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Summary

The disease-based discovery of the molecular basis for autoinflammatory
diseases has led not only to a rapidly growing number of clinically and geneti-
cally identifiable disorders, but has unmantled key inflammatory pathways
such as the potent role of the alarm cytokine interleukin (IL)-1 in human
disease. Following its initial failures in the treatment of sepsis and the mod-
erate success in the treatment of rheumatoid arthritis, IL-1 blocking therapies
had a renaissance in the treatment of a number of autoinflammatory condi-
tions, and IL-1 blocking therapies have been Food and Drug Administration
(FDA)-approved for the treatment of the autoinflammatory conditions:
cryopyrin-associated periodic syndromes (CAPS). CAPS and deficiency of the
IL-1 receptor antagonist (DIRA), both genetic conditions with molecular
defects in the IL-1 pathway, have provided a pathogenic rationale to IL-1
blocking therapies, and the impressive clinical results confirmed the pivotal
role of IL-1 in human disease. Furthermore, IL-1 blocking strategies have
shown clinical benefit in a number of other genetically defined autoinflam-
matory conditions, and diseases with clinical similarities to the monogenic
disorders and not yet identified genetic causes. The discovery that IL-1 is not
only triggered by infectious danger signals but also by danger signals released
from metabolically ‘stressed’ or even dying cells has extended the concept of
autoinflammation to disorders such as gout, and those that were previously
not considered inflammatory, such as type 2 diabetes, coronary artery disease,
obesity and some degenerative diseases, and provided the conceptual frame-
work to target IL-1 in these diseases. Despite the tremendous success of IL-1
blocking therapy, the use of these agents in a wider spectrum of autoinflam-
matory conditions has uncovered disease subsets that are not responsive to
IL-1 blockade, including the recently discovered proteasome-associated auto-
inflammatory syndromes such as chronic atypical neutrophilic dermatitis
with lipodystrophy and elevated temperatures (CANDLE), Japanese autoin-
flammatory syndrome with lipodystrophy (JASL), Nakajo—Nishimura syn-
drome (NNS) and joint contractures, muscle atrophy, panniculitis induced
lipodystrophy (JMP), and urge the continued quest to characterize additional
dysregulated innate immune pathways that cause autoinflammatory
conditions.
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Introduction

The concept of autoinflammatory diseases was initially sug-
gested by Dan Kastner in 1999 after the discovery of the
genetic causes for two familial fever syndromes, familial
Mediterranean fever (FMF) [1,2] and tumour necrosis factor
(TNF) receptor-associated periodic syndrome or (TRAPS)
[3]. He suggested a novel group of immunological disorders
characterized by ‘seemingly unprovoked’ episodes of fever
and inflammation without evidence of autoantibodies or
antigen-specific T cells, implying the importance of dysregu-
lation in the innate immune system. Over the last decade the
advent of powerful genetic tools has accelerated the rate of
genetic discoveries and led to the genetic characterization of
many other inflammatory conditions with early onset
disease and episodes of systemic and organ-specific inflam-
mation (Table 1) and has validated the usefulness of the
concept of autoinflammation beyond its initial scope. The
discovery of mutations in an intracellular ‘danger receptor’,
initially termed CIASI (now NLRP3) by Hal Hoffman as the
genetic cause of the two autosomal dominant syndromes,
familial cold-induced autoinflammatory syndrome (FCAS)
and Muckle—Wells syndrome (MWS) [4] and the sporadic
and clinically severe disease neonatal-onset multi-system
inflammatory disease/chronic infantile neurological, cutane-
ous and articular syndrome (NOMID/CINCA) [5,6], led
to the recognition of a disease spectrum of cryopyrin-
associated periodic syndromes (CAPS) that has provided us
with a pathogenic model for autoinflammatory diseases as
triggered by danger signals and dysregulated responses to
such stimuli. The discovery that interleukin (IL)-1 secretion
in response to Toll-like receptor stimulation is mediated
through co-operation with the nucleotide-binding domain
and leucine-rich repeat containing family pyrin domain con-
taining 3 (NLRP3) inflammasome [7], and the recognition
that the NLRP3/CIAS1 containing NLRP3 inflammasome is
an intracellular receptor that is triggered not only in
response to microbial, ‘exogenous’ but also to ‘endogenous
stress molecules’ by Jorg Tschopp and others [8] and
co-ordinates processing and IL-1 secretion through
caspase-1 activation [9], have provided a molecular under-
standing of the mechanism of IL-1-mediated inflammation
and the episodic nature of the inflammatory response. Fur-
thermore, the shared activation pathways for endogenous
and exogenous danger signals in the regulation of the potent
proinflammatory cytokine IL-1 provide further evidence
that the immune system has evolved to recognize danger,
regardless of whether it is exogenous or endogenous [10].
The successful treatment of a patient with early-onset pus-
tulosis and osteolytic lesions led to the discovery of another
IL-1-mediated disorder, deficiency of the IL-1 receptor
antagonist (DIRA) [11,12] and the successful treatment of
CAPS patients with IL-1 blocking agents has encouraged the
exploration of IL-1 inhibition in a number of other mono-
genic autoinflammatory diseases, including FCAS 2 [13],
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FMF [1,2], hyperimmunoglobulin D syndrome (HIDS)
[14,15], Majeed syndrome [16], TRAPS [3] and pyogenic
arthritis, pyoderma gangrenosum and acne syndrome
(PAPA) [17-20] (Table 1), and provided new treatments for
a group of autoinflammatory disorders in whom the genetic
cause of the disease is still unknown, including systemic-
onset juvenile idiopathic arthritis (SOJIA), adult-onset Still’s
disease (AOSD) and periodic fever, aphthous stomatitis,
pharyngitis, cervical adenitis (PFAPA). The observation that
metabolic substrates that accumulate in target tissues such as
monosodium urate in gout, islet amyloid polypeptide
(IAPP) and oxidized low-density lipoprotein (oxLDL) in
diabetes, ceramide and others in obesity, and cholesterol
crystals in atherosclerosis, can stimulate the NLRP3 inflam-
masome to release IL-1p has led to studies of the use of IL-1
blocking agents in some of these conditions (Table 2).
However, the use of IL-1 blocking agents in autoinflamma-
tory disease has also revealed subsets of patients who do not
respond to IL-1 blocking therapies, and recent discoveries of
the cause of these diseases provide a glimpse into additional
key inflammatory pathways involved in innate immune rec-
ognition and regulation ([21-27] and Table 1).

