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Abstract
Familial Mediterranean fever (FMF) is the most common monogenic autoinflammatory disease in Canada and is
characterized by a clinical syndrome of episodic inflammatory symptoms. Traditionally, the disease is defined by
autosomal recessive inheritance of MEFV gene variants, yet FMF also not uncommonly manifests in individuals with
only one identified disease-associated allele. Increasing availability and affordability of gene sequencing has led to
the identification of multiple MEFV variants; however, they are often of unknown clinical significance. Variants in
other genes affecting overlapping or distinct inflammatory signaling pathways – together with gene-environment
interactions including epigenetic modulation – likely underlie the significant genetic and phenotypic heterogeneity
seen among patients with this disease. We review recent evidence of the expanding spectrum of FMF genotype
and phenotype and suggest that current drug funding schemes restricting biologic agents to patients with
homozygous mutations have not kept pace with our biological understanding of the disease.
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Background
Many heritable monogenic autoinflammatory diseases
present with recurrent fever episodes, often beginning in
childhood. These disorders – characterized by clinical and
biologic evidence of inflammation in the absence of
antigen-specific immunity – include Familial Mediterranean
fever (FMF), Tumour necrosis factor receptor-associated
periodic syndrome (TRAPS), Cryopyrin-associated periodic
fever syndromes, and mevalonate kinase deficiency or
hyperimmunoglobulin D syndrome [1]. FMF is the most
common monogenic autoinflammatory disease worldwide
and in Canada [2], characterized by recurrent, self-limited
episodes of fever and inflammation involving serous and
synovial membranes. Inherited in an autosomal recessive
fashion, its prevalence is highest among populations of Middle Eastern and Mediterranean origin, and is variable in
other populations [3]; the exact prevalence of this condition
is uncertain. The diagnosis is based on clinical criteria
(Table 1) and further supported by genetic testing for
disease-associated variants in the MEFV gene [4, 5]. MEFV
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encodes pyrin, a cytoskeleton-associated protein that senses
perturbations in intracellular homeostasis such as microbial
inactivation of Rho GTPases [6]. Its association with
apoptosis-associated speck-like protein (ASC) leads to activation of a multiprotein inflammasome complex and downstream production of the potent pro-inflammatory and
pyrogenic cytokine interleukin-1β (IL-1β) by neutrophils,
monocytes, dendritic cells, and synovial fibroblasts. Recent
data suggest a key role for the pro-inflammatory cytokine
tumour necrosis factor-α (TNF- α) in modulation of pyrin
expression and inflammasome activation [7]. However, pyrin
also facilitates autophagic degradation of other inflammasome components, underscoring the complexity of this protein’s function. Although there has been some controversy
as to whether disease-associated mutations represent loss
of an inhibitor or gain of pro-inflammatory function, data
from mutant knock-in and pyrin-deficient mice suggest
that at least some mutant alleles are associated with a
gain-of-function for pyrin [8] and a reduced inflammasome activation threshold [9].
Recent work based on the Eurofever registry - a large
international registry of autoinflammatory diseases - has
proposed new provisional clinical classification criteria
with high sensitivity and specificity based on a gold
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Table 1 Clinical criteria for the diagnosis of FMF
Tel Hashomer clinical criteria (3)
Diagnostic
criteria:

One or more major signs; or
Two minor signs; or
One minor and five supportive criteria

Major criteria: ≥3 attacks of the same type, with rectal
temperature ≥ 38 °C, lasting 12–72 h, as well as:
Peritonitis
Pleuritis or pericarditis
Monoarthritis (hip, knee, ankle)
Fever alone
Minor criteria: Incomplete attacks involving 1 or more of abdomen,
chest, joint
Exertional leg pain
Favourable response to colchicine
Supportive
criteria:

Family history of FMF
Appropriate ethnic origin
Age < 20 yr. at disease onset
Features of attacks: severe; spontaneous remission;
symptom-free intervals; transient inflammatory response with abnormal WBC, ESR, SAA, or fibrinogen;
episodic proteinuria/hematuria; unproductive laparotomy; parental consanguinity

