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Monogenic autoinflammatory diseases encompass a
distinct and growing clinical entity of multisystem inflam-
matory diseases with known genetic defects in the
innate immune system. The diseases present clinically
with episodes of seemingly unprovoked inflammation
(fever, rashes, and elevation of acute phase reactants).
Understanding the genetics has led to discovery of
new molecules involved in recognizing exogenous and
endogenous danger signals, and the inflammatory
response to these stimuli. These advances have fur-
thered understanding of innate inflammatory pathways
and spurred collaborative research in rheumatology and
infectious diseases. The pivotal roles of interleukin (IL)-
1B in cryopyrin-associated periodic syndromes, tumor
necrosis factor (TNF) in TNF receptor-associated periodic
syndrome, and links to inflammatory cytokine dysregula-
tion in other monogenic autoinflammatory diseases have
resulted in effective therapies targeting proinflamma-
tory cytokines IL-1B and TNF and uncovered other new
potential targets for anti-inflammatory therapies.

Introduction

Discovery of mutations in the previously unknown gene,
MEFYV, as the cause of familial Mediterranean fever (FMF)
in 1997, spearheaded an era of new gene discovery leading
to the identification of novel inflammatory pathways [1,2].
Over the past 10 years, a poorly characterized category of
periodic fever syndromes developed into a series of success

stories by new technologies of molecular genetics and cell
biology. Facilitated by the Human Genome Project, single-
gene defects associated with several periodic fever syndromes
were identified over the ensuing 5 years from 1997 to 2002.
In 1999, mutations in the tumor necrosis factor (TNF)
receptor 1, TNFRSF1A, were demonstrated in families with
the dominantly inherited TNF receptor—associated periodic
syndrome (TRAPS) [3]. Shortly thereafter, two groups in the
Netherlands independently described mutations in the meva-
lonate kinase gene in hyperimmunoglobulin D syndrome
(HIDS) [4,5]. In 2001 and 2002, defects in cryopyrin were
found to cause familial cold autoinflammatory syndrome
(FCAS), Muckle-Wells syndrome (MWS), and neonatal-
onset multisystem inflammatory disease (NOMID) (also
called chronic infantile neurologic, cutaneous, and arthritis
[CINCA] syndrome) [6-8].

Discovery of genetic causes for pyogenic arthritis, pyo-
derma gangrenosum, and acne (PAPA) [9], Blau syndrome
[10], early-onset sarcoidosis [11¢], and Majeed syndrome
[12¢] led to their recognition as monogenic autoinflam-
matory syndromes and expanded the spectrum to include
diseases in which fever is uncommon. Table 1 lists the cur-
rently recognized monogenic autoinflammatory disorders,
clinical features, and genetic bases.

Clinical Presentations and Genetics

of Monogenic Autoinflammatory Diseases
Familial Mediterranean fever

Clinical presentation

FMF is the most common periodic fever syndrome and
affects more than 100,000 people worldwide [13]. FMF
is most prevalent in ethnic groups around the Mediter-
ranean Sea including Sephardic Jews, Armenians, North
Africans, Italians, and Turks, but has been described in
other ethnic groups, including Japanese and Ashkenazi
Jews. FMF most commonly presents with 1- to 3-day
episodes of fever, serositis, and arthralgia or arthritis.
Erysipeloid erythema, particularly on the extensor
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surfaces of the lower extremities, may also be present.
Patients are typically asymptomatic between attacks;
however, elevations in inflammatory markers (leukocyte
count, sedimentation rate, C-reactive protein, and serum
amyloid A) may persist. Prolonged elevated serum amy-
loid A levels can lead to amyloid deposition, primarily in
the kidneys, which is present in 11.4% of patients with
FMF and associated with kidney failure [14¢]. A threefold
higher risk of developing amyloidosis is conferred by liv-
ing in Armenia, Turkey, and other Arab countries. Other
risk factors include homozygosity for the M694V muta-
tion, presence of the serum amyloid A1 alpha allele, and
disease duration [14e,15].

Genetics

FMF is caused by mutations in the MEFV gene on chro-
mosome 16p13, which encodes the protein pyrin, also
known as marenostrin. Forty-nine mutations in the
MEFYV gene have been associated with clinical symptoms
of FMF [16]. Although FMF is inherited in an autosomal
recessive mode, patients with only a single mutation, and
a few patients with clinical FMF without genetic muta-
tions, have been described [4]. Several genetic variants,
including E148Q), are present in pyrin; however, whether
these variants constitute functional polymorphisms of
FMF or have a proinflammatory role in other diseases is
not yet known [17].

