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a b s t r a c t
Autoinﬂammatory diseases represent an expanding spectrum of genetic and non-genetic inﬂammatory
diseases characterized by recurrent episodes of fever and systemic inﬂammation affecting the eyes, joints,
skin, and serosal surfaces. Thus, these syndromes are recognized as disorders of innate immunity. Conﬁrming this view, most autoinﬂammatory diseases are uniquely responsive to IL-1␤ blockade. Although
many autoinﬂammatory diseases have a genetic cause, increasing evidence indicates that the degree
of cell stress concurs to the severity of the disease phenotype. In this mini-review, I will discuss the
recent advances on pathogenesis, pathophysiology and therapeutic approaches in autoinﬂammatory
syndromes.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Autoinﬂammatory diseases are a relatively new category of rare
diseases, in which disordered inﬂammatory responses lead to devastating inﬂammatory symptoms in several tissues [1]. Although
sharing some traits with autoimmune diseases, autoinﬂammatory
diseases display unique features, including the periodicity whereas
autoimmune diseases are progressive, and the lack of signs of
involvement of adaptive immunity such as association with HLA
aplotypes, high-titer autoantibodies or antigen-speciﬁc T cells. Furthermore, autoimmune diseases are responsive to biologic agents
that targets T- and B-cell functions, including anti-TNF␣, anti-IL
(Interleukin) -6 receptor, anti-IL-12/IL-23 antibodies. These therapeutics however have no sustained effects in autoinﬂammatory
diseases that, in contrast, display dramatic clinical responses to IL-1
blockers [2]. Thus, in autoinﬂammatory diseases, the monocytemacrophage rather than the T-cell is the culprit and the defect
in most cases is a dysregulation of IL-1␤. Finally, unlike most
autoimmune diseases, the majority of autoinﬂammatory diseases
are inherited diseases, and the causative gene has been isolated.
The concept of autoinﬂammation was ﬁrst afﬁrmed in 1999
by McDermott and colleagues [3] who proposed TRAPS as the
prototype of a family of dominantly inherited autoinﬂammatory
syndromes sharing impaired cytokine receptor clearance as a
mechanism of disease. In the following years, several studies concurred to demonstrate that not only receptor but also cytokine
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malfunctioning may cause the autoinﬂammatory phenotype of
many different genetic syndromes. The cytokine implicated in the
majority of autoinﬂammatory syndromes turned out to be IL-1␤
[2]. IL-1␤ is a powerful proinﬂammatory cytokine that induces systemic symptoms such as fever, anorexia, and elevated levels of
serum markers of inﬂammation. When IL-1␤ activity is too high,
tissue damage such as joint destruction occurs.
IL-1␤ induces several other proinﬂammatory genes, but
cytokine-mediated inﬂammation also triggers the expression of
genes encoding anti-inﬂammatory proteins that suppress inﬂammation. Among these, particularly important is IL-1receptor
antagonist (IL-1Ra) that speciﬁcally inhibits IL-1 activity [4]. The
IL-1Ra is structurally similar to IL-1␤ but devoid of biologic activity; it binds tightly to the IL-1 receptor thus blocking access of
IL-1. Both IL-1 and the IL-1Ra are produced in patients with infections, trauma, or other inﬂammatory conditions, and compete for
occupancy of the IL-1 receptor [2]. Hence, the outcome of an inﬂammatory process is likely to be affected by the relative amounts
of IL-1␤ and IL-1Ra. The balance between IL-1␤ and IL-1Ra is
indeed altered in autoinﬂammatory diseases, with predominance
of IL-1 activity over the IL-1 inhibition, thus explaining the effective response of IL-1-blocking therapy in many of these disorders
[5].
However, while in some diseases the link between gene mutation and IL-1␤-mediated inﬂammatory phenotype is obvious, in
others it is not. We have ordered the autoinﬂammatory syndromes in three groups, namely autoinﬂammatory syndromes
linked to genes clearly involved in regulation of IL-1 activity; autoinﬂammatory syndromes linked to genes related to the
innate immunity, but whose connection to IL-1␤ production is
unclear; and ﬁnally autoinﬂammatory syndromes due to genes
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Table 1
Monogenic autoinﬂammatory diseases.
Disease

Gene

Inheritance

Treatment

CAPS (FCAS, MW,
CINCA)

NLRP3, member of the NOD-like
receptor family; inﬂammasome
component
IL1RN, encoding for IL-1 receptor
antagonist

Dominant

IL-1 inhibitors

Recessive

IL-1 inhibitors
Colchicine, IL-1 inhibitors in refractory
cases
Steroids, IL-1 inhibitors, TNF-a
inhibitors