Yalcinkaya clinical criteria for children (4)
Requires ≥3 attacks with ≥2 of the following:
Fever with axillary temperature > 38 °C lasting 6–72 h
Abdominal pain lasting 6–72 h
Chest pain lasting 6–72 h
Oligoarthritis lasting 6–72 h
Family history of FMF

standard defined by the presence of two MEFV mutations [10]. The criteria include fever episodes lasting less
than two days, with accompanying symptoms of chest
pain and/or abdominal pain together with Eastern or
North Mediterranean ethnicity. Patients should not have
aphthous stomatitis, urticarial rash, or enlarged cervical
lymph nodes, and episodes may not last more than 6
days [10]. While these criteria remain provisional, other
published classification criteria (Table 1) have been developed based on expert opinion and description of clinical manifestations in populations of limited ethnic
diversity; the overlap among clinical features has led to
low performance when applied to patients with different
autoinflammatory diseases [10].
Given that there are overlapping symptoms among FMF
and a number of polygenic autoinflammatory diseases –
including periodic fever, aphthous stomatitis, pharyngitis
and adenitis (PFAPA) syndrome, systemic-onset juvenile
idiopathic arthritis (sJIA), and Behçet disease – it is often
challenging to make a purely clinical diagnosis of FMF.
This is particularly the case in regions such as North
America where FMF is rare and may be milder or present
atypically [11, 12]. Some patients may also be mistakenly
diagnosed with autoinflammatory or autoimmune syndromes that have some overlapping clinical features, including Behcet disease, systemic lupus erythematosus, or
rheumatic fever [11].
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Moreover, interpretation of genetic testing is challenging in patients with an FMF syndrome or a clear inflammatory phenotype but only one MEFV mutation of
uncertain significance. Consensus guidelines suggest that
while the diagnosis relies on clinical judgment, another
periodic fever syndrome (PFS) should be considered in
this case [13]. Further studies are needed to validate data
from combined molecular and clinical analysis in order
to understand the effects of specific genetic variants
[10]. As emphasized by a recent systematic review [12],
there is wide clinical variability among individuals with
an FMF phenotype that is only partially explained by allelic heterogeneity.
The aim of this review is to describe the difficulties faced
in clinical settings in making a diagnosis of FMF, or other
genetically defined autoinflammatory diseases, in the face
of patients with clinical disease and genetic mutations that
are defined as ‘uncertain’. The use of patient databases to
advance understanding, particularly in genetically mixed
populations, and the implications to treatment accessibility
when diagnoses are undefined, are discussed.

Interpreting allelic variants of uncertain significance
Over 60 disease-associated mutations have been identified
in MEFV, most of which are missense changes and cluster
in exons 2 and 10. Common pathogenic mutations include
M694 V, M680I, M694I, M694 V, V726A; the online registry
INFEVERS provides a comprehensive registry (https://infevers.umai-montpellier.fr/). A subset of these, including
E148Q in exon 2 and four mutations in exon 10 (M694 V,
M694I, V726A, M680I), account for up to 80% of FMF
cases [14]. Whether variants of uncertain significance such
as E148Q cause the FMF phenotype remains controversial;
because of its high carrier frequency, E148Q is often described as a polymorphism rather than a disease-causing
mutation [15]. However, several reports have described patients homozygous for E148Q who have an FMF phenotype
and may respond to colchicine [16]. In addition, recent data
suggest a spectrum of clinical phenotypes with fewer symptoms, milder disease, and potentially older age at onset [17]
in patients with E148Q or V726A variants compared to
other mutant alleles [18]. Moreover, individuals who carry
one uncertain variant together with a single clearly pathogenic mutation such as M649 V often present with classic
FMF [19]. There is currently little available functional data
to aid in evaluating the pathogenicity of variants of uncertain significance; indeed, non-confirmatory genetic results
may lead to overestimation of the relevance of some of
these variants particularly as more are identified through
next-generation sequencing. Ongoing observational trials,
such as Familial Mediterranean Fever and Related Disorders: Genetics and Disease Characteristics (NCT00001373)
and Phenomics in Autoimmune and Inflammatory Diseases
(NCT02466217), incorporating functional biological assays
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to elucidate the functional consequences of genetic variations on the molecular level (i.e. by demonstrating that genetic alterations drive pro-inflammatory signalling), may
shed further light on the relationships between gene variants and phenotypes.