Pathophysiology
MEFYV encodes the protein pyrin, which is composed of
a PYRIN, B-box, coiled-coiled, and B30.2 (PRYSPRY)
domain. The role of mutated pyrin in FMF is not fully
understood; however, increased interleukin (IL)-1 secre-
tion is observed in a murine pyrin-knockout model.
Transfection of wild-type murine pyrin into murine
monocytes suppresses IL-1p [18]. These observations led
to the notion that pyrin has an anti-inflammatory role.
This is further supported by in vitro studies demonstrat-
ing that pyrin interacts with the NALP3 inflammasome,
a molecular complex containing cryopyrin and the adap-
tor proteins ASC (apoptotic speck-like protein with a
caspase recruitment domain) and CARDINAL, and two
pro-caspase-1 molecules. The assembly of the NALP3
inflammasome leads to caspase-1-mediated activation
and release of the proinflammatory cytokine and pyro-
gen, IL-1B (Fig. 1) [19]. Pyrin’s binding to ASC may lead
to sequestration of ASC and may prevent formation of
a functional NALP3 inflammasome complex. Pyrin can
also bind to caspase-1 directly and inhibit its ability to
cleave pro—IL-1p into its biologically active form [20¢].
Many of the MEFV mutations have been found in the
caspase binding area of the B30.2 or PRYSPRY domain,
and lead to decreased pyrin binding to ASC. Because
ASC is not sequestered, it can assemble with cryopyrin,
and activate the NALP3 inflammasome to secrete proin-
flammatory cytokines.

Although most evidence currently suggests that wild-type
pyrin has an anti-inflammatory effect, a recent transfection
model suggests that in certain in vitro conditions, wild-type
protein may be proinflammatory by forming an IL-1B-acti-
vating platform similar to the NALP3 inflammasome [21¢].
Although the relevance of the latter model in human disease
remains to be determined, the changing role of pyrin may
depend on its cellular context.

Treatment

Colchicine decreases the frequency of FMF attacks.
Prophylactic colchicine therapy leads to complete remis-
sion or significant improvement in 85% of patients with
FMF, and it prevents amyloidosis [22]. In case reports
and small series of patients in whom colchicine is not
tolerated or is ineffective, thalidomide, etanercept, and
anakinra have been shown to decrease inflammation
markers and frequency of attacks [22].

TNF receptor—associated periodic syndrome

Clinical presentation

Febrile attacks associated with abdominal pain, pleuritis,
myalgia, arthritis, and rash are characteristic of TRAPS. This
syndrome was originally described as familial Hibernian
fever in an Irish/Scottish family with symptoms similar to
FMF; however, unlike FMF, the disease exhibits a dominant
inheritance pattern and response to steroids [23]. Contrary
to initial assumptions, TRAPS is prevalent in diverse ethnic
populations. Attacks are usually more protracted than those
seen in FMF, lasting 1 to 4 weeks. The myalgia typically
migrates centrifugally out to the distal extremities, and the
accompanying rash is caused by a monocytic fasciitis [24].

Genetics

The disease was renamed “tumor necrosis factor receptor—
associated periodic syndrome” in 1999 to indicate that it is
caused by autosomal dominant mutations of the TNFRSF1A
gene located on chromosome 12p13, which encodes the TNF
receptor type 1 (TNFR1, p5$ receptor). Forty-six mutations,
most of which are cysteine substitutions in the extracellular
domain of the TNF receptor, have been described in patients
with clinical disease [16]. Mutations resulting in loss of a
cysteine residue correlate with clinically more severe disease
and a higher risk of amyloidosis [24]. Several mechanisms
leading to the proinflammatory role of the TNF receptor
mutations have been described.

Pathophysiology

Wild-type TNFR1 is transported to the cell surface, where
it complexes upon TNF binding to form active signaling
units. TNFR1 can be cleaved from the cell surface, leading
to decreased cell surface binding sites and increased buff-
ering of unbound soluble TNF. Mutations in the TNFR1
receptor lead to decreased binding of TNF to the mutated
receptor and decreased receptor signaling, which has cre-
ated controversy in explaining the proinflammatory effect
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Figure 1. Proposed mechanisms of activation of proinflammatory signaling pathways in cryopyrin-associated periodic syndromes (CAPS); familial
Mediterranean fever (FMF); pediatric granulomatous arthritis (PGA); pyogenic arthritis, pyoderma gangrenosum, and acne (PAPA) syndrome; and
tumor necrosis factor (TNF) receptor-associated periodic syndrome (TRAPS). A, Unlike wild-type NALP3, mutated NALP3 (which causes CAPS)
is constitutively activated and thought to oligomerize and bind to adaptor molecules ASC and CARDINAL to form an active catalytic complex
with two pro—caspase-1 molecules. Via autocatalysis, this complex generates active caspase-1, which cleaves inactive pro—interleukin (IL)-1f to
its active form, IL-1B. Wild-type pyrin can inhibit inflammasome activation by sequestration of ASC or by direct binding to caspase-1. Mutated
pyrin (which causes FMF) cannot exert its inhibitory effect on the inflammasome, leading to unopposed inflammasome activation. Wild-type
PSTPIP1, another regulatory molecule of the NALP3 inflammasome, binds to pyrin. Mutated PSTPIP1 (which causes PAPA) cannot dissociate
from its binding to pyrin, leading to uninhibited inflammasome activity. B, Bacterial peptidoglycans stimulate the NOD2 inflammasome. RIP2

