti-TNF-a
therapy, anakinra was shown to be effective in controlling
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disease activity [19, 22�25]. Similar to anakinra, the anti-

IL-1b mAb canakinumab has reduced disease severity in

RA patients, including those unresponsive to anti-TNF-a
therapies [26]. Unfortunately, there are no new trials of

canakinumab in RA, perhaps due to the overwhelming

number of agents competing for the same market.

Therefore, unlike anakinra, the long-term preservation of

joint function with canakinumab remains unstudied.

Compared with the general population, RA patients are

more prone to develop T2D as well as cardiovascular

events [27]. Given the favourable effects on these co-

morbidities [28], benefits of IL-1 blockade in RA may

extend beyond the efficacy on articular inflammation. IL-

1 is known to play a role in the progression of atheroscler-

osis, ischaemia�reperfusion injury and cardiac re-

modelling [29�32]. Anakinra was effective in two

randomized trials in ST-segment elevation myocardial in-

farction [33, 34]. In particular, anakinra added to standard

therapy for 14 days prevented left ventricular remodelling

and the development of congestive heart failure. Eighteen

months after ST-segment elevation myocardial infarction,

60% of patients in the placebo arm and no anakinra-trea-

ted patient had progressed to heart failure. A subsequent,

expanded trial yielded similar results, with greater benefits

observed in more severe cases [33]. The clinical improve-

ment was correlated with reductions in serum CRP, a

common marker of inflammation in patients with coronary

artery disease.

Previous ex vivo studies with human atrial heart strips

revealed that IL-1 suppresses contractile force [35].

Consistently, in patients with congestive heart failure, a

14-day course of anakinra was associated with improved

exercise performance paralleled by dramatic drops in

serum levels of IL-1b, CRP and IL-6, but not TNF-a [36].

Of note, RA patients receiving anakinra exhibited im-

proved cardiac contractility, even within 3 h of a single

administration [37, 38]. Anakinra was also evaluated in

patients with diastolic heart failure, a condition character-

ized by normal systolic function but impaired ventricular

diastolic filling, accounting for 50% of cases of congestive

heart failure. In a double-blind, placebo-controlled trial of

anakinra 100 mg for 14 days, anakinra-treated patients

exhibited increased peak oxygen consumption and a

75% decrease in CRP [39]. Given the high prevalence of

cardiac co-morbidities in RA patients, the benefits of IL-1

inhibition in this population are worth further exploration.

T2D and metabolic syndrome are major co-morbidities

of RA [40]. Several observations point towards IL-1-

mediated inflammation as pivotal in the progressive loss

of b cells leading to insulin resistance and T2D [41]. High

concentrations of glucose trigger IL-1b production from b
cells [42], and IL-1b gene expression in b cells is dramat-

ically elevated in T2D patients compared with b cells in

unaffected subjects [16]. Moreover, IL-1b contributes to b-

cell loss by promoting deposition of amyloid [43]. These

observations contributed to the rationale for testing ana-

kinra in T2D patients. In a randomized trial of anakinra for

13 weeks, insulin production and glycaemic control im-

proved and were associated with decreased levels of

CRP and IL-6 [44]. The reduction in IL-1-mediated islet

inflammation was sustained, because in the following 39

weeks responders used 66% less insulin to maintain gly-

caemic control [45]. This pilot study led to trials of anti-IL-

1b mAb in T2D; gevokizumab, canakinumab and

LY2189102 afforded comparable clinical benefits

[46�48]. These findings help to formulate a new concept

of T2D as a chronic inflammatory disease, in which IL-1-

driven inflammation results in progressive loss of b-cell

function [16].

As IL-1b production has been demonstrated in macro-

phages infiltrating human fat tissue [49], anakinra was also

tested in non-diabetic patients with metabolic syndrome

and was found to induce a decrease in CRP and a signifi-

cant increase in disposition index, thus reflecting im-

proved b-cell function [41].

Infection and cardiovascular disease are leading causes

of death in RA patients, diabetes being a burdensome

contributory factor [40]. Thus, an ideal treatment for pa-

tients with RA should not only palliate pain and dampen

articular damage, but also prevent or treat associated

co-morbidities with minimal adverse effects. Given the as-

sociation between cardiovascular disease and T2D, the

potential of IL-1 blocking agents to improve cardiovascu-

lar health and glucose metabolism is currently being as-

sessed in the large Canakinumab Anti-inflammatory

Thrombosis Outcome Study trial (CANTOS,

NCT01327846); the trial will test whether the dampening

of IL-1-mediated inflammation using canakinumab can

reduce the re-occurrence of ischaemic events in patients

with prior cardiovascular accidents, while also assessing

the potential clinical benefits of canakinumab administra-

tion in T2D.