The impact of the understanding of the
NLRP3-inflammasome on shaping the concept of
autoinflammatory diseases

The discovery of CIAS1/NLRP3 as the genetic cause for CAPS
has not only provided a molecular understanding of the
pathogenesis of autoinflammatory diseases, but also pointed
to an important role of IL-1 in innate immune regulation, as
an important mediator triggered by microbial and endog-
enous danger signals [28]. Structural similarities between
NLRP3 and pathogen-resistance receptors found in plants,
particularly the presence of a leucin-rich repeat (LRR)
domain [29], a motif known to act as a pathogen-binding
domain, and a regulatory NACHT domain have suggested
that NLRP3 may be involved in the recognition of pathogen-
specific signals [30] and fuelled the interest in NLRP3 as a
human intracellular danger ‘receptor. NLRP3 and three
other NLR family members can complex with the adaptor
protein, apoptosis-associated speck-like protein containing a
CARD domain (ASC), and the protease, procaspase-1, and
form an IL-1 activating platform termed ‘inflammasome’
[31,32]. The inability to crystallize the NLRP3/cryopyrin
protein has hampered the investigation of molecules that can
bind directly to the LRR domain of NLRP3. However, a
growing number of stimuli can activate the NLRP3 inflam-
masome, including microbial stimuli such as lipopolysaccha-
ride (LPS), nucleic acids, muramyl dipeptide (MDP), toxins
(i.e. nigericin, maitotoxin), environmental large inorganic
crystallinic structures, such as asbestos and silica, and adju-
vants including aluminium hydroxide (alum), and endog-
enous cellular ‘danger’ molecules such as adenosine
triphosphate (ATP), uric acid crystals, hyaluronan, heparan
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Table 2. Autoinflammatory diseases responsive to interleukin (IL)-1
blockade.

Syndrome Studies

Monogenic disorders other than CAPS and DIRA
Other diseases with IL-1 response

Familial Mediterranean fever (FMF) [78,119-125]
TNF receptor-associated periodic syndrome [126-129]
(TRAPS)

Hyper immunoglobulin (Ig)D syndrome (HIDS) [130,131]

PAPA syndrome’ [132,133]
Polygenic disorders*

SOJIAS [71,72,134]

AOSD? [135-141]

PFAPA [73]

Behget’s disease [77]

Schnitzler syndrome [74-76]
‘Metabolic’ autoinflammatory diseases

Gout [81-83]

Diabetes type 2 [84]

Pyogenic arthritis, pyoderma gangrenosum, and acne syndrome.
*These probable polygenetic diseases do not yet have any genetic muta-
tions or polymorphisms identified but are believed to be caused by
genetic predispositions. *Only studies with more than 10 patients are
listed. *Only studies with more than five patients are listed. DIRA: defi-
ciency of the interleukin (IL)-1 receptor antagonist; CAPS: cryopyrin-
associated periodic syndromes; PAPA: pyogenic arthritis, pyoderma
gangrenosum and acne syndrome; FPAPA: periodic fever, aphthous sto-
matitis, pharyngitis, cervical adenitis; SOJIA: systemic onset juvenile
idiopathic arthritis; AOSD: adult-onset Still’s disease; TNF: tumour
necrosis factor.