is recruited, leading to activation of nuclear factor (NF)-kB and mitogen-activated protein kinase (MAPK) signaling pathways. Mutations in

the NACHT domain (which cause PGA) lead to presumed autoactivation of NOD2 and constitutive activation of NF-kB and proinflammatory
cytokines. C, TNFR1 molecules are transported from endoplasmic reticulum (ER) to the Golgi and then to the cell surface. Wild-type TNFR1
complexes are bound to extracellular TNF, leading to NF-kB activation. Receptor cleavage from the cell surface abrogates receptor signaling,
and the soluble receptor can buffer soluble TNF. Mutated TNFR1 (which causes TRAPS) is misfolded and cannot be transported to the cell
surface. Misfolded TNFR1 is sequestered in the ER, where it may lead to abnormal signaling.

of TNFR1 mutations. Early results in patients with TRAPS
showed reduced shedding of mutated TNF receptor from
the cell surface after activation, resulting in decreased
plasma levels of soluble TNFR1 [3,25¢]. This supported
the hypothesis of increased wild-type receptor signaling
and reduced buffering of free TNF. Because the shedding
defect is not seen universally in patients with TRAPS,
alternative mechanisms were sought. Recent data indicate
that misfolding of the mutated receptor is a common find-
ing. The misfolded protein aggregates in the endoplasmic
reticulum, and cannot be transported to the cell surface,

which may cause ligand-independent TNFR1 signaling
through formation of intracellular signaling complexes and
lead to induction of proinflammatory cytokines and other
inflammatory pathways [25e].

Treatment

Corticosteroids, although effective in treating the symp-
toms of TRAPS, are associated with significant long-term
side effects. Colchicine is better tolerated, but generally
ineffective. Several small studies or case reports have
shown that the TNF inhibitor etanercept decreases the
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frequency, intensity, and duration of flares and has been
used to improve renal amyloid A (AA) amyloidosis in
patients with nephrotic syndrome [26]. Treatment with
the IL-1 receptor antagonist anakinra, an IL-1 signaling
blocker, has also shown clinical benefit [27].

Cryopyrin-associated periodic syndromes

Clinical presentation

The cryopyrin-associated periodic syndromes (CAPS)—
which include FCAS, MWS, and NOMID—present with
episodes of fever, urticarial rash, and elevations in acute
phase reactants, but differ in the spectrum of multior-
gan disease manifestations and in long-term morbidity
and mortality. Patients with MWS or NOMID typically
present with an urticarial rash at birth, whereas the first
manifestations of FCAS may present later in life.

FCAS was first described in a young woman with
a lifelong history of urticarial eruption that occurred
after 30 minutes of cold exposure and was accompanied
by fever, chills, and joint stiffness, which resolved 6 to
48 hours later. Similar symptoms occurred in 23 of 47
relatives of both genders [28]. Cold-induced episodes of
inflammation may also present with conjunctivitis and
headaches. Although patients suffer from these attacks,
in most cases long-term outcome is favorable and amy-
loidosis is rarely reported.

In MWS, episodes of fever, urticarial rash, and
arthritis are continuous and, in most instances, are
not provoked by cold. The original reports of a family
with MWS described nine members with “aguey bouts”
and an urticarialike rash, with progressive perceptive
hearing loss and nephropathy [29]. Conjunctivitis,
episcleritis, and optic disc edema are also seen; in a
European cohort, amyloidosis was reported in up to
25% of patients [30].