Crystal arthritis

Monosodium urate crystals activate the inflammasome

and induce the release of IL-1b, probably in concert with

free fatty acids, thus accounting for nutrition-related flares

of gout [50]. Given the robust neutrophil infiltration in

gouty joints, extracellular processing by neutrophil en-

zymes may also have a role in the activation of IL-1b pre-

cursor [51]. Traditional options for managing acute flares

include colchicine and NSAIDs. Gout patients in whom

colchicine or NSAIDs are not tolerated, ineffective or con-

traindicated often require steroids to control disease

flares. Treatment with anakinra, canakinumab or rilona-

cept prompts a dramatic reduction in articular inflamma-

tion [52�55]. The benefits of IL-1 blockade with anakinra

are superior to those of steroids and result in more pro-

longed periods without flares; the shortest half-life among

IL-1 blockers is a bonus in the treatment of acute gouty

arthritis.

Recent randomized clinical trials [53, 55] compared s.c.

canakinumab with i.m. triamcinolone acetonide in the

treatment of acute gout flares. Data from these trials indi-

cate that, in comparison with triamcinolone, a single dose

of 150 mg of canakinumab is associated with superior

pain relief, resolution of joint swelling and overall treat-

ment response, but probably also with an increased risk
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of adverse events. No available studies have compared

canakinumab with common first-line therapeutic options,

such as NSAIDs or colchicine. In different trials, both

canakinumab and rilonacept were shown to be effective

in the prophylaxis of disease flares in patients initiating

urate-lowering treatment [56, 57]. In a separate trial, the

efficacy of a single s.c. injection of 320 mg of rilonacept

was deemed not to provide greater pain relieve than high-

dose indomethacin [58].

Similarly to gouty arthritis, pyrophosphate crystal arth-

ritis is highly responsive to anakinra [59, 60]. The efficacy

of anakinra was also demonstrated in another common

crystal-induced inflammatory condition, that is, acute

calcific periarthritis of the shoulder. In a pilot study on

five patients, a 3-day course of anakinra afforded

durable reduction of pain with normalization of in-

flammatory indexes, and almost restored normal shoulder

mobility [61].

OA and related conditions

Given that IL-1 is involved in the pathogenesis of OA, vari-

ous studies evaluated the efficacy of IA injections of ana-

kinra in patients with knee OA [62, 63]. Nevertheless,

benefits did not extend beyond 1 month, possibly due to

a short persistence of anakinra in the joint space, because

anakinra has a molecular weight of 20 000. Anakinra was

found to dampen pain and swelling in erosive OA of the

hand [64]. Systemic administration of antibodies to the IL-

1 receptor has also been evaluated, but only modest im-

provement was observed [65].

Hereditary autoinflammatory diseases

Hereditary autoinflammatory diseases are a spectrum of

conditions variably manifested with fever, neutrophilia,

debilitating fatigue, myalgia, arthralgia, gastrointestinal in-

volvement and skin rashes, with elevated inflammatory

markers. Clinical and haematological abnormalities are

characteristically reverted by IL-1 blockade. FMF is a

classic autoinflammatory disease characterized by recur-

rent fevers, leucocytosis and serositis. Episodes are typ-

ically self-limited in 3�5 days. The majority of patients bear

a mutation in the MEFV gene, coding for pyrin, a protein

involved in the activation of caspase-1 and release of

active IL-1b [66]. Colchicine is the mainstay of treatment

for FMF, but is ineffective in a fraction of patients.

Colchicine-resistant patients are successfully treated

with anakinra [67�70]. Given different pharmacokinetics

that result in a prolonged duration of action, canakinumab

may represent a suitable alternative in FMF patients

enduring frequent relapses.

IL-1 induces serum amyloid A, which is commonly ele-

vated in several chronic inflammatory diseases. Left un-

treated, IL-1-mediated diseases such as FMF and CAPS

lead to amyloidosis, a disease in which deposition of

amyloid fibrils in tissues results in severe organ dysfunc-

tion, including lethal kidney or heart failure. Treatment with

IL-1 blockers in FMF effectively controls chronic inflam-

mation and prevents progression to amyloidosis and

organ failure [67, 69, 71�73]. Intriguingly, amyloid

deposition in insulin-producing islets and brain is asso-

ciated with T2D and Alzheimer’s disease, respectively

[43, 74]. In both diseases, IL-1 blockade has been pro-

posed as a possible therapeutic strategy to hinder disease

progression.