sulphate, amyloid-f fibrils (reviewed in [33], as well as meta-
bolic triggers [28,34] such as glucose, free fatty acids, oxi-
dated LDL, ceramide [28,35,36], islet amyloid polypeptide
IAPP [37] and cholesterol crystals [38], all molecules that are
released when tissue is stressed or cells are dying) (Fig. 1).
Although exposure to cold and air conditioning are reliable
triggers of inflammatory attacks in FCAS patients, and cold
challenges have even been used in patients to evaluate the
pathogenesis of FCAS [39], the molecular triggers that fuel
the inflammatory response in MWS and NOMID are still not
known. It remains to be determined whether fluctuations in
the concentrations of the known endogenous stimuli of the
inflammasome are the physiological triggers of the ongoing
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activation. ROS generation and inflammasome activation
can be suppressed when mitochondrial membrane channels,
the voltage-dependent anion channels (VDAC), are blocked,
suggesting that the NLRP3 inflammasome senses various
degrees of mitochondrial dysfunction and may be primed by
the mitochondrial ROS to produce IL-1f [40]. Other studies
have proposed that macrophages lacking autophagy keep
producing increased levels of IL-1B, which suggests that
autophagy may reduce inflammasome activation by elimi-
nating ROS, producing damaged mitochondria [40—42]. The
role of increased inflammasome activity as a result of loss of
dysfunctional autophagy has been implicated in the patho-
genesis of Crohn’s disease (reviewed in Tschopp [43]).
Recently, data from CAPS patients suggest that the balance of
ROS and the anti-oxidant production within the macro-
phages is shifted towards an increase in intracellular
ROS and anti-oxidant production in cells carrying a disease
causing CIAS] mutation, suggesting that increased cellular
ROS production may contribute to the constitutive release of
IL-1P in CAPS patients [44].

In summary, the NLRP3 inflammasome illustrates that
IL-1 is released in response to danger from exogenous
and endogenous sources and provides a model of chronic
activation and stimulation that cannot be down-regulated
in patients with CAPS due to the intrinsic activating
mutations. In metabolic diseases the continued stimulation
is thought to be due to high local concentrations of the
inflammasome-activating metabolic trigger.

Monogenic autoinflammatory diseases responsive
to IL-1 blockade

CAPS

The disease spectrum of CAPS includes FCAS at the least
severe, MWS and NOMID, also called CINCA at the most
severe end of the clinical disease spectrum.

Inflammasome-mediated pathogenesis

) Endogenous
Exogenous CAPS: danger signals

danger signals  Constitutive over-activation @ bolic stress
MSU

and secretion of IL-13
baseline inflammation and the acute disesase exacerbations LPS CPPD
. . . . Nucleic acids ATP
in patients with MWS and NOMID that are typically not l\lilll_DoP GIEEZSG
triggered by cold exposure. Staph. Aureus e flasc IAPP
The diverse type of NLRP3 inflammasome triggers led to FB¥ins 3 c c‘e’fér?be

i _activati Nigericin holesterol crystals
the search of a common NLRP3 }nﬂammasome.actlvatmg Maeren Amyloid deposits
pathway and the increase of reactive oxygen species (ROS), Airolysin | _ Ceramide
which are released under many conditions causing cell stress, A Sl Environmental stress |

. . Alum
have been p(?stulated as an at'Eractlve mfechamsm'. Rf:cently, NALPS T asome Skin irritants
data suggesting a role for mitochondrial ROS in inflam- Aste\étos
masome activation have been published. Blockade of com- Silica
plexes in the respiratory chain in the mitochondria lead to
the accumulation of ROS and subsequent inflammasome Fig. 1. Triggers of the inflammasome.
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Pathogenesis of CAPS/NOMID. CAPS are caused by autoso-
mal dominant gain of function mutations in NLRP3 (also
NALP3, CIASI or PYPAFI). While most patients with FCAS
and MWS constitute familial cases, the mutations in most
NOMID patients are sporadic. About 30-50% of patients
with the clinical diagnosis of NOMID/CINCA who respond
favourably to IL-1 blocking therapy are ‘negative for muta-
tions’ in NLRP3/CIASI based on Sanger-sequencing of DNA
prepared from peripheral blood, which raised the questions
of additional genetic mechanisms that cause disease, includ-
ing the search for somatic mutations. While somatic NLRP3
mosaicism was suggested in earlier studies [45,46], a recent
study assessed the frequency of somatic mutations in
mutation-negative NOMID patients and identified somatic
mutations in 18 of 26 patients (69-2%). Estimates of the level
of mosaicism ranged from 4-2% to 35-8% [47]. Although
questions about the kind of disease relevant ‘mosaic’ cell
populations and how low-level mosaicism in the blood can
cause a severe disease phenotype remain unresolved, mosa-
icism seems a plausible mechanism to explain disease in the
Sanger mutation-negative patients.

It had been well established that cryopyrin mutations in
CAPS are gain of function mutations leading to caspase-1
activation and increased activation and secretion of the
mature form of IL-1f [48]. However, recently the adminis-
tration of the anti-IL-1B antibody canakinumab allowed
quantification of IL-1f-canakinumab complexes and the
approximate basal IL-1B production in healthy controls was
estimated to be around 6 ng/dl. In FCAS/MWS patients the
level was about 31 ng/dl [49], and these levels are even higher
in NOMID/CINCA patients (unpublished observations),
suggesting a correlation of disease severity and organ
involvement with systemic levels of IL-1 production.