NOMID was first described in two siblings with a contin-
uous rash from birth, lymphadenopathy, uveitis, and mental
retardation [31]. This was followed by the definition of the
disease as CINCA syndrome in three unrelated children
with symptoms similar to those previously reported. In addi-
tion, abnormal bony overgrowth of the knees and chronic
meningitis were seen [32]. The characteristic arthropathy
is caused by uncontrolled overgrowth of the patella and
epiphyses of the long bones, and presents in up to 60% of
patients [33]. Disability in patients with NOMID is caused
by joint contractures at affected sites, but most devastating
are the central nervous system (CNS) manifestations, which
include chronic aseptic meningitis, increased intracranial
pressure, ventriculomegaly, cerebral atrophy, seizures, and
mental retardation. Sensorineural hearing loss develops in
most patients in childhood, and progressive vision loss can
be a consequence of optic nerve atrophy caused by chroni-
cally increased intracranial pressures [34¢,35¢,36]. Other
findings include short stature, frontal bossing of the skull,
and rarely, flattening of the nasal bridge. If untreated, the
reported mortality is 20% before adulthood [36].

Genetics

Although originally described as separate disease entities,
the discovery of autosomal dominant mutations in the
same gene, CIAST (also NLRP3, NALP3, or PYPAFI),
which is located on chromosome 1q44 and encodes the
protein cryopyrin, led to the recognition that these dis-
eases form a clinical spectrum, with NOMID having the
most severe phenotype and FCAS the mildest [6,37]. More
than 50 missense mutations in exon 3 of CIAS1 have been
identified [16]. Most of the FCAS cases described share
an ancestral haplotype that carries a single heterozygous
missense mutation, L353P in exon 3 of CIAS1, suggest-
ing a founder effect of this mutation [38]. Most of the
reported patients with FCAS and MWS have CIAST muta-
tions, whereas disease occurs sporadically in patients with
NOMID. De novo cryopyrin mutations are found in only
50% of patients with clinical disease [6], but patients with
and without CIAST mutations have similar clinical phe-
notypes and respond equally well to IL-1 blockade [35¢].
A subset of patients, who were CIAST mutation negative
when typed by standard DNA sequencing methods, had
somatic CIAST mutations in peripheral blood cells when
molecular cloning techniques were used [39].

Although phenotype/genotype correlations cannot be
understood on a structural basis because FCAS, MWS,
and NOMID mutations are seen in the same cluster posi-
tions on the gene, some mutations are associated with mild
and others with severe clinical phenotypes. Three CIAS1
mutations have been associated with more than one dis-
order: R260W with both MWS and FCAS; D303N with
MWS and NOMID; and T4361 with FCAS and NOMID
[7,352,40]. Few mutations, such as R488K, are found in
unaffected relatives, suggesting incomplete penetrance in
only rare cases [34¢e].

Pathophysiology
Cryopyrin has three structural domains (Fig. 1). The
leucine-rich repeat (LRR) domain is found on Toll-like
receptors that bind to extracellular microbial triggers [41].
The NACHT/NACHT-associated domain (NAD) and
LRR domain are found in related receptors recently char-
acterized as the NOD-like receptor (NLR) family, whose
role in sensing exogenous and endogenous “danger sig-
nals” is emerging. Cryopyrin shares the PYRIN domain
with pyrin, the protein mutated in patients with FMF.
Upon stimulation with bacterial triggers and molecules
released during cell injury or stress (adenosine triphosphate
and uric acid), the cryopyrin or NALP3 inflammasome acti-
vates the enzyme caspase-1 that cleaves the proinflammatory
cytokine IL-1P into its active form [42¢]. The inflammasome
containing wild-type cryopyrin is autoinhibited by a puta-
tive conformational interaction between the LRR domain
and the NACHT domain. The majority of CIAS1 mutations
are thought to disrupt the inactive closed ring conforma-
tion of wild-type cryopyrin and facilitate oligomerization
of cryopyrin [34e] and inflammasome activation (Fig. 1).
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The hypothesis of constitutive inflammasome activation in
patients with CAPS could explain the high IL-1f levels mea-
sured in unstimulated peripheral blood mononuclear cells
from patients with CAPS as compared with controls [35¢].
Mutations in cryopyrin have been associated with activation
of nuclear factor (NF)-kB and macrophage necrosis in in
vitro models [43,44]. The role of these pathways in clinical
disease needs to be determined.