Hyper-IgD syndrome

Hyper-IgD syndrome (HIDS) is an autosomal recessive

autoinflammatory disorder also known as mevalonate

kinase deficiency. The clinical picture features recurrent

fever, myalgia, skin rash, aphthous ulcers and lymphaden-

opathy lasting 4�6 days. Several intracellular pathways

link mevalonate kinase deficiency with activation of cas-

pase-1 and IL-1 production [75]. IL-1-blocking agents in

HIDS effectively reduced the frequency and severity of the

attacks [76].

CAPS and neurological complications

CAPS is the collective designation of three clinical entities:

familial cold autoinflammatory syndrome (FCAS),

Muckle�Wells syndrome and neonatal onset multi-

inflammatory disease (NOMID). In CAPS, mutations in

the NLRP3 inflammasome result in deregulated activation

of caspase-1, which leads to increased release of IL-1b
[11, 12, 77, 78]. FCAS, Muckle�Wells syndrome and

NOMID are characterized by clinical phenotypes of esca-

lating severity, ranging from self-limited episodes of fever,

myalgia and skin rash (FCAS) to chronic systemic inflam-

mation with major neurological complications and growth

retardation (NOMID). Anakinra, rilonacept and canakinu-

mab are highly effective in the treatment of CAPS [79�81].

A 2-year follow-up of canakinumab in 166 CAPS patients,

including cases with neurological involvement, confirmed

sustained efficacy and few side effects [82].

Neurological complications in CAPS reflect IL-1-

mediated inflammation in the brain. In one survey, 92%

of patients had headache with features of migraine, 54%

had sensorineural hearing loss and 46% had papilloe-

dema due to elevated intracranial pressure, often asso-

ciated with mental impairment [83]. Treatment with

anakinra or canakinumab leads to complete resolution of

neurological symptoms [82�84]. In particular, mental and

hearing impairment reverse upon IL-1 blockade [12, 80,

82, 85, 86].

Sensorineural hearing loss also occurs in vasculitis and

autoimmune inner ear disease. Patients experience rap-

idly progressive, often irreversible hearing loss. Treatment

relies on high-dose glucocorticoids, but many patients are

refractory or become unresponsive over time. In refractory

cases, elevated IL-1b was demonstrated in the circulation

and in monocyte cultures [87]. In a phase I/II open-label,

single-arm clinical trial in CS-resistant autoimmune inner

ear disease, 10 patients received anakinra for 84 days; of

these, 7 demonstrated audiometric improvement, paral-

leled by reduced IL-1b plasma levels [88].

TNF receptor-associated periodic syndrome

TNF receptor-associated periodic syndrome is an auto-

somal dominant disease caused by mutations in TNF
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receptor type 1 [89, 90], clinically manifesting as recurrent

bouts of fever. Lack of soluble TNF-a receptors, which

bind and neutralize circulating TNF-a, was postulated.

Nevertheless, clinical response to the soluble TNF-a
receptor etanercept is partial or absent in some patients

[91, 92]. Anakinra is effective in these refractory cases,

thus suggesting that IL-1 plays a role in this disease, as

in other autoinflammatory conditions [93�95].

Adult-onset Still’s disease

Adult-onset Still’s disease is a rare, systemic inflammatory

syndrome characterized by fever, a highly characteristic

rash, arthritis, neutrophilia and unusually elevated inflam-

matory indexes, particularly serum ferritin. Treatment with

CS and DMARDs controls the disease in 60% of cases

[96]; refractory cases are treated with biologic agents.

Monotherapy with anakinra represents the mainstay of

biologic treatment [97�99]. Canakinumab and rilonacept

are also effective.

Systemic onset JIA

Systemic onset JIA (SOJIA) and adult-onset Still’s disease

probably represent manifestations of the same disease in

infancy and adulthood, respectively. Thus, the efficacy of

anakinra in SOJIA is not unexpected, even in patients re-

fractory to steroids, MTX and TNF-a blockers [13, 100].

Interestingly, two distinct clinical phenotypes of SOJIA

can be identified according to the patient’s response to

anakinra. In particular, neutrophilia and a lower number of

active joints predict the efficacy of IL-1 blockade [101].

Neutralization of IL-1b with canakinumab in patients with

SOJIA has shown remarkable benefits, with many patients

achieving an ACR score of 100. Canakinumab has received

approval for use in the treatment of SOJIA [102, 103].

As the safety of immunosuppressive-based therapies in

children is controversial, SOJIA poses challenges beyond

the mere achievement of disease control. In this scenario,

IL-1 blockade may be more advantageous than other

available therapeutic options. For instance, steroid treat-

ment is associated with growth retardation. Treating

SOJIA with anakinra or canakinumab allows for reduced

glucocorticoid dosing and catch-up growth [13, 100, 102].