The clinical phenotype of CAPS and NOMID and treatment.
FCAS, MWS and NOMID/CINCA form a disease spectrum
of CAPS, with FCAS on the mildest and NOMID on the
severe end of the disease spectrum. The systemic inflamma-
tory disease manifestations in all CAPS patients include epi-
sodes of fever, urticarial rash, joint pain and elevations in
acute phase reactants which are triggered by exposure to cold
in patients with FCAS. However, with increasing disease
severity of CAPS the inflammatory involvement of addi-
tional organs and the resulting organ damage and disability
differ widely. While the long-term outcome in FCAS is gen-
erally favourable, the functional impact of the disease in
NOMD/CINCA patients is significant [50,51]. The disability
seen in NOMID patients is a consequence of the duration,
the extent and the severity of the inflammatory organ
involvement that, if untreated, leads to permanent organ
damage and disability. The ability to achieve resolution
of systemic and organ inflammation with IL-1 blocking
treatment indicates the importance of early initiation of
treatment before permanent organ damage and disability
have developed [51]. In patients with NOMID, chronic

IMMUNOLOGY IN THE CLINIC RE

severe systemic inflammation causes growth retardation,
osteopenia/osteoporosis and MWS, and NOMID patients
are at an increased risk to develop amyloidosis [52]. The skin
lesions in CAPS are due to neutrophilic urticaria and in
FCAS patients the rash is triggered by cold exposure. While
skin lesions disappear 24-48 h after the cold challenge in
FCAS patients, the skin lesions wax and wane chronically in
MWS and NOMID patients. Conjunctivitis is the most
common form of eye involvement and anterior uveitis,
corneal infiltrates, papilloedema and rarely posterior uveitis
can be seen in patients with MWS or NOMID. Band kerat-
opathy, corneal clouding, retinal scarring and optic nerve
atrophy develop as consequence of uncontrolled inflamma-
tion and lead to visual impairment [51,53]. Sensorineural
hearing loss develops in most patients with NOMID/CINCA
in the first decade of life; in contrast, in MWS patients,
progressive neurosensory hearing loss often develops signifi-
cantly later in life and is absent in patients with FCAS
[54,55]. Hearing loss in NOMID is caused by cochlear
inflammation which can be visualized on contrast-enhanced
fluid-attenuated inversion recovery (FLAIR) magnetic reso-
nance imaging (MRI) [56]. Cochlear enhancement improves
with treatment [56] and chronic inflammation may lead to
damage of neuroepithelial Corti hair cells, as was suggested
in a paper stating data from necrobiopsy of inner ears in
MWS patients [57]. Central nervous system (CNS) manifes-
tations can be the most devastating. Aseptic meningitis and
increased intracranial pressure are common, and permanent
brain damage includes ventriculomegaly due to increased
intracranial pressure and brain atrophy. The degree of cog-
nitive impairment in patients with NOMID can vary widely
from normal to severely impaired [50,56,57]. Interestingly,
MRI findings seen in many NOMID patients have not been
found in patients with milder disease [58], which is consis-
tent with more severe IL-1-mediated inflammation in the
brain in NOMID patients. The ‘bony lesions’ in NOMID are
tumour-like protrusions originating from the growth plate.
Physical disability in patients with NOMID is also caused by
limb length discrepancies and joint contractures secondary
to reduced longitudinal growth of the affected bone, which
can lead to significant loss of mobility and severe growth
retardation [59].

Clinical trials in CAPS and safety of IL-1blockade. The
current standard of care to treat CAPS patients is lifelong
treatment with IL-1 blocking therapies based on the dra-
matic responses to IL-1 blockade alone without the need
of additional disease-modifying anti-rheumatic drugs
(DMARD:s) or steroids. Drug withdrawals of the IL-1 target-
ing therapies lead to subsequent disease flares, and three
agents that block IL-1 have been used to treat these patients;
trials are summarized in Table 2. Anakinra (Kineret®) was
Food and Drug Administration (FDA)-approved in the
United States for the treatment of rheumatoid arthritis in
2001, and although it has been the first IL-1 blocking agent
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to be administered to CAPS patients it is not yet FDA-
approved for that indication [39,56,60,61]. Anakinra doses
adminiatered in clinical studies ranged from 1 to 10 mg/kg/
day with good tolerability of the treatment [57]. Two longer-
acting IL-1-blocking medications that have subsequently
been used in CAPS patients have been FDA-approved for the
treatment of FCAS and MWS under the orphan drug pro-
gramme: rilonacept (Arcalyst®, IL-1 Trap), recombinant
human IL-1 receptor—-immunoglobulin (Ig) fusion protein
with a half-life of 34-57 h was FDA-approved in February
2008 and canakinumab (Ilaris®), and a humanized anti-
IL-1B antibody with a half-life of 21-28 days in June 2009.
Weekly subcutaneous injections of rilonacept were effica-
cious in the treatment of FCAS and MWS [62,63]. Subcuta-
neous injections of canakinumab every 8 weeks were given to
35 patients in a randomized withdrawal study [64]. Several
long-term outcome studies with the different agents suggest
sustained responses [57,63,65].

All three currently approved IL-1 blocking agents are
generally well tolerated, and no increase in opportunistic
infections or malignancies in CAPS have been reported.
The most common side effect with anakinra is an injection
site reaction within the first 4 weeks of therapy. Most
patients continued on study drug and typically the injec-
tion reacations resolve [66]. The most commonly reported
adverse reaction associated with rilonacept was also an
injection site reaction, which was mild. In 360 patients
treated with rilonacept and 179 treated with placebo, the
incidence of infections was 34% versus 27% for rilonacept
and placebo respectively. One Mycobacterium intracellulare
infection after bursal injection in a patient with Still’s
disease and a death from Streptococcus pneumoniae menin-
gitis occurred [67]. 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 [68].