DIRA
FMF

MEFV, encoding for pyrin

Recessive

PAPA

PSTPIP1, encoding for the adapter
protein proline-serine-threonine
phosphatase-interacting protein
NLRP12, member of the NLR family
NOD2/CARD15, member of the NLR
family
CARD-14, member of the NLR family,
also known as CARD-containing
MAGUK protein 2 (Carma 2)

Dominant

FCAS type 2
Blau syndrome
CAMPS

TRAPS
MKD (HIDS)
DITRA
CANDLE, JMP
Nakajo-Nishimura
syndrome
EO-IBD
Majeed syndrome

TNFRSF1A, encoding for p55 TNF
receptor (TNFR1)
MVK, encoding for mevalonate kinase
IL36RN, encoding for IL-36 receptor
antagonist
PSMB8, encoding for the proteasome
subunit, b-type, 8
IL10RA and/or IL10RB, encoding for
IL-10 receptor,
LPIN2 coding for Lipin 2

Dominant
Dominant
Dominant

IL-1 inhibitors
Steroids, immunosuppressive agents,
IL-1 inhibitors
methotrexate, cyclosporine or TNF
inhibitors

Dominant

IL-1 inhibitors

Recessive
Dominant

IL-1 inhibitors
IL-1 inhibitors (to be conﬁrmed)

Dominant

No deﬁnitive treatment. Steroids, IL-1,
TNF and IL-6R inhibitors (poor efﬁcacy)

Dominant

Hematopoietic stem cell
transplantation
NSAIDs, corticosteroids,
bisphosphonates; anti-TNF or anti-IL-1
drugs

Recessive

CAPS: cryopyrin-associated periodic syndrome; FCAS: Familial Cold Autoinﬂammatory Syndrome; MWS Muckle-Wells; CINCA: chronic infantile neurologic, cutaneous,
articular; DIRA: deﬁciency of the IL-1 receptor antagonist; FMF: familial Mediterranean fever; PAPA: Pyogenic arthritis, Pyoderma gangrenosum, and acne; FCAS type 2,
also known as NLRP12 Associated Periodic Syndrome; CAMPS: CARD-14-mediated pustular psoriasis; TRAPS: TNF receptor-associated periodic syndrome; MKD: mevalonate
kinase deﬁciency, also known as HIDS: Hyperimmunoglobulinemia D syndrome; DITRA: deﬁciency of IL-36 receptor antagonist; CANDLE: chronic atypical neutrophilic
dermatosis with lipodystrophy and elevated temperature; JMP: joint contractures, muscle atrophy, microcytic anemia, and panniculitis-induced lipodystrophy and NakajoNishimura syndrome; EO-IBD: early onset inﬂammatory bowel disease.

apparently unrelated to IL-1. Remarkably, even in the last group,
most syndromes are responsive to treatment with anti-IL-1 agents
(Table 1).
2. Autoinﬂammatory diseases linked to genes involved in
regulation of IL-1 activity
2.1. Cryopyrin-associated periodic syndromes (CAPS)
Dysregulation of IL-1␤ activity has been ﬁrst demonstrated in
the group of the three CAPS. These include Familial Cold Autoinﬂammatory Syndrome (FCAS), Muckle-Wells Syndrome (MWS),
and Chronic Infantile Neurologic, Cutaneous, Articular (CINCA) syndrome, also known as Neonatal-Onset Multisystem Inﬂammatory
Disease (NOMID). The three nosological entities represent different phenotypes, from the milder to the most severe, in the context
of a clinical continuum [1]. FCAS is characterized by episodes of
rash, fever, and arthralgia after exposure to cold. MWS patients
display recurrent episodes of urticarial rash, fever, and abdominal pain. Sensorineural deafness and amyloidosis may represent
late complications. CINCA/NOMID syndrome has a neonatal onset,
with cutaneous rash, fever, arthritis, elevation of acute-phase reactants, and early involvement of the central nervous system, eyes,
and bones [1].
In 2001 [6] and 2002 [7], mutations in the CIAS1/cryopyrin
gene were linked to CAPS. A few years later, Agostini and
colleagues showed that CIAS1 (now renamed NLRP3) is part
of the intracellular multiprotein complex, the inﬂammasome,
which mediates processing and secretion through caspase-1 activation [8]. This observation disclosed the connection between
CIAS1/cryopyrin and IL-1␤ providing the molecular understanding

of the mechanism of IL-1-mediated inﬂammation in CAPS.
CIAS1/cryopyrin/NLRP3 mutations in CAPS are gain-of-function, as
they enhance the assembly of the inﬂammasome. The result is the
oversecretion of IL-1␤ responsible for the inﬂammatory clinical
manifestations. Conﬁrming the key role of IL-1␤ in CAPS, these
diseases are rapidly brought under control by treatment with IL1-blocking agents, either anakinra [9,10], a soluble IL-1 receptor
(rilonacept) [11], or a monoclonal antihuman IL-1␤ (canakinumab)
[12].