Treatment

Although several reports using disease-modifying antirheu-
matic drugs, including TNF inhibitors, indicated partial
responses to these treatments [35¢], the impressive clinical
results with IL-1-blocking agents in patients with FCAS,
MWS, and NOMID have clearly linked these diseases to
IL-1B overproduction and instituted IL-1 blockade as the
treatment of choice for CAPS. Anakinra, a recombinant
IL-1 receptor antagonist approved by the US Food and
Drug Administration (FDA) for the treatment of rheu-
matoid arthritis, competitively inhibits binding of IL-1o
and IL-1B to the IL-1 receptor type 1. Within hours of
administration of anakinra to patients with CAPS, the
rash disappears, and inflammatory markers, including
C-reactive protein and serum amyloid A levels, drop rapidly
[352,45,46,47]. In NOMID, the effect of IL-1 blockade
extends to the CNS manifestations. Reduced intracranial
pressure, pleocytosis, and cerebrospinal fluid protein are
observed with treatment, and hearing loss is stabilized
[35¢]. Although bony lesions seen in patients with NOMID
continue to grow in children with open growth plates, the
development of new lesions has not been observed with
treatment [33]. More recently, the FDA approved rilona-
cept, a fusion protein of the extracellular IL-1 receptor
1 and the IL-1 receptor accessory protein linked to the
Fc portion of human IgG1, which also acts as an IL-1
inhibitor in the treatment of CAPS. In a double-blind ran-
domized trial, rilonacept, 160 mg, administered weekly
rapidly suppressed clinical symptoms and normalized labo-
ratory markers of inflammation in patients with FCAS and
MWS for 24 weeks [48¢]. In five patients, the response was
durable for up to 2 years, and the drug was well tolerated
at doses up to 320 mg/wk [49].

Hyperimmunoglobulin-D syndrome

Clinical presentation

HIDS was first described in 1984. It is an autosomal
recessive disorder characterized by episodes of fever, rash,
abdominal pain, and arthralgia or arthritis, typically of
large joints. Marked lymphadenopathy and splenomegaly
help to distinguish HIDS from FMF clinically. Most
patients with HIDS are of Western European (particu-
larly Danish and French) ancestry, suggesting a founder
gene effect in these populations [4]. Febrile episodes can
occur spontaneously or following vaccinations, trauma,
or stress. They last several days and recur every 4 to 8
weeks. Patients may have elevated urine mevalonic acid

levels during attacks, and elevated serum IgD and IgA
levels both during and between attacks. Despite the name,
patients may have normal serum IgD levels, particularly
those younger than 3 years of age [4].

When HIDS was found to be caused by mutations
in the mevalonate kinase gene, it was recognized that
defects in this gene were already known to cause meva-
lonic aciduria, a “classic” metabolic disorder. Similar
to HIDS, patients with mevalonic aciduria present with
febrile episodes and systemic inflammation, but other
features include developmental delay, facial dysmor-
phism, ataxia, hypotonia, myopathy, cataracts, and
failure to thrive, which can contribute to significant
morbidity [4]. Both diseases represent different pheno-
types along a spectrum of increasing severity.

Genetics

Sixty-two mutations associated with the HIDS phenotype
and 15 with the mevalonic aciduria phenotype have been
described in the mevalonate kinase gene on chromosome
12, which encodes mevalonate kinase, an enzyme involved
in the cholesterol biosynthesis pathway [16]. The disease
spectrum is inherited in an autosomal recessive fashion and
most patients carry two missense mutations. V3771 is the
most common mutation in patients with HIDS, present in
80% of patients, followed by mutations in 1268T [4,50].

Pathophysiology

In the cholesterol biosynthesis pathway, 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) reductase, the enzyme
targeted by statin drugs, converts HMG-CoA to mevalon-
ate, which then undergoes phosphorylation to mevalonate
phosphate. Conversion from mevalonate to mevalonate
phosphate by the enzyme mevalonate kinase is the rate-lim-
iting step. End products of this pathway include cholesterol
and several compounds known as isoprenoids, which
include ubiquinone-10, dolichol, isopentenyl transfer RNA,
and other isoprenylated proteins that participate in cellular
processes related to cell growth and differentiation, cyto-
skeletal function, and vesicle trafficking [51].

Mevalonate kinase mutations create a block in the path-
way, preventing the conversion to mevalonate phosphate.
The lack of negative feedback by end products downstream
in the pathway leads to an increase in HMG-CoA reductase
activity with accumulation of mevalonate in serum and tis-
sues, and increased urinary excretion of mevalonate [4,52¢].
Severity of the clinical phenotype correlates with residual
mevalonate kinase activity; patients with mevalonic aciduria
have no kinase activity, but in patients with HIDS, kinase
activity decreases to 1% to 10% of that seen in unaffected
individuals [52¢]. In an in vitro model with peripheral blood
mononuclear cells from patients with HIDS, the shortage of
isoprenoid end products, but not the excess of mevalonate,
contributed to increased IL-1B production [53]. The search
for pathways linking the enzymatic defect to inflammation
is the subject of ongoing research.
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Treatment