Given the adverse effects of conventional treatments, a

prospective study explored a therapeutic strategy with

anakinra (2 mg/kg) used as a first-line drug in 20 children

with new-onset SOJIA. A dramatic and durable clinical

response was observed within 3 months from the initiation

of the treatment and was preserved at 32 months of

follow-up. Although maintenance therapy was required

in some cases, the majority of patients were ultimately

able to discontinue the treatment [104].

Schnitzler syndrome

Schnitzler syndrome is characterized by recurrent fevers,

chronic urticaria and development of haematopoietic

malignancies, particularly Waldenström macroglobulinae-

mia. Treatment with anakinra yields improvement within

hours and remission within days [105]. The Schnitzler syn-

drome International Registry reports nearly 100% efficacy

with anakinra. A nationwide French survey confirms

prompt and durable remission rates, with disease flares

occurring at discontinuation [106]. Data on the efficacy of

anakinra in Schnitzler syndrome are so consistent that

diagnosis should be reconsidered in the event of anakinra

failure. Canakinumab is also highly effective in Schnitzler

syndrome [107].

Behçet’s disease

Behçet’s disease is characterized by ocular and cutane-

ous inflammation, oral and genital ulcers, gastrointestinal

or brain vasculitis and hypercoagulable state. Ocular in-

volvement may cause organ-threatening uveitis and ret-

inal vasculitis. Patients with severe steroid-resistant

disease respond to anakinra, and anti-IL-1b mAb treat-

ment is associated with dramatic and sustained reversal

of intraocular inflammation [108, 109]. In a report, a single

dose of anti-IL-1b antibodies (gevokizumab) prompted

complete resolution of panuveitis and return of vision

within 4�21 days [110].

Dry eye disease

Topical administration of low-dose anakinra proved ef-

fective in a randomized controlled trial on 75 dry eye dis-

ease patients. Subjects receiving 2.5% anakinra achieved

a significant reduction in mean severity score and symp-

toms [111]. It is tempting to envisage similarly favourable

results in patients with SS and sicca syndrome.

Vasculitides: GCA, urticarial vasculitis and Kawasaki
disease

Therapies for steroid- and DMARD-refractory GCA are

limited. Analysis of temporal artery specimens revealed

that IL-1 is locally expressed in inflamed vessels [112].

Anakinra dampened systemic and arterial inflammation

(as evaluated by PET/CT) in two patients refractory to

conventional treatment [113].

Urticarial vasculitis features chronic urticarial lesions

with histological findings of leucocytoclastic vasculitis. In

a patient with refractory urticarial vasculitis, anakinra com-

pletely abrogated clinical manifestations [114].

Canakinumab administration to 10 urticarial vasculitis pa-

tients significantly improved cutaneous and systemic

manifestations, paralleled by reductions in inflammation

markers and cytokine levels [115].

Typically affecting coronary arteries, Kawasaki disease

is one of the most common systemic vasculitides and a

leading cause of acquired heart disease in children.

Residual coronary artery abnormalities often cause com-

plications later in life, including myocardial infarctions.

Classic treatment options include IVIG and aspirin.

However, recent evidence from murine models [116], as

well as reports on the efficacy of anakinra treatment [117],

suggest that IL-1 plays a pivotal role in the development of

vascular damage in Kawasaki disease. Also, these novel

findings cast new light on the hypothesis that a reduction

in IL-1 production with an increase in IL-1Ra account for

the beneficial anti-inflammatory and therapeutic effects

of IVIG in several immune-mediated disorders [118].
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A prospective trial on anakinra in Kawasaki disease is

underway (NCT02179853).

Macrophage activation syndrome

Macrophage activation syndrome (MAS) is a life-threatening

condition characterized by uncontrolled macrophage activa-

tion and haemophagocytosis, clinically manifesting as fever,

pancytopenia and elevated serum triglyceride and ferritin

levels. MAS is a feared complication of SLE, adult-onset

Still’s disease and SOJIA. Several studies report on the effi-

cacy of anakinra in MAS [119�122]. Recently, a de novo

missense mutation in the inflammasome component

NLRC4 causing constitutive activation of caspase-1 and

deregulated release of IL-1b and IL-18 was identified to

cause recurrent fever and MAS [123]. Taken collectively,

these findings strongly advocate the inclusion of MAS in

the spectrum of autoinflammatory conditions.