2.2. Deﬁciency of the IL-1Ra (DIRA) syndrome
As previously discussed, the successful outcome of an inﬂammatory response is ensured by a balance between IL-1 and
IL-1RA. While in CAPS the unbalance is due to excessive IL-1␤
activity, in DIRA [13,14] the lack of IL-1RA caused by loss-of
function-mutations of the gene causes the disequilibrium, allowing unopposed action of IL-1 with dramatic consequences. DIRA
displays clinical manifestations similar to CAPS. It starts early after
birth and manifests as pustular skin disease, periostitis, multifocal osteomyelitis, oral mucosal lesions and elevated acute-phase
reactants. However, while in CAPS the main skin manifestation
is neutrophilic urticaria, DIRA presents with a severe neutrophilic
pustular skin eruption, skin pathergy, and nail dystrophy [13,14].
Since in keratinocytes IL-1RA and IL-1␣ are highly expressed,
whereas IL-1␤ is not [15], these differences may be due to the loss
of control of IL-1␣ bioactivity, rather than IL-1␤, in skin from DIRA
patients. Thus, while in CAPS the disease phenotype is mostly linked
to hyperactivity of IL-1␤, in DIRA, especially at the skin level, also
IL-1␣ could play a relevant role.
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DIRA, like CAPS, is exquisitely responsive to IL-1 blockade
[13,14], conﬁrming the key role of IL-1/IL-1Ra axis unbalance in
the pathophysiology of these syndromes.
3. Autoinﬂammatory diseases linked to genes of the innate
immunity, possibly involved in the control of IL-1␤
production
3.1. Familiar Mediterranean fever syndrome (FMF)
FMF, the most common autoinﬂammatory disease, is associated
with mutations of the MEFV gene coding for the Pyrin protein [16].
The disease usually starts during childhood and is characterized
by recurrent fever, limb pain, arthritis, cutaneous rash. FMF displays a general good clinical response to Colchicine. However, a
variable percentage of patients are resistant or poorly compliant
to the drug due to its side effects: in these patients, IL-1 blocking therapy displays high efﬁcacy. This therapeutic result indicates
that IL-1 is a main actor also in this disease, and supports the
hypothesis that Pyrin is involved in IL-1␤ production, processing or
secretion [17–22]. However, the exact role of Pyrin is still debated
[17]. Pyrin has been proposed to bind pro-caspase 1 as well as its
catalytic subunits [18] and other components of inﬂammasomes,
such as NLRP3 [19], preventing caspase-1 activation and consequently inhibiting IL-1␤ secretion. According to these models, wild
type Pyrin would exert a suppressive effect on IL-1␤ secretion
that would be lost in the mutated protein. Pyrin mutations would
then be “loss-of-function”, in agreement with the autosomal recessive pattern of inheritance. In contrast, recent results obtained
in a mouse model indicates that, rather, the mutant Pyrin mediates the activation of caspase-1 via ASC, independently of NLRP3,
thereby supporting a “gain-of-function” effect of the MEFV mutations [20]. Interestingly, Pyrin has been also found to bind the
mutant proline-serine-threonine phosphatase-interacting protein
1 (PSTPIP1) [21], and the inﬂammasome component ASC forming a tri-molecular complex that directly recruits and activates
caspase-1 and induces secretion of mature IL-1␤ in the absence
of NLRP3. Interestingly, PSTPIP1 is the gene responsible for PAPA
syndrome (see below). Studies on primary monocytes from FMF
patients demonstrated enhanced IL-1␤ secretion, which correlates
with number of high-penetrance MEFV mutations [22]. In contrast
with that found in the animal model, the increased secretion of
IL-1␤ by LPS-stimulated FMF monocytes is NLRP3-dependent, supporting the hypothesis that Pyrin plays a regulatory role, although
still undeﬁned, in NLRP3-infammasome activity.
3.2. Pyogenic sterile Arthritis, Pyoderma gangrenosum and Acne
syndrome (PAPA)
As introduced above, PSTPIP1, which encodes for a cytoskeletonassociated adaptor protein, is the gene responsible for PAPA, an
autoinﬂammatory syndrome featured by recurrent sterile, erosive
arthritis in childhood [23]. By puberty, joint problems decrease and
cutaneous symptoms increase with pathergy, severe cystic acne,
and recurrent nonhealing sterile ulcers, often diagnosed as pyoderma gangrenosum. In spite of the evidence that PSTPIP1 may
interact with Pyrin and ASC [21], its involvement in IL-1␤ release
has not been ﬁrmly proven so far. However, although PAPA syndrome is generally responsive to glucocorticoids [21], anti-IL-1
treatment has been effective in some patients [24,25].
3.3. Familial Cold Autoinﬂammatory Syndrome (FCAS) type 2
FCAS type 2 has clinical manifestations similar to the less severe
form of CAPS, with cold-induced urticarial rash, a mild inﬂammatory phenotype and possible development of sensorineural hearing
loss. The disease is due to mutations in the NLRP12 gene, a member