DIRA

The clinical phenotype of DIRA. DRA is an autosomal reces-
sive disease caused by mis-sense and non-sense mutations in
ILIRN, the gene encoding the IL-1-receptor antagonist (IL-
1Ra) protein. The mutations lead to either absence of protein
expression [11,12] or expression of a non-functional protein
[69]. The mutations described are founder mutations in
Puerto Rico, the Netherlands, Newfoundland, Palestine/
Lebanon and Brazil [69] and in a compound heterozygote
patient of northern European ancestry, who also carried the
Dutch mutation p.E77X on the maternal allele [70]. Non-
expression or expression of a non-functional protein leads to
unopposed IL-1 receptor activation and an increased
response to IL-10 and IL-1f stimulation [11,12,69]. Patients
with DIRA present in the neonatal period. Perinatal comor-
bidities and need for instrumentation including the place-
ment of central catheters seem to contribute to the perinatal
morbidity and mortality risk. Most patients develop skin
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pustulosis in the perinatal period that can be localized or
generalized. Joint swelling, painful osteolytic lesions, peri-
osteitis affecting the distal ribs and the long bones and
heterotopic bone formation, mainly around the proximal
femur, are seen typically. Patients can develop fevers, but the
height of the fever has been modest in context with the high
elevation of acute-phase reactants during disease flares. A
striking feature is the pathergy response that develops in
areas of mechanical skin trauma, but the formation of
thrombi around catheters and around areas of irritation
such as G-tubes are also observed, and indicate an exagger-
ated inflammatory response of the vascular endothelium
and the surrounding tissue to a mechanical trigger.

Patients with DIRA respond incompletely to high doses of
prednisone; however, a rapid and dramatic response to the
recombinant IL-1 receptor antagonist anakinra has been
seen in all children treated so far. Interestingly, the genomic
deletion observed in the Puerto Rican patients includes the
locus for IL-1RN and five additional genes: IL1F6, IL1F8 and
ILIF9 encoding the receptor ‘agonists’ IL-360., IL-36[3 and
IL-36y; ILIF5 encoding the IL-36 receptor antagonist
(Fig. 2); and ILIF10. However, three patients with this dele-
tion had complete responses to anakinra suggesting no addi-
tional contribution of the deleted IL-36 receptor agonists
and antagonists on the inflammatory phenotype of these
patients (unpublished observations).

Polygenic autoinflammatory diseases with clinical
evidence of IL-1-mediated pathogenesis

Systemic inflammatory conditions with phenotypic
similarities to monogenic autoinflammatory diseases
responding to IL-1 inhibition

Among the polygenic or genetically undefined autoinflam-
matory diseases some respond to IL-1 blockade, including
systemic onset Still’s disease in children or adults [71,72],
PFAPA, usually presenting in childhood [73], and Schnitzler
syndrome [74-76] and Behget’s disease, presenting typically
in adulthood [77,78].

The clinical bone manifestations of DIRA resemble the
bone lesions seen in another autoinflammatory disease,
chronic recurrent multi-focal osteomyelitis (CRMO) and in
an animal model of CRMO, the ¢mo mouse; patients with
CRMO can also present with pustular skin lesions. In the
cmo mouse model high levels of IL-1 have been found in the
bone lesions [79,80] but clinical trials with IL-1 blocking
agents have not been performed.

‘Metabolic’ polygenic autoinflammatory conditions
and IL-1

A group of clinically diverse disorders that all present with
typically minimal systemic inflammation have been referred
to recently as autoinflammatory diseases. Interestingly, these
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Pathogenesis DIRA and DITRA

DIRA
(a) IL-1R1 receptor system
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...........

......

Signals increased

DIRA Puerto Rico
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(b) IL-1Rrp2/IL-1R6 receptor system
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IL-1Rrp2/IL-1R6
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6o/IL-1F5 IL-1RACP
IL-3634Z1F8
1LAB6y/IL-

......

DITRA
(c) IL-1Rrp2/IL-1R6 receptor system

IL-1Rrp2/IL-1R6
IL-1RACP

IL-36 receptor
antagonist/IL-1F5

IL-360/IL-1F6
IL-36p/IL-1F8
IL-36y/IL-1F9

------------

Signals increased

Fig. 2. Pathogenesis deficiency of the interleukin (IL)-1 receptor
antagonist (DIRA) and deficiency of the IL-thirty-three receptor
antagonist (DITRA). Blockade of IL-1 signalling by IL-1 receptor anta-
gonist. IL-1 receptor antagonist competes with IL-1 for binding to the
IL-1 receptor preventing recruitment of the IL-1 accessory protein and
downstream signalling.

disorders share a metabolic defect that leads to accumulation
of endogenous molecules that can activate the NLRP3
inflammasome (Fig. 1), hence triggering an IL-1 response. In
some of these postulated autoinflammatory disorders the
use of IL-1 blocking agents has validated that concept. IL-1
blockade is efficacious in the treatment of gout [81-83] and
possibly diabetes [84], where insulin resistance and glycosy-
lated haemoglobin were significantly lower in the treatment
group compared to the placebo group. In an animal model of
Alzheimer’s disease, amyloid P fibrils were able to stimulate
IL-1P release in an inflammasome-dependent fashion [85]
and in a model of asbestos-induced lung fibrosis [86]
inflammasome-dependent IL-1 release was also observed,
suggesting a possible role for IL-1 in these conditions.