Moving beyond MEFV genotype
The presence of two pathogenic MEFV mutations in trans
(i.e., on both chromosomes, as in a homozygote or compound heterozygote) confirms the diagnosis of FMF.
However, data from the Eurofever project show that while
55% of patients with a clinical diagnosis of FMF have two
MEFV mutations, 31% of patients have only one [20]. Indeed, heterozygotes constitute approximately 24–34% of
the patient population in most studies, and full sequencing of the entire coding region infrequently reveals additional mutations [21]. The auto-inflammatory disease
clinical registry of the BC Children’s Hospital in Vancouver, BC, an initiative modeled on the Eurofever database,
currently has 65 enrolled patients with a clinically defined
diagnosis of a PFS, of whom 56 have been assessed for
MEFV genotype by Sanger sequencing across the ten coding exons of the MEFV gene. Eight of these patients meet
clinical criteria for FMF [22], with ethnicities including
West Asian (3 patients), Eastern European/Ashkenazi Jew
(2 patients), Irish/Northern European/French, Chinese/
Irish/English/Scottish, and Arab. Three have two MEFV
variants (heterozygotes, with allele variants either in cis or
trans) and five have only one MEFV variant (of these, only
one is homozygous). MEFV variants were also identified
in one patient with PFAPA, five patients with unclassified
PFS, and one patient with TRAPS (Table 2). These data
suggest that our population of patients with an FMF
phenotype is genetically diverse, and that – in our Canadian experience – patients with a classic presentation together with typical genetic testing are rare.
The contribution of other genetic or environmental
factors is supported by the observation that up to 10–
20% of patients with clinical FMF do not have any predictive pathogenic MEFV variants [23]. Studies of monoand dizygotic twins have identified significant effects of
both modifying genes and environmental factors on clinical phenotype in siblings with MEFV variants [24]. For
example, alleles in other genes including MHC class-I
polypeptide-related sequence A (MICA) and serum
amyloid A-1 protein (SAA1) are associated with a severe
FMF phenotype and increased susceptibility to amyloidosis [25]. Recent reports have described patients who are
compound heterozygotes for mutations in other known
PFS genes (CIAS1 and TNFRSF1A) [26, 27], suggesting
that a spectrum of atypical clinical presentations may be
possible with various combinations of allelic variants. In
fact, a substantial proportion of patients meeting clinical
criteria – up to 40% in a recent study – have none of the
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Table 2 Patients enrolled in the CAN-Fever registry followed
over a 6-month period at British Columbia Children’s Hospital
with a diagnosis of periodic fever syndrome associated with an
MEFV mutation
Diagnosis

MEFV allele

Variant

FMF

M694 V

Heterozygous

K695R

Heterozygous

P369S/ R408Qa
+ TNFRSP1A variant

Heterozygous

P369S/ R408Qa

Heterozygous

M694 V

Heterozygous

K695R

Heterozygous

M694 V/ R761H

Compound heterozygous

M694 V + AP4M1 variant

Homozygous

P369Sa/ R408Qa

Compound heterozygous

Unclassified

a

a

E148Q / L110P

Heterozygous

E148Qa

Heterozygous

a

E148Q
+ TNFRSP1A variant

Heterozygous

E148Qa

Heterozygous

PFAPA

V469Aa

Heterozygous

TRAPS

a

Heterozygous

E148Q

a

Variants of unknown significance

12 most common MEFV mutations [28]. This is a far greater
proportion than has been previously reported in some studies [11]. Likely candidates for other disease-associated polymorphisms in FMF are genes encoding proteins known to
interact with pyrin or with a role in regulation of the IL-1β
pathway [21]. Nevertheless, some studies have failed to identify an association between susceptibility to FMF and polymorphisms in genes involved in other autoinflammatory
disorders [29] or suggested a modifying effect only on severity (e.g. NOD2/CARD15) [30]. These differences may relate
to the specific allelic variants and ethnic populations studied.
Data from the Eurofever registry also point to an important role for environmental factors; for example,
Eastern Mediterranean FMF patients have a milder disease phenotype once they migrate to Europe [31]. Limited data suggest that methylation status may alter
MEFV expression [32], and recent pilot studies have
identified several microRNAs expressed differentially in
clinically quiescent FMF patients [33] and in patients
with active disease [34] compared to healthy controls or
healthy carriers [35]. Bidirectional cross-talk between
gut microbiota and the systemic immune system may
also affect expression of the disease [36]. More work is
required to understand gene-environment interactions,
the significance of epigenetic modifications, and their
potential role as biomarkers.
In support of the hypothesis that modifying alleles
have an additive or synergistic effect on the “total
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inflammatory burden” – as described in oligogenic autoinflammatory diseases – asymptomatic carriers of one
FMF mutation may have biochemical evidence of subclinical inflammation [37]. Furthermore, patients who
carry complex MEFV alleles appear to have more severe
disease, suggesting an additive effect or cumulative burden of multiple mutations [38]. IL-1β production is also
increased among carriers of high-penetrance MEFV mutations compared to healthy controls, with an intermediate phenotype in mononuclear cells from heterozygous
patients [39], consistent with a decreased activation
threshold for pyrin inflammasome activation [40]. A
dose effect of MEFV mutations has also been suggested
by studies on FMF animal models [8]. Moreover, the
MEFV carrier state confers susceptibility to other inflammatory diseases including systemic onset JIA [41],
adult-onset Still’s disease [42], sepsis [43], PFAPA [44, 45],
Henoch-Schönlein purpura [46], polyarteritis nodosa [47],
and Behçet disease [48]. Weak evidence that requires confirmation across multiple populations also suggests that
MEFV mutations modify the course or severity of multiple
sclerosis [49], Crohn’s disease [50, 51], and rheumatoid
arthritis [52].