NSAIDs are administered for fever and arthralgia. Short
courses of corticosteroids may be effective in some patients,
but colchicine is generally not. Based on the assumption that
mevalonate accumulation is pathogenic, simvastatin, an
HMG-CoA reductase inhibitor, was given to six patients, of
whom five had a nonstatistically significant decrease in num-
ber of febrile days [54]. Treatment with etanercept has also
yielded variable results [55-57]. The successful treatment of
a small case series of patients with HIDS with IL-1 inhibition
lends support to its role in the pathophysiology [55]. Lastly,
leukotriene inhibitors are used in some centers, but clinical
studies have not been performed. Further research is needed
to determine optimal treatment for HIDS.

Pyogenic arthritis, pyoderma gangrenosum,

and acne syndrome

Clinical presentation

PAPA is a rare dominantly inherited disorder characterized
by skin lesions and variable expression of pauciarticular,
nonaxial, erosive corticosteroid-responsive arthritis with
recurrent sterile effusions. It was first described in 1997
[58], and five affected families have subsequently been
identified. Skin manifestations are severe cystic acne,
pyoderma gangrenosum, and sterile abscess formation at
injection sites. Less common features include adult-onset
insulin-dependent diabetes mellitus and proteinuria.
Similar to other autoinflammatory diseases, a nonspe-
cific predominantly neutrophilic infiltrate is found in the
inflammatory lesions of PAPA.

Genetics

Missense mutations have been identified in the PSTPIP1
gene (also known as CD2 binding protein 1) on chromo-
some 15q24. To date, four gain-of-function mutations
have been associated with clinical disease [16].

Pathophysiology

Wild-type dephosphorylated PSTPIP1 can bind to pyrin,
the protein central to the pathogenesis of FMF, thought
to prevent pyrin’s anti-inflammatory effect on the NALP3
inflammasome. PSTPIP1 undergoes phosphorylation by
PTP-PEST, a protein tyrosine phosphatase that inhibits
its ability to bind to pyrin (Fig. 1). Mutations in PSTPIP1
prevent its phosphorylation and lead to a prolonged pyrin
and mutated PSTPIP1 complex formation. This complex
prevents the inhibitory function of pyrin on the NALP3
inflammasome, with a presumed net effect of increased
IL-1B production and inflammation [21+,59].

In an alternative model, mutated PSTPIP1 may
increase pyrin’s proinflammatory role through a con-
formational change enabling pyrin to oligomerize with
adaptor proteins that lead to increased production of IL-
1B [21¢]. Although the clinical relevance of these models
remains to be explored, both models link the PAPA-caus-
ing mutations in PSTPIP1 to excessive IL-1p production,

and suggest the possibility of effective therapy with an
IL-1 inhibitor.

Treatment

Intra-articular and oral glucocorticoids have been
effective in treating the joint and skin manifestations
of PAPA, but some initially responsive patients become
refractory. There are promising case reports of benefit
from more targeted therapy with TNF inhibitors or the
IL-1 receptor antagonist, anakinra [60].

Pediatric granulomatous arthritis

Clinical presentation

Pediatric granulomatous arthritis (PGA) is the term now
applied to the syndromes formerly described as Blau syn-
drome, a familial form of granulomatous disease, and
early-onset sarcoidosis, a sporadic form [61e]. PGA is a
chronic granulomatous disease of the skin, eyes, and joints,
first described in 1985 [62]. It affects young children of
both genders without ethnic or racial predilection [63].
Patients typically present before age 4 with a tan, scaly
ichthyosiform rash and symmetric polyarticular arthritis or
tenosynovitis. Ocular findings, including recurrent bilateral
uveitis, conjunctivitis, synechiae, cataracts, and glaucoma,
may be seen later in the disease course. In one series, 88%
of affected patients displayed the classic dermatitis, whereas
41% had severe visual impairment [61e]. Noncaseating
granulomas are present on synovial and skin biopsies, and
in the liver. Other features include camptodactyly, fever,
and cranial neuropathies [64e]. Persistent leukocytosis,
thrombocytosis, and elevated inflammatory markers may
be present. Large-vessel vasculitis is a rare manifestation.

Genetics

PGA is caused by autosomal dominant missense muta-
tions in the NACHT domain of the NOD2 or CARDI1S
gene, located on chromosome 16. NOD2 encodes the
cytosolic protein, NOD2, a member of the pathogen rec-
ognition receptors—the NLRs. NOD?2 is highly expressed
on monocytes, macrophages, and in intestinal Paneth cells
[64¢]. Twelve mutations have been reported in patients
with Blau syndrome or early-onset sarcoidosis [16]. Muta-
tions in NOD2 are found in 50% to 90% of patients
with the triad of arthritis, dermatitis, and uveitis [61e].
All mutations identified suggest complete penetrance
[61e,64¢]. Variants in the LRR domain of NOD2 have
also been associated with a subset of patients with Crohn’s
disease, a granulomatous disease affecting the bowel.