IMMUNOLOGY IN THE

Novel autoinflammatory diseases suggesting
additional pathogenic pathways beyond IL-1

The discovery of the role of IL-1 in NOMID and DIRA was
spearheaded by clinical trials using targeted IL-1 inhibition
that clinically confirmed the role of IL-1. Unresponsiveness
to IL-1 blockade on the other hand have helped to distin-
guish and clinically characterize novel autoinflammatory
diseases.

Deficiency of the IL-thirty-six [37] receptor
antagonist (DITRA)

The clinical phenotype and the pathogenesis of DITRA.
Recently, another gene among the IL-1 family members was
implicated in the development of generalized or palmoplan-
tar pustulosis. Two groups identified three missense muta-
tions in IL36RN that lead to generalized or plantopalmar
pustular psoriasis of variable onset reaching from perinatal,
as early as 2 weeks of age, to well into adulthood [22,23]. One
mutation, p.Leu27Pro (L27P), was seen in nine Tunisian
families and two mutations in three unrelated patients of
European ancestry, with two being heterozygous for a
p-Serl13Leu (S113L) mutation and in a third patient a com-
pound heterozygote for the p.Ser113Leu and a p.Argd8Trp
(R48W) missense mutation. The clinical phenotype of
DITRA is confined to the skin; some patients have mucosal
findings of a migratory glossitis and nail dystrophies,
and a few patients also had oligoarthritis. In mice, IIIf6
over-expression (the mouse orthologue of IL-360.) leads to
abnormal IL-36 signalling and causes skin inflammation
characterized by acanthosis, hyperkeratosis and a mixed-cell
infiltrate containing neutrophils [87]. When crossed with
I11f5 (the mouse orthologue of IL-36RN)-deficient mice, the
skin phenotype became enhanced with extensive pustule for-
mation [87]. The response of this condition to IL-1 blocking
therapy is currently not known but when the conditional
IL-36 knock in mice were crossed with IL-1 receptor knock
out mice, the skin disease was not abrogated suggesting that
IL-36 can cause IL-1 independent inflammation and patients
may likely not respond to I-1 blocking therapy.

Comparison of NOMID, DIRA and DITRA. Although the
three disorders discussed above have some clinical similari-
ties, there are important clinical differences that may provide
us with a molecular understanding of the organ specific
disease manifestations and shed light on downstream path-
ways that mediate a clinical phenotype.

NOMID is caused by IL-1B oversecretion, DIRA by unin-
hibited IL-1at and ILI-1B signalling and DITRA by uninhib-
ited 1L-360,, B and v (all members of the IL-1 family)
signalling; NOMID and DIRA can be treated effectively with
IL-1 inhibition; IL-1 inhibition has not been used in DITRA
patients. The rash in NOMID is urticaria-like with a neutro-
philic infiltrate in the dermis; in contrast, in DIRA and

Published 2011. This article is a U.S. Government work and is in the public domain in the USA, 397

Clinical and Experimental Inmunology, 167: 391-404




IN THE CLINIC REVIEW SERIES

R. Goldbach-Mansky

Table 3. A comparison of neonatal-onset multi-system inflammatory disease/chronic infantile neurological, cutaneous and articular syndrome
(NOMID/CINCA) with deficiency of the interleukin (IL)-1 receptor antagonist (DIRA) and deficiency of the IL-thirty-three receptor antagonist

(DITRA).
NOMID/CINCA DIRA DITRA
Gene CIAS1/NLRP3 ILIRN IL36RN
Functional Increased inflammasome Decreased inhibition of IL-1o Decreased inhibition of IL-360L,
consequence activation and IL-1B IL-36P and IL-367
Disease onset perinatal perinatal Variable, perinatal to adulthood
Skin Urticarial rash Generalized pustulosis Generalized pustulosis,
palmarplantar pustulosis
Bone Epiphyseal overgrowth Multi-focal osteomyelitis, periosteitis None described
CNS Aseptic meningitis, progressive Central nervous system vasculitis None described

vision and hearing loss

Lung No lung disease observed

Interstitial lung disease (rare)

in two patients but no ocular
or inner ear inflammation

None described

DITRA, the rash is pustular and the neutrophils in the epi-
dermis form subcorneal pustules mainly along hair shafts.
All disorders present with systemic inflammation character-
ized by elevated acute-phase reactants.

Other organ manifestations in NOMID described in detail
above include aseptic neutrophilic meningitis, progressive
hearing loss, increased intracranial pressure and eye inflam-
mation and bony hypertrophy seen in 40-50% of severe
NOMID patients. In DIRA patients, a hallmark of the disease
is the presence of osteolytic lesions and periosteitis; other
manifestations include CNS vasculitis and interstitial lung
disease. In DITRA, no other organ other than the skin have
been reported so far (Table 3). Hearing loss and eye inflam-
mation other than occasional mild conjunctivitis have not
been observed in DIRA and DITRA. Based on the pheno-
typic differences one might speculate that IL-1ot may con-
tribute to the osteolytic bone lesions in DIRA, which are
absent in NOMID and DITRA and are characterized by an
inflammatory cell infiltrate. These lesions disappear on
anakinra. The bone lesions in NOMID/CINCA, in contrast,
lack the presence of inflammatory cells [59] and have clinical
and histological similarities with bone lesions from patients
with the non-inflammatory disorders fibrous dysplasia
(FD) and osteochondro-myxomas (OCM). These clinical
similarities prompted investigations of a shared pathway
and increased protein kinase A (PKA) activity observed
previously in OCM and FD led to inflammation-independent
activation of caspase-1 via over-expression of the proto-
oncogene (and early osteoblast transcription factor) Ets-1,
and further increased cyclic (c) adenosine-monophosphate
(cAMP)-mediated PKA activity and wnt signalling also in
NOMID cartilage cells [88], suggesting an amplification loop
that is IL-1 independent and could explain the lack of bone
response to anakinra treatment [57,59].