of the NOD-like receptor (NLR) family [26]. NLR proteins are part
of the group of pattern recognition receptors (PRR) [27] and act as
intracellular sensors of pathogen products (PAMPs) or molecules
released following damage associated to cell stress (DAMPs). Their
activation drives inﬂammation. In particular, NLRP is a subfamily of
NLR, characterized by the presence of a PYD (Pyrin) domain. Among
NLRP members, NLRP1 and NLRP3 (the gene mutated in CAPS) take
part in the assembly of inﬂammasomes devoted to caspase-1 activation and IL-1␤ secretion [28]. In contrast, the function of NLRP12
is still debated. It has been proposed that NLRP12 acts as a negative regulator of inﬂammation by suppressing NF-B activation
[26] but the real impact of NLRP12 mutations on the regulation of
NF-B activity in patients is unclear. Alterations in the secretion of
IL-1␤ by monocytes from FCAS 2 patients have been reported, possibly related to a state of stress of monocytes carrying the mutated
gene [29].
3.4. Blau syndrome and CARD-14-mediated pustular psoriasis
(CAMPS)
Also Blau syndrome [30] and CAMPS [31] are linked to mutations in NLR genes, namely, CARD-15/NOD-2 [32] and CARD-14
[31]. Both genes code for intracellular PRR that sense PAMPs or
DAMPs. Triggering these NLRs results in NF-B activation, suggesting that gain-of-function mutations can be responsible for the
inﬂammatory phenotypes by up-regulating NF-B.
Blau syndromes presents with granulomatous polyarthritis,
panuveitis, cranial neuropathies, and exanthema [30]. In contrast,
in CAMPS the disease is characterized almost exclusively by skin
involvement, with pustular psoriasis. The restriction of autoinﬂammatory manifestations to skin is likely due to the prevalent
expression of the mutated CARD-14 in keratinocytes [32].
4. Autoinﬂammatory diseases linked to genes apparently
unrelated to IL-1
4.1. TNF receptor-associated periodic syndrome (TRAPS)
TRAPS is characterized by recurrent episodes of long-lasting
fever, abdominal and periorbital pain, myalgia, and fasciitis. As
stated above, clinical manifestations of TRAPS depend on the mutations for the gene encoding p55 TNF receptor type I [3]. The genetic
defect suggested that patients with TRAPS may beneﬁt from TNF
inhibition. Unexpectedly however, treatment with anti-TNF was
found to induce no or modest response in TRAPS patients [33]
whereas anti-IL-1 therapy displayed high efﬁcacy and is today the
treatment of choice [34,35].
4.2. Mevalonate kinase deﬁciency (MKD) or
hyperimmunoglobulinemia D syndrome (HIDS)
This autoinﬂammatory disease manifests as recurrent episodes
of fever associated to abdominal pain, diarrhea, vomiting, rash,
and arthralgia. The disease results from mutations in MVK gene
that encodes for mevalonate kinase [36], an enzyme involved in
the cholesterol, farnesyl, and isoprenoid biosynthesis pathway. A
number of observations suggest that the dysregulated isoprenoid
biosynthesis leads to caspase-1 activation with increased IL1␤release [37], but the actual mechanism is still partly undeﬁned.
IL-1 blockade is the most effective therapy in patients with MKD
supporting a role of IL-1 also in the pathophysiology of this disease.
4.3. Deﬁciency of interleukin-36 receptor antagonist (DITRA)
DITRA is a recently described autoinﬂammatory disease due to
deﬁciency of IL-36R antagonist (IL-36Ra) [38]. IL-36Ra is an IL-1
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family member that antagonizes the proinﬂammatory signals of
the three IL-36 molecules (␣, ␤, and ␥) at the IL-36R, with a mechanism analogous to that used by IL-1Ra to block IL-1 [2]. The main
manifestation of DITRA is generalized pustular psoriasis, in agreement with the predominant expression of IL-36R in epithelial cells
in direct contact with the environment, including the skin [39].
Interestingly, efﬁcacy of IL-1 blockers has been reported [40]. This
observation, together with the similarity of the cutaneous lesions
in DIRA e DITRA [39], suggests the existence of a functional loop
involving IL-36 and IL-1 at the level of skin.
4.4. Chronic atypical neutrophilic dermatosis with lipodystrophy
and elevated temperature (CANDLE) syndrome
CANDLE is a rare autoinﬂammatory disease that manifests in
infancy with recurrent fever, delayed physical development, purpuric skin rash, and lipodystrophy with unique facial features.
Genetic studies have identiﬁed PSMB8 gene mutations in most
patients affected by CANDLE syndrome [41]. Interestingly, the
same gene defect is present in two similar autoinﬂammatory
diseases: joint contractures, muscle atrophy, microcytic anemia,
and panniculitis-induced lipodystrophy (JMP) [42] and NakajoNishimura syndrome [43]. PSMB8 gene encodes for a proteasome
subunit, resulting in a defect in proteasome assembly and activity.
The result is accumulation of proteins that cannot be degraded and
cause cell stress thus triggering inﬂammatory response. However,
IL-1␤ production and secretion are not apparently impaired, as also