An argument for biologically-informed treatment
Colchicine is the treatment of choice in FMF to reduce
the severity and duration of symptoms as well as the risk
of amyloidosis. However, 5–10% of patients show minimal response to colchicine and at least 30–40% continue to experience attacks [53]. Although generally safe
and effective, colchicine’s narrow therapeutic window
limits dose titration in patients with severe inflammatory
phenotypes due to its toxicity. Furthermore, in complete
responders, subclinical signs of inflammation such as elevated IL-18 levels may be present during afebrile periods
[54]. Alternative treatment strategies include biologic
agents targeting IL-1.
Biological therapies to treat FMF have been recently
reviewed and include anakinra, an IL-1 receptor antagonist; rilonacept, a dimeric fusion protein that blocks the
IL-1 receptor; and canakinumab, a human monoclonal
anti-IL-1β antibody [55]. Recent studies in FMF patients
with colchicine resistance have shown a significant reduction in attack frequency with anakinra or canakinumab [56, 57], with a complete response up to 16 weeks
of ~ 70% for canakinumab [58]. Other agents that have
been considered but with limited evidence to date include etanercept, a fusion protein targeting the tumour
necrosis factor-α receptor; infliximab, a chimeric monoclonal antibody to TNF- α [59]; tocilizumab, a humanized monoclonal antibody targeting the IL-6 receptor
[60]; and tofacitinib, a Janus kinase inhibitor [61]. Regardless of genotype, whether there is a dysregulated response to pro-inflammatory stimuli involving aberrant
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production of IL-1β or other cytokines can only be established by functional studies (e.g. analysis of enzyme activity, substrate binding/activation, subcellular localization,
and cytokine release in response to inflammasome stimuli), which are currently not offered and may not be possible at all health care centres. In more difficult cases, ex
vivo analysis of cytokine profiles may contribute not only
to our understanding of disease pathogenesis, but also to
identification of appropriate therapy. Ultimately, therapy
for colchicine-resistant FMF will need to be tailored to individual patients based on our understanding of the pathways affected by their specific mutations.
In our experience, parents, government funding agencies, and insurers are often resistant to advocating for,
and approving coverage for medications when a clinical
diagnosis of FMF is not supported by a definitive pathogenic genotype. However, the risks of non-treatment in
affected individuals may be significant; the most severe
long-term complication of untreated severe FMF is systemic amyloidosis, typically affecting the kidneys and
sometimes the adrenals, intestine, spleen, lung, heart,
and thyroid [62]. Other sequelae can include recurrent
pleural and pericardial effusions and infertility. Untreated patients may also develop splenomegaly, growth
retardation, decreased bone density, and premature atherosclerosis [19]. Many patients at our centre who meet
clinical diagnostic criteria for FMF do not meet criteria
for starting colchicine based on recommendations for
MEFV genotype analysis [13], either because of a single
MEFV variant of undetermined significance or because
of the presence of two such variants in cis (resulting in a
complex allele). Our practical approach in treatment for
these patients is to measure SAA levels between attacks,
obtain urinalysis to monitor for the appearance of proteinuria, and recommend a therapeutic trial of colchicine
for symptomatic patients, consistent with EULAR consensus recommendations for treatment as soon as a clinical diagnosis is made [63].
Most inclusion criteria for randomized controlled trials
of biological therapies – including canakinumab, rilonacept, and anakinra – have required that patients be homozygous or heterozygous for pathogenic MEFV variants.
This limits the available data for patients with unusual
variants. Ultimately, clear guidelines will be required for
access to drug coverage for patients with periodic fever
syndromes – ideally incorporating the flexibility to tailor
treatment to a patient’s unique biology. Coverage for biologic treatments for patients with periodic fever syndromes is limited across the country, and generally relies
on having a specific identified genotype. Given our limited
understanding of the genetic basis of these diseases, other
objective measures based on cellular assays or inflammatory biomarkers, and including clinical features, may ultimately provide the best rationale for specific therapies.