In DITRA and DIRA the neutrophils are present in the
epidermis and in NOMID the neutrophils are present only in
the dermis; pustules have never been observed. ILIRN and
IL36RN are both highly expressed in the epidermis and their
loss would render keratinocytes more active to IL-1 and

IL-36 stimulation, respectively. In contrast, the presence of
high levels of IL-1Ra in the epidermis in normal skin and in
NOMID that is absent in DIRA may prevent IL-13-mediated
epidermal recruitment of inflammatory cells.

Whether the similarity of the skin lesions in DIRA and
DITRA is caused by a shared common pathway that may
involve the up-regulation of IL-23 and IL-17 that is present
in the skin in DIRA patients [11] and has been found in mice
over-expressing IL-1F6 (the mouse orthologue of IL-3601)
needs further evaluation [89]. IL-36 is a potent inducer of
the proinflammatory cytokines IL-12, IL-1f, IL-6, TNF-o
and IL-23 in bone marrow-derived dendritic cells and also
induced the production of interferon (IFN)-y, IL-4 and
IL-17 by CD4* T cells and cultured splenocytes [90], suggest-
ing that IL-36 has a direct proinflammatory effect on these
cells and that its effects are less likely to be mediated through
IL-1. In contrast to IL-1, there is currently no clinical evi-
dence that IL-36 has a role in bone inflammation.

Early-onset enterocolitis (IBD)

The balance of IL-10 and inflammatory bowel disease. Early-
onset IBD, caused by autosomal recessive mutations in the
IL-10 receptor, was first described in 2009. In four patients,
three distinct homozygous mutations in the genes ILI0RA
and ILIORB, encoding the IL-10R1 and IL-10R2 proteins
which form a heterotetramer to make up the IL-10 receptor
have been reported to cause a neonatal disease presenting
with severe inflammatory bowel disease and folliculitis [21].
These ‘lack of function’ mutations result in the loss of IL-10
signalling, as demonstrated by deficient signal transduction
and activator of transcription-3 (STAT3) phosphorylation
after stimulation with IL-10 and proves that loss of signalling
of the anti-inflammatory cytokine IL-10 is sufficient to cause
enterocolitis as a main clinical feature. Levels of TNF-o
and other inflammatory cytokines, including IL-1a, IL-1P
and IL-6, were also increased in these patients. One of
the patients underwent an allogeneic stem cell transplant
with sustained resolution of symptoms at 1 year following
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transplant. Early-onset inflammatory bowel disease (IBD)
mimics a disease found in knock-out (KO) mice for ILI10rb
(crf2-4), a subunit of the IL-10 receptor, that is essential for
IL-10-mediated effects, mainly on gut inflammation [91].
These disorders point to the key role of IL-10 in com-
plex human disorders associated with gut inflammation.
Single nucleotide polymorphisms (SNPs) associated with
decreased IL-10 production were identified in genome-wide
association studies in inflammatory bowel disease (Crohn’s
and ulcerative colitis) [92,93], as well as an association with
IL-10 promoter polymorphisms producing low IL-10 levels
in Behget’s disease, which also has an increased risk for the
development of gut inflammation [94,95].

CANDLE and other proteasome associated disorders

Syndromes associated with immunoproteasome dysfunction
cause an autoinflammatory phenotype. The independent
discovery that autosomal recessive mutations in PSMBS,
which encodes the inducible proteasome subunit beta type-8
(PSMB8) component of the immunoproteasome com-
plex (i-proteasome), causes a number of syndromes that
have been described in Japan since the 1980s as Nakajo—
Nishimura syndrome (NNS) [96-98], also recently named
JASL [26], and in the West as joint contractures, muscle
atrophy and panniculitis-induced lipodystrophy (JMP)
syndrome [99,100]; and chronic atypical neutrophilic der-
matitis with lipodystrophy and elevated temperatures
(CANDLE) [101,102], is illustrating the clinical spectrum of
proteasome-associated autoinflammatory syndromes. Three
different homozygous mutations have been identified so far
in PSMBS, p.T75M [24,27] in patients of European and
Hispanic decent, p.C135X [27] in a Jewish patient and the
same mutation G197V [25,26] by two different investigator
groups in Japan.