conﬁrmed by the poor response to anti-IL-1 therapy.
4.5. Early onset inﬂammatory bowel disease (EO-IBD)
Recent reports on children with mutations in the receptor for
IL-10 have described a very aggressive form of Crohn’s disease
[44]. The mutations abrogate IL-10-induced anti-inﬂammatory
signaling and result in increased secretion of TNF-␣ and other
proinﬂammatory cytokines, suggesting that IL-10-dependent “negative feedback” regulation is disrupted in patients affected by
EO-IBD. These patients failed treatment with immunomodulators,
corticosteroids, and anti-TNF monoclonal antibodies and required
multiple bowel resections. Hematopoietic stem cell transplantation
(HSCT) has been exploited as a curative treatment, with satisfactorily results [44].
4.6. Majeed syndrome
Homozygous mutations in LPIN2, the gene coding for Lipin 2,
are responsible for the syndrome of chronic recurrent multifocal
osteomyelitis and congenital dyserythropoietic anemia (Majeed
syndrome) [45,46]. Although the link between Lipin 2 and the IL-1␤
pathway is unknown, a good response to treatment with IL-1 blocking agents was observed, suggesting that also the pathogenesis of
Majeed syndrome may be IL-1 mediated.
5. Role of stress as a co-factor in the pathophysiology of
autoinﬂammatory diseases
Although monogenic autoinﬂammatory diseases usually have
high penetrance, it is commonly observed that individuals bearing
the same disease and the same causative mutation display more or
less severe clinical manifestations. This phenomenon may results
from a combination of genetic, environmental, and lifestyle factors.
Increasing evidence indicates that exposure of inﬂammatory
cells to PAMPs or DAMPs, during an infection or a sterile injury,
induces stress, to which cells react with a number of stress
responses, aimed at defend themselves and the organism [47].
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In healthy individuals, many inﬂammatory responses are regulated by stress responses. In the case of IL-1␤, both synthesis
and processing/secretion require a redox remodeling, with production of reactive oxygen species (ROS), followed by an antioxidant
response with upregulation of a number of antioxidant genes [48].
We recently showed that monocytes from CAPS patients display
abnormally elevated levels of both ROS and antioxidants at the
baseline, compared to monocytes from healthy donors [49]. This
activated redox response causes a further raise of ROS and a faster
antioxidant response after TLR triggering, which results in a fastened IL-1␤ secretion. However, the excessive ROS overcome the
antioxidant systems that fail, resulting in oxidative stress [49].
CAPS monocytes react to stimulation-induced oxidative stress by
slowing down protein synthesis, a common response of stressed
cells. Consequently, production of cytokines downstream of IL-1,
such as IL-1Ra and IL-6, is severely impaired [50]. The decreased
IL-1Ra and IL-6 production coupled to increased IL-1␤ secretion
contributes to the disease phenotype. Thus, the mutated NLRP3
increases inﬂammasome efﬁciency; the concomitant redox dysfunctions are responsible for the accelerated IL-1␤ secretion and
the impaired production of downstream cytokines. In other words,
the mutation and the conditions of cell stress, most likely secondary
to the mutation, collude in generating a more severe disease phenotype.
A similar collusion between genetic and non-genetic factors
takes place also in other autoinﬂammatory diseases. In NLRP12 and
FMF the stress is less severe, with milder effects on cytokine production [22,29]. In TRAPS [51], retention of the mutant proteins
in the endoplasmic reticulum results in increased levels of ROS
with activation of intracellular inﬂammatory pathways, such as
MAPK. Furthermore, due to overload of the mutated proteins there
is an exhaustion of the autophagy system [52]. Since autophagy
has been reported to limit IL-1␤ processing and secretion [53],
insufﬁcient autophagy may lead to oversecretion of active IL-1␤
(52). This mechanism would also explain the good response to IL1 blocking therapy displayed by TRAPS patients. Along this line,
mutations in PSMB-8, a subunit of the non-lysosomal degradation
pathway proteasome, is responsible for CANDLE. Also in this disease the accumulation of cytoplasmic proteins, due in this case to
the deﬁcient proteasome activity, may cause stress with activation
of inﬂammatory responses.
On these bases, it is tempting to speculate that the repertoire
of stress-related genes and of factors controlling their expression
in each individual patient may affect the severity of the disease
phenotype. A stronger individual capacity of antioxidant gene
upregulation would protect from oxidative stress. Likewise, genetic
endowment of powerful degradative systems would preserve from
accumulation of waste products thus raising the threshold for
inﬂammation even in the presence of excessive metabolic activity,
or of misfolded or misretained mutated proteins.