Pathophysiology

NOD?2 functions as an intracellular sensor triggered by
peptidoglycan components from the cell wall of gram-
positive and gram-negative bacteria, such as muramyl
dipeptide. NOD2 activation results in complex, incom-
pletely characterized downstream responses. These
include activation of NF-xB and mitogen-activated
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protein kinase signaling pathways that upregulate levels
of antimicrobial peptides, proinflammatory cytokines,
and chemokines, which recruit immune cells to the sites
of microbial invasion. Similar to the loss of autoinhibi-
tion caused by mutations in cryopyrin, mutations in
the NACHT domain of NOD2 are postulated to cause
constitutive activation of the NOD2 inflammasome.
Mutations in the pathogen-sensing LRR domain seen
in Crohn’s disease are thought to be associated with
impaired recognition of bacterial pathogens; how these
mutations lead to granulomatous inflammation is cur-
rently under investigation.

Treatment

Less severely affected patients respond to NSAIDs,
whereas more significant manifestations require systemic
corticosteroid therapy. Other treatment regimens include
methotrexate, cyclosporine, and etanercept [64¢]. Ocu-
lar disease can be more difficult to treat, and worsening
of uveitis has been reported in patients treated with
infliximab [63]. Anakinra has improved symptoms and
decreased plasma cytokine levels in case reports, sug-
gesting a possible relationship with IL-1B [64¢].

Majeed syndrome: a monogenic form of chronic
recurrent multifocal osteomyelitis?
Clinical presentation
Majeed syndrome was first described in 1989 as a severe
infantile form of chronic recurrent multifocal osteomyeli-
tis (CRMO) in a family of consanguineous parents in two
brothers and a female cousin. The patients presented with
chronic recurrent multifocal osteomyelitis, neutrophilic
dermatosis, and congenital dyserythropoietic anemia not
seen in other CRMO presentations. Skin manifestations
in the original report were Sweet syndrome; however,
psoriasis and pustulosis have also been described [12e].
Sterile bone lesions resembling osteomyelitis are the hall-
mark of CRMO and can develop in clavicles, sternum,
long bones, and, less commonly, mandible and vertebrae.
Radiographs reveal osteolytic lesions with surrounding
sclerosis. Bacterial and fungal cultures from blood and
bone biopsies are negative, and the granulocytic infiltrate
seen on histology of affected lesions is nonspecific.
Majeed syndrome and synovitis, acne, pustulosis,
hyperostosis, and osteitis (SAPHO) syndrome have been
hypothesized to represent more severe phenotypes in the
clinical spectrum of CRMO. The Majeed phenotype pres-
ents in early infancy, whereas the more common CRMO
phenotype presents in school-age children, and SAPHO
is mainly seen in young adults. In patients with CRMO
and in their close relatives, prevalence of inflammatory
skin lesions, inflammatory bowel disease, and arthritis
is increased [65¢]. CRMO can be self-limited in patients
with isolated bone lesions, but may be associated with sig-
nificant morbidity in very severe cases.

Genetics

The autosomal recessive infantile form of CRMO, Majeed
syndrome, is caused by mutations in LPIN2, which encodes
the protein lipin2 [12e]. Three LPIN2 mutations have been
described in patients with Majeed syndrome [16]. Muta-
tions in LPIN2 have not been found in the sporadic cases
of CRMO. However, clues to a possible pathway may come
from two murine models of CRMO with different disease
severity. In both models, the disease is caused by autosomal
recessive missense mutations in the pstpip2 gene, which
encodes a protein with similar structure to PSTPIP1. In the
first murine model, the phenotype is limited to inflammatory
bone lesions in tails and hindfeet; some mice also develop
inflammation of ear cartilage and overlying skin. The second
murine model has a more severe phenotype with bone and
significant skin lesions and necrosis of the ears and digits.
The two models suggest that factors other than the pstpip2
mutations can modify disease expression. In humans, pre-
liminary screening for mutations in PSTPIP2 and LPIN2
in sporadic forms of CRMO has been negative.