Although most reported patients are homozygous for
mutations in PSMBS, one patient with the disease was nega-
tive for mutations in PSMB8 and two were heterozygous,
suggesting genetic heterogeneity [27]. Clinical features
include a variable onset of repeated attacks of erythematous
and violaceous, annular cutaneous plaques, lasting for a few
days or weeks and leaving residual purpura. Most patients
developed disease before the age of 6 months and other
prominent features include persistent periorbital erythema
and oedema, finger or toe swelling and hepatomegaly with
variable elevation of acute phase reactants, progressive lipo-
dystrophy and stigmata of chronic inflammation such as
failure to thrive, lymphadenopathy and hypochromic or nor-
mocytic anaemia. An atypical neutrophilic infiltrate is seen in
the dermis and marked elevation of IFN-y-induced protein
(IP-10) [27]. Once lipodystrophy has developed, the disease
outcome is critical; two of our patients died before reaching
adulthood [101]. The development of severe lipodystrophy,
joint contractures and the development of muscle atrophy
[99] and cardiomyopathy [103] show the severe outcome of
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untreated disease. The high elevation of IP-10 levels
[24,25,27] and the prominent IFN signature that distinguish
this disorder from the IL-1-mediated disorders persisted
upon treatment with TNF, IL-1 and IL-6 inhibition and may
point to a pathway that constitutes a rational target for thera-
peutic intervention [27]. Recent data in psmb8/Imp7 KO mice
[104] suggest an important additional role of the proteasome
in maintaining cell homeostasis by removing accumulating
proteins marked for degradation from the cells and failure
to process/degrade protein results in the formation of
ubiquitin-rich cytoplasmic aggregates or inclusions that con-
sequently increase cellular sensitivity to apoptosis [105], sug-
gesting that the inability of the mutant i-proteasome to
process and degrade the up-regulated proteins may cause a
vicious circle of abnormal IFN responses that may contribute
to at least some of the inflammatory disease manifestations.

Common theme of an interferon stress response? Some disease
manifestations in patients with CANDLE and the other
PSMB8-associated syndromes are reminiscent of clinical fea-
tures in patients with dermatomyositis and lipodystrophy;
interestingly, a prominent IFN signature has been described
in blood and skin samples from these patients [106—-109].
Other patients with prominent IFN signatures and some
phenotypic similarities, including basal ganglion calcifica-
tions, include disorders with complement deficiencies
[110-112], Aicardi-Goutieres syndrome (AGS) [113,114], a
disorder of defective endonucleases processing of DNA, and
the recently identified disease spondyloenchondrodys-plasia
(SPENCD), a disease caused by deficiency of a tartrate-
resistant form of acid phosphatase (TRAP) which leads to
accumulation of phosphorylated osteopontin [115,116] and
possibly monogenic systemic lupus erythematosis associated
with Clq deficiency [117,118] (Table 4). It is intriguing to
speculate that analogous to IL-1, which is an alarm signal to a
number of microbial and intracellular danger signals, type 1
IFNs may be pivotal alarm cytokines in response to not only
viral infections but a number of endogenous triggers, includ-
ing those accumulated in IFN-associated disorders [118].
Whether the IFN signature in these disorders provides a
pathogenic link that can point to an effective treatment strat-
egy awaits further studies.

Concluding remarks

The study of rare monogenic autoinflammatory diseases has
led to the discovery of the prominent role of IL-1 in medi-
ating systemic and organ specific inflammation. In particu-
lar, the discovery that missense mutations in NLRP3 are the
cause of the clinical spectrum of the CAPS has fuelled
research that unravelled the role of the NLRP3 inflam-
masome as a sensor of cellular stress and danger that
co-ordinates the activation and secretion of IL-1, an early
response cytokine that can co-ordinate an immune response.
The characterization of stimuli that lead to NLRP3 inflam-
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Table 4. Diseases with prominent interferon (IFN) (mainly type 1) signatures and phenotypic similarities to proteasome-associated disorders.

Syndrome Gene

Studies indicating

Enzyme defect IFN signature

Monogenic disorders
Systemic lupus erythematosis CIQA, CIQB, C1QC

(with immunodeficiencies)

Aicardi-Goutieres syndrome (AGS) TREX1 —
RNaseH2 —
SAMHDI —

Spondyloenchondrodysplasia ACP5

(SPENCD)

JMP, NNS, JASL, CANDLE PSMBS and others

Diseases with unknown genetics
Dermatomyositis (some forms) nk

Complement defect, C1q deficiency

3’ to 5" DNA exonuclease digests

Tartrate-resistant acid phosphatase

Proteasome dysfunction and

(117,118]

[113,114,142]
DNA : RNA hybrids putative

nuclease

[102,103]
(TRAP) accumulation of

phosphorylated osteopontin

[24-27]
accumulation of polyubiquitilated

proteins

NA (106-109]

nk: not known; JMP: joint contractures, muscle atrophy, panniculitis induced lipodystrophy syndrome; NNS: Nakajo—Nishimura syndrome;

JASL: Japanese autoinflammatory syndrome with lipodystrophy; CANDLE: chronic atypical neutrophilic dermatitis with lipodystrophy and elevated

temperatures.
masome activation have led to the further discoveries that 5 Feldmann J, Prieur AM, Quartier P et al. Chronic infantile neuro-
the NLRP3 inflammasome activation and IL-1 release may logical cutaneous and articular syndrome is caused by mutations in
be a common pathway in a number of apparently disparate CIAS], a gene highly expressed in polymorphonuclear cells and
disorders such as gout, type 2 diabetes and atherosclerosis, chondrocytes. Am J Hum Genet 2002; 71:198-203.
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