Funding
The author is supported by a grant from Compagnia di San Paolo.

Conﬂicts of interest
The author declares that she has no conﬂicts of interest.

Acknowledgements
I thank Drs. Marco Gattorno and Alessia Omenetti and all the
members of my lab for continuous and helpful discussion.

230

A. Rubartelli / Immunology Letters 161 (2014) 226–230

References
[1] Masters SL, Simon A, Aksentijevich I, Kastner DL. Horror autoinﬂammaticus: the
molecular pathophysiology of autoinﬂammatory disease. Annu Rev Immunol
2009;27:621–68.
[2] Dinarello CA. Interleukin-1 in the pathogenesis and treatment of inﬂammatory
diseases. Blood 2011;117:3720–32.
[3] McDermott MF, Aksentijevich I, Galon J, McDermott EM, Ogunkolade BW, Centola M, et al. Germline mutations in the extracellular domains of the 55 kDa TNF
receptor, TNFR1, deﬁne a family of dominantly inherited autoinﬂammatory
syndromes. Cell 1999;97:133–44.
[4] Arend WP, Malyak M, Guthridge CJ, Gabay C. Interleukin-1 receptor antagonist:
role in biology. Annu Rev Immunol 1998;16:27–55.
[5] Ter Haar N, Lachmann H, Ozen S, Woo P, Uziel Y, Modesto C, et al. Treatment of
autoinﬂammatory diseases: results from the Eurofever Registry and a literature
review. Ann Rheum Dis 2013;72:678–85.
[6] Hoffman HM, Mueller JL, Broide DH, Wanderer AA, Kolodner RD. Mutation of a new gene encoding a putative pyrin-like protein causes familial
cold autoinﬂammatory syndrome and Muckle-Wells syndrome. Nat Genet
2001;29:301–5.
[7] Feldmann J, Prieur AM, Quartier P, Berquin P, Certain S, Cortis E, et al. Chronic
infantile neurological cutaneous and articular syndrome is caused by mutations
in CIAS1, a gene highly expressed in polymorphonuclear cells and chondrocytes. Am J Hum Genet 2002;71:198–203.
[8] Agostini L, Martinon F, Burns K, McDermott MF, Hawkins PN, Tschopp J. NALP3
forms an IL-1beta-processing inﬂammasome with increased activity in MuckleWells autoinﬂammatory disorder. Immunity 2004;20:319–25.
[9] Goldbach-Mansky R, Dailey NJ, Canna SW, Gelabert A, Jones J, Rubin BI, et al.
Neonatal-onset multisystem inﬂammatory disease responsive to interleukin1beta inhibition. N Engl J Med 2006;355:581–92.
[10] Gattorno M, Tassi S, Carta S, Delﬁno L, Ferlito F, Pelagatti MA, et al. Pattern of
interleukin-1beta secretion in response to lipopolysaccharide and ATP before
and after interleukin-1 blockade in patients with CIAS1 mutations. Arthritis
Rheum 2007;56:3138–48.
[11] Hoffman HM, Throne ML, Amar NJ, Sebai M, Kivitz AJ, Kavanaugh A, et al.
Efﬁcacy and safety of rilonacept (interleukin-1 trap) in patients with cryopyrinassociated periodic syndromes: results from two sequential placebo controlled
studies. Arthritis Rheum 2008;58:2443–52.
[12] Kuemmerle-Deschner JB, Hachulla E, Cartwright R, Hawkins PN, Tran TA, BaderMeunier B, et al. Two-year results from an open-label, multicentre, phase