Idiopathic recurrent pericarditis

This difficult disease, often refractory to immunosuppres-

sive agents, anti-TNF-a medications, non-steroidal anti-

inflammatory agents or high-dose glucocorticoids, was

nevertheless responsive to anakinra in all reported cases

[124�126].

Histiocytic disorders and cellular senescence

Erdheim�Chester disease (ECD) is a rare, systemic histio-

cytosis characterized by the infiltration of different tissues

by lipid-laden macrophages. An activating mutation in the

oncogene BRAF (BRAFV600E) is frequently identified in ECD

lesions [127, 128]. Clinical manifestations include bone

pain, neurological symptoms, retroperitoneal fibrosis and

congestive heart failure [129]. Anakinra is effective in ame-

liorating skeletal, cardiac, retroperitoneal and systemic

manifestations [130�133], thus substantiating the central

role of macrophages in diseases responsive to IL-1 block-

ade. Interestingly, ECD management traditionally relies on

the administration of IFN-a, although the mechanisms

underlying clinical efficacy are unclear [127]. IFN-a induces

IL-1Ra [134] and inhibits inflammasome activation [135].

Modulation of the IL-1 pathway may indeed explain the

efficacy of IFN-a in the management of ECD, as well as

in a spectrum of clinical conditions similarly characterized

by the BRAFV600E mutation and activation of the IL-1 path-

way, including hairy cell leukaemia and melanoma.

The BRAFV600E mutation in ECD activates oncogene-

induced senescence, a protective mechanism against

cancer transformation characterized by cell cycle arrest

and induction of a network of pro-inflammatory mediators,

including IL-1b [128, 136]. Cellular senescence is a highly

conserved response to stress and ageing, and chronic in-

flammation is indeed a hallmark of ageing tissues [137].

Thus, experience with ECD could translate into a broader

use of anakinra in different age-related conditions.

Demyelination

Anti-TNF-a-based therapies may cause or worsen demye-

lination and are contraindicated in multiple sclerosis [138].

Conversely, anakinra is not a risk for demyelination. In a

cohort of 104 000 RA patients, treatment with TNF-a-

blocking agents had an adjusted rate ratio for demyelin-

ation of 1.31, whereas anakinra treatment had a rate ratio

of 0.80 [139]. IFN-b and glatiramer acetate, common treat-

ments for multiple sclerosis, induce IL-1Ra [135, 140],

consistent with preclinical reports of protective IL-1 block-

ade in autoimmune encephalitis, the murine model for

multiple sclerosis. A trial of anakinra in optic neuritis is

underway.

Safety issues with IL-1 blockade

Impaired host defence against pathogens is a concern for

cytokine-blocking agents. For instance, TNF-a-blocking

agents are associated with a wide spectrum of opportun-

istic infections. Insidious, potentially life-threatening re-

activation of latent M. tuberculosis is 25 times more

frequent in patients receiving anti-TNF-a therapies [141],

often in the form of disseminated infection, similar to that

observed in HIV patients. Primary M. tuberculosis infec-

tion is also more likely in individuals treated with TNF-a
blockers.

It is estimated that over 150 000 patients have received

anakinra since its introduction in 2002. Anakinra has a

remarkable record of safety [18, 142], also afforded by a

short half-life of 6 h, allowing prompt discontinuation.

Anakinra treatment is a risk for virus-type, non-life-

threatening upper airway infections, whereas opportunis-

tic infections are rare, even in populations at high risk of

reactivation of M. tuberculosis infection [143, 144]. A

single case of M. tuberculosis reactivation is reported

[145]. In the trials of anakinra in patients with sepsis

[146], no increase in overall mortality was observed in

spite of doses administered exceeding 30�40 times the

conventional 100 mg daily dose. Anakinra treatment has

been administered in other cases of active infection [147]

and in chronic granulomatous disease, a genetic condition

characterized by vulnerability to bacterial and fungal in-

fections [148]. No unexpected increase in infections has

been observed with anti-IL-1b mAb, the use of which is

relatively recent compared with anakinra.

Daily s.c. administrations of anakinra often cause injec-

tion site reactions. For most patients, these usually

resolve within 14 days. Intravenously administered anti-

IL-1 antibodies help to circumvent this issue. IL-1 injected

into humans at doses as low as 3 ng/kg induces neutro-

phil mobilization from the bone marrow and neutrophilia

[149, 150]. Most patients receiving anakinra or canakinu-

mab have neutrophilia as a haematological manifestation

of their disease, and a reduction in circulating neutrophils

often heralds a response to IL-1 blockade. Although neu-

trophils fall below the normal range in some patients, sus-

tained neutropenia is not observed, and neutrophils rise

rapidly upon cessation of treatment [65].
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