Pathogenesis

Despite the association of PSTPIP2 and LIPIN2 with clin-
ical phenotypes of CRMO in mice and men, their roles in
inflammation remain unresolved. Pstpip2 is ubiquitously
expressed and plays a role in cytoskeletal reorganization
[65¢]. PAPA syndrome is caused by mutations in the struc-
turally related PSTPIP1, which suggests that PSTPIP1
and PSTPIP2 may affect similar immunologic pathways.
Investigations of the role of these molecules will likely
reveal important pathways in bone inflammation and pro-
vide additional candidate genes for genetic screening.

Treatment

Antibiotics are not effective, but NSAIDs, corticosteroids,
interferon o or v, azithromycin, bisphosphonates, and
TNF inhibitors have been reported to be helpful in indi-
vidual patients [66].

“Common Principles” in the Pathogenesis of
Autoinflammatory Diseases

The mammalian immune system has evolved to protect
the host against microbial infections and cellular waste
that accumulates when cells are damaged or die. Two
types of immune defense systems have emerged. Rec-
ognition of exogenous and endogenous “danger” by the
innate immune system is mediated through pattern rec-
ognition receptors, which are germline coded; they bind
invariant microbial molecules such as microbial cell wall
components. Recognition of danger by the adaptive or
acquired immune system is mediated by receptors on T
and B cells that undergo somatic mutation, leading to
fine tuning of the receptor specificity in response to anti-
gen contact. This mechanism allows the development
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of a highly diverse receptor repertoire, and enables the
development of immunologic memory [67¢].

NALP3 or NLRP3 (the gene causing CAPS) and its
structurally related cousin NOD2 (the gene involved
in PGA and Crohn’s disease) are members of the newly
discovered NOD-like receptors that have structural
homology with plant resistance proteins, which play a
role in host-parasite interaction. This family consists
of 14 NALP and five NOD receptors [68¢]. NLRs have
been shown to form active multimolecular complexes
called inflammasomes that, in the case of the most
often studied NALP3 inflammasome, result in increased
caspase-1-mediated IL-1B processing and secretion.
Whether the inflammasome is activated through direct
interaction of a trigger with the LRR domain, or
whether NLRs function as “guards” that interact with
host proteins targeted by microbial or stress signals
[69], is a topic of active research.

The unraveling of the central role of the NLR inflam-
masomes in immune recognition and autoinflammatory
disease has been paralleled by successful clinical inves-
tigations exploring the role of blocking IL-1. Mutations
of several genes that may modulate the IL-1p—produc-
ing inflammasome—such as pyrin (protein mutated in
FMF), PSTPIP1 (protein mutated in PAPA), and likely
PSTPIP2 (protein mutated in mouse CRMO)—have pro-
vided the conceptual framework to use IL-1 blockade in
other autoinflammatory diseases and point to a central
role of IL-1fB regulation in their pathogenesis.

Although considerable insight has been gained into
the regulatory function of pyrin on the inflammasome,
the role of pyrin mutations in the B30.2 domain (or SPRY
domain, a protein domain recently shown to target ret-
roviruses and prevent their replication [70e]) on altered
sensing of danger signals has yet to be explored.

Other systemic inflammatory diseases with pre-
sumed more complex modes of inheritance, such as
systemic-onset juvenile idiopathic arthritis, adult-onset
Still’s disease, and Behget’s disease, have been added
to the group of autoinflammatory diseases. The recent
discovery that gout is caused by increased activation
of the NALP3 inflammasome by uric acid crystals has
illustrated the role of the NALP3 inflammasome in a
common disease. Evidence is emerging that the innate
immune system may play a role in other common rheu-
matic diseases (rheumatoid arthritis, dermatomyositis,
and systemic lupus erythematosus).

Conclusions

Unraveling the genetics of the monogenic autoinflamma-
tory diseases resulted in the discovery of a new class of
intracellular microbial sensors, fueling intense research
in the mechanisms of microbial and danger recognition
and the innate immune pathways that are consequently
triggered. Molecules mutated in several monogenic

autoinflammatory syndromes are pivotal components
or regulators of the NALP3 or NOD2 inflammasomes.
Studies of the NALP3 inflammasome provide a model
that links microbial triggers to caspase-mediated IL-
1B production and secretion. The dissection of the
molecular pathways of inflammasome activation in the
laboratory was paralleled by clinical trials confirming
the central role of IL-1P activation in several autoinflam-
matory syndromes. Research in microbial and danger
recognition by the inflammasomes may finally provide
molecular mechanisms answering the quest for a role of
infection and stress in explaining disease flares not only
in the autoinflammatory diseases, but also in the more
common rheumatic diseases. This research may allow us
to explore the manipulation of microbial recognition and
the associated signaling pathways as therapeutic strate-
gies in rheumatic diseases.
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