III study evaluating the safety and efﬁcacy of canakinumab in patients with
cryopyrin-associated periodic syndrome across different severity phenotypes.
Ann Rheum Dis 2011;70:2095–102.
[13] Aksentijevich I, Masters SL, Ferguson PJ, Dancey P, Frenkel J, van RoyenKerkhoff A, et al. An autoinﬂammatory disease with deﬁciency of the
interleukin-1-receptor antagonist. N Engl J Med 2009;360:2426–37.
[14] Reddy S, Jia S, Geoffrey R, Lorier R, Suchi M, Broeckel U, et al. An autoinﬂammatory disease due to homozygous deletion of the IL1RN locus. N Engl J Med
2009;360:2438–44.
[15] Corradi A, Franzi AT, Rubartelli A. Synthesis and secretion of interleukin-1
alpha and interleukin-1 receptor antagonist during differentiation of cultured
keratinocytes. Exp Cell Res 1995;217:355–62.
[16] The French FMF Consortium. A candidate gene for familial Mediterranean fever.
Nat Genet 1997;17:25–31.
[17] Gattorno M, Martini A. Beyond the NLRP3 inﬂammasome: autoinﬂammatory
diseases reach adolescence. Arthritis Rheum 2013;65:1137–47.
[18] Chae JJ, Wood G, Masters SL, Richard K, Park G, Smith BJ, et al. The B30.2
domain of pyrin, the familial Mediterranean fever protein, interacts directly
with caspase-1 to modulate IL-1␤ production. Proc Natl Acad Sci USA
2006;103:9982–7.
[19] Papin S, Cuenin S, Agostini L, Martinon F, Werner S, Beer HD, et al. The SPRY
domain of Pyrin, mutated in familial Mediterranean fever patients, interacts
with inﬂammasome components and inhibits proIL-1␤ processing. Cell Death
Differ 2007;14:1457–66.
[20] Chae JJ, Cho YH, Lee GS, Cheng J, Liu PP, Feigenbaum L, et al. Gain-of-function
Pyrin mutations induce NLRP3 protein-independent interleukin-1␤ activation
and severe autoinﬂammation in mice. Immunity 2011;34:755–68.
[21] Yu JW, Fernandes-Alnemri T, Datta P, Wu J, Juliana C, Solorzano L, et al. Pyrin
activates the ASC pyroptosome in response to engagement by autoinﬂammatory PSTPIP1 mutants. Mol Cell 2007;28:214–27.
[22] Omenetti A, Carta S, Delﬁno L, Martini A, Gattorno M, Rubartelli A. Increased
NLRP3-dependent interleukin 1␤ secretion in patients with familial Mediterranean fever: correlation with MEFV genotype. Ann Rheum Dis 2014;73:
462–9.
[23] Lindor NM, Arsenault TM, Solomon H, Seidman CE, McEvoy MT. A new autosomal dominant disorder of pyogenic sterile arthritis, pyoderma gangrenosum,
and acne: PAPA syndrome. Mayo Clin Proc 1997;72:611–5.
[24] Dierselhuis MP, Frenkel J, Wulffraat NM, Boelens JJ. Anakinra for ﬂares of pyogenic arthritis in PAPA syndrome. Rheumatology (Oxford) 2005;44:406–8.
[25] Brenner M, Ruzicka T, Plewig G, Thomas P, Herzer P. Targeted treatment of pyoderma gangrenosum in PAPA (pyogenic arthritis, pyoderma gangrenosum and
acne) syndrome with the recombinant human interleukin-1 receptor antagonist anakinra. Br J Dermatol 2009;161:1199–201.