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The importance of disease-focused databases
Research utilizing large numbers of clinical samples linked
with relevant detailed clinical information is critical for
targeting disease-specific biomarkers and validation of
genetic risk factors of diseases, especially when studying
gene variants with small effects. While initiatives began >
15 years ago in Europe to build the needed infrastructure
for research in auto-inflammatory diseases [64], in
Canada, our capacity to engage in research in this area is
limited to a few centres that have the clinical expertise
and resources for a local registry and/or biobank. It will be
critical to develop population-based biobanks with a centralized longitudinal registry to support investigators and
clinicians in their work. This is particularly important
given our ethnically diverse population. Within 12 months
of launch in 2017, 103 patients were enrolled in the BC
Children’s Hospital Autoinflammation Disease registry, 65
of whom were diagnosed with a periodic fever syndrome
(patients with chronic recurrent multifocal osteomyelitis
excluded). This research registry is linked to a provincial
Pediatric Autoinflammatory Diseases Clinic at the BC
Children’s Hospital in Vancouver, BC where children and
families can access diagnostic expertise and ongoing expert care. All patients diagnosed by one of the pediatric
rheumatologists as having a PFS were eligible for entry
into the registry. The most common diagnosis seen is “unclassified” PFS (n = 29) followed by PFAPA (n = 20) and
FMF (n = 8). Genetic testing for at least one of the most
common genes associated with monogenic disease has
been offered to 56 patients with clinical suspicion for a
given PFS. Results of genetic testing failed to classify 22
(39%) of these patients; 17 (30%) had no identified mutation in any of the known genes and 5 (9%) showed symptoms that were not consistent with the disease otherwise
associated with that gene (Table 2). Our data is in line
with results from the 2014 Canadian Periodic Fever Surveillance study in which the number of cases with unclassified PFS was reported to be as high as 40%, with 10% of
these unclassified cases described as “FMF-like” based on
clinical presentation [2]. These cases had clinical features
of the specified PFS but either did not meet the full criteria or no confirmatory genetic testing was performed
[2]. The heterogeneity of reported cases implies that genetic variations provide only a partial answer for disease etiology and highlights the importance of large cohort
genotype/phenotype correlation studies. These above data
also suggest that in multi-ethnic populations, making a
clear diagnosis based only on gene variants is unsatisfying,
making it difficult to offer appropriate treatment and
prognostic information to families.
Conclusions
A number of challenges exist in the diagnosis and management of FMF: (a) a single-gene recessive model of
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inheritance is inadequate for describing the spectrum of
MEFV-associated phenotypes, particularly given the potential contribution of multiple genes in the complex
pathways associated with cytokine synthesis; (b) interactions among multiple modifying alleles could give rise to
a range of inflammatory phenotypes; (c) it is impossible
to determine the significance of common variants in
periodic fever genes in the absence of functional studies;
and (d) access to biologic agents may be unjustly limited
to patients with single allelic variants. More attention
should be directed toward understanding the disease
course and optimal therapy in patients heterozygous for
MEFV mutations with variants of unknown significance.
This will require ongoing international participation in collaborative registries such as the Eurofever Project and local
efforts such as CAN-Fever and others, with collection of
biological samples to allow investigation of potential susceptibility loci and modifier genes. To better understand
these patients with inflammatory phenotype and unclear
genotype results, we need to focus on functional biologic
research to understand the significance of mutations with
currently unknown function. Studies to validate data from
molecular and clinical analyses will ultimately aid in tailoring therapy to patients with auto-inflammatory syndromes
that lack a clear monogenic etiology, as well as discovery of
new clinically relevant mutations.
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