[26] Jéru I, Duquesnoy P, Fernandes-Alnemri T, Cochet E, Yu JW, Lackmy-Port-Lis
M, et al. Mutations in NALP12 cause hereditary periodic fever syndromes. Proc
Natl Acad Sci USA 2008;105:1614–9.
[27] Takeuchi O, Akira S. Pattern recognition receptors and inﬂammation. Cell
2010;140:805–20.
[28] Schroder K, Tschopp J. The inﬂammasomes. Cell 2010;140:821–32.
[29] Borghini S, Tassi S, Chiesa S, Caroli F, Carta S, Caorsi R, et al. Clinical presentation
and pathogenesis of cold-induced autoinﬂammatory disease in a family with
recurrence of a NLRP12 mutation. Arthritis Rheum 2011;63:830–9.
[30] Blau EB. Familial granulomatous arthritis, iritis, and rash. J Pediatr
1985;107:689–93.
[31] Jordan CT, Cao L, Roberson ED, Pierson KC, Yang CF, Joyce CE, et al. PSORS2 is
due to mutations in CARD14. Am J Hum Genet 2012;90:784–95.
[32] Miceli-Richard C, Lesage S, Rybojad M, Prieur AM, Manouvrier- Hanu S, Hafner
R, et al. CARD15 mutations in Blau syndrome. Nat Genet 2001;29:19–20.
[33] Jacobelli S, André M, Alexandra JF, Dodé C, Papo T. Failure of anti-TNF therapy in
TNF receptor 1-associated periodic syndrome (TRAPS). Rheumatology (Oxford)
2007;46:1211–2.
[34] Gattorno M, Pelagatti MA, Meini A, Obici L, Barcellona R, Federici S, et al.
Persistent efﬁcacy of anakinra in patients with tumor necrosis factor receptorassociated periodic syndrome. Arthritis Rheum 2008;58:1516–20.
[35] Bulua AC, Mogul DB, Aksentijevich I, Singh H, He DY, Muenz LR, et al. Efﬁcacy of etanercept in the tumor necrosis factor receptor-associated periodic
syndrome: a prospective, open-label, dose-escalation study. Arthritis Rheum
2012;64:908–13.
[36] Houten SM, Kuis W, Duran M, de Koning TJ, van Royen-Kerkhof A,
Romeijn GJ, et al. Mutations in MVK, encoding mevalonate kinase, cause
hyper-immunoglobulinaemia D and periodic fever syndrome. Nat Genet
1999;22:175–7.
[37] Kuijk LM, Beekman JM, Koster J, Waterham HR, Frenkel J, Coffer PJ. HMG-CoA
reductase inhibition induces IL-1beta release through Rac1/PI3K/PKBdependent caspase-1 activation. Blood 2008;112:3563–73.
[38] Marrakchi S, Guigue P, Renshaw BR, Puel A, Pei XY, Fraitag S, et al. Interleukin36-receptor antagonist deﬁciency and generalized pustular psoriasis. N Engl J
Med 2011;365:620–8.
[39] Cowen EW, Goldbach-Mansky R. DIRA DITRA, and new insights into pathways
of skin inﬂammation: what’s in a name? Arch Dermatol 2012;148:381–4.
[40] Brau-Javier CN, Gonzales-Chavez J, Toro JR. Chronic cutaneous pustulosis due
to a 175-kb deletion on chromosome 2q13: excellent response to anakinra.
Arch Dermatol 2012;148:301–4.
[41] Liu Y, Ramot Y, Torrelo A, Paller AS, Si N, Babay S, et al. Mutations in proteasome
subunit ␤ type 8 cause chronic atipica neutrophilic dermatosis with lipodystrophy and elevated temperature with evidence of genetic and phenotypic
heterogeneity. Arthritis Rheum 2012;64:895–907.
[42] Agarwal AK, Xing C, DeMartino GN, Mizrachi D, Hernandez MD, Sousa AB, et al.
PSMB8 encoding the ␤5i proteasome subunit is mutated in joint contractures,
muscle atrophy, microcytic anemia, and panniculitis-induced lipodystrophy
syndrome. Am J Hum Genet 2010;87:866–72.
[43] Arima K, Kinoshita A, Mishima H, Kanazawa N, Kaneko T, Mizushima T, et al.
Proteasome assembly defect due to a proteasome subunit beta type 8 (PSMB8)
mutation causes the autoinﬂammatory disorder, Nakajo-Nishimura syndrome.
Proc Natl Acad Sci USA 2011;108:14914–9.
[44] Glocker EO, Kotlarz D, Boztug K, Gertz EM, Schäffer AA, Noyan F, et al. Inﬂammatory bowel disease and mutations affecting the interleukin-10 receptor. N
Engl J Med 2009;36:2033–45.
[45] Majeed HA, Kalaawi M, Mohanty D, Teebi AS, Tunjekar MF, al-Gharbawy F,
et al. Congenital dyserythropoietic anemia and chronic recurrent multifocal
osteomyelitis in three related children and the association with Sweet syndrome in two siblings. J Pediatr 1989;115:730–4.
[46] Ferguson PJ, Chen S, Tayeh MK, Ochoa L, Leal SM, Pelet A, et al. Homozygous mutations in LPIN2 are responsible for the syndrome of chronic recurrent
multifocal osteomyelitis and congenital dyserythropoietic anaemia (Majeed
syndrome). J Med Genet 2005;42:551–7.
[47] Rubartelli A, Sitia R. Stress as an intercellular signal: the emergence of stressassociated molecular patterns (SAMP). Antioxid Redox Signal 2009;11:2621–9.
[48] Rubartelli A. Redox control of NLRP3 inﬂammasome activation in health and
disease. J Leukoc Biol 2012;92:951–8.
[49] Tassi S, Carta S, Delﬁno L, Caorsi R, Martini A, Gattorno M. Altered redox state of
monocytes from cryopyrin associated periodic syndromes causes accelerated
IL-1␤ secretion. Proc Natl Acad Sci USA 2010;107:9789–94.
[50] Carta S, Tassi S, Delﬁno L, Omenetti A, Raffa S, Torrisi MR, et al. Deﬁcient production of IL-1 receptor antagonist and IL-6 coupled to oxidative
stress in cryopyrin-associated periodic syndrome monocytes. Ann Rheum Dis
2012;71:1577–81.
[51] Bulua AC, Simon A, Maddipati R, Pelletier M, Park H, Kim KY, et al. Mitochondrial
reactive oxygen species promote production of proinﬂammatory cytokines
and are elevated in TNFR1-associated periodic syndrome (TRAPS). J Exp Med
2011;208:519–33.
[52] Bachetti T, Chiesa S, Castagnola P, Bani D, Di Zanni E, Omenetti A, et al.
Autophagy contributes to inﬂammation in patients with TNFR-associated periodic syndrome (TRAPS). Ann Rheum Dis 2013;72:1044–52.
[53] Piccioli P, Rubartelli A. The secretion of IL-1␤ and options for release, 2013.
Seminar Immunol 2013;25:425–9.

