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Abstract: Familial Mediterranean fever (FMF), the most frequent monogenic autoinflammatory dis-
ease, is manifested with recurrent and chronic inflammation and amyloid A (AA) amyloidosis, driven
by overproduction of interleukin 1 (IL-1) through an activated pyrin inflammasome. Consequently,
non-responsiveness to colchicine, the cornerstone of FMF treatment, is nowadays addressed by IL-1-
blockers. Each of the two IL-1 blockers currently used in FMF, anakinra and canakinumab, has its
own merits for FMF care. Here we focus on anakinra, a recombinant form of the naturally occurring
IL-1 receptor antagonist, and explore the literature by using PubMed regarding the utility of anakinra
in certain conditions of FMF. Occasionally we enrich published data with our own experience. To
facilitate insights to anakinra role, the paper briefs some clinical, genetic, pathogenetic, and manage-
ment aspects of FMF. The clinical settings of FMF covered in this review include colchicine resistance,
AA amyloidosis, renal transplantation, protracted febrile myalgia, on- demand use, leg pain, arthritis,
temporary suspension of colchicine, pediatric patients, and pregnancy and lactation. In many of
these instances, either because of safety concerns or a necessity for only transient and short-term use,
anakinra, due to its short half-life, is the preferred IL-1 blocker.

Keywords: familial Mediterranean fever (FMF); anakinra; interleukin 1 blockers; colchicine failure;
AA amyloidosis; exertional leg pain; protracted febrile myalgia; chronic renal failure; kidney
transplantation; safety

1. Introduction

Familial Mediterranean fever (FMF) is the most frequent monogenic autoinflammatory
disease (AID). It is caused by gain-of-function mutations in the Mediterranean fever gene
(MEFV) [1], but since the mutations are with low penetrance, and the expression of the
gene is dose dependent, the inheritance pattern appears to be autosomal recessive in most
patients, rather than dominant. Nevertheless, in 30% of the patients, a single mutated allele
is sufficient to express the disease [2,3]. FMF is mostly linked to populations with eastern
Mediterranean roots and is characterized by recurrent febrile and painful abdominal, chest,
and joint attacks, resulting from acute inflammation of serous membranes lining body
cavities [4]. Long periods of inflammation may complicate FMF with reactive amyloid A
(AA) amyloidosis [5].

Since 1972, colchicine has been the standard treatment of FMF [6], preventing both
acute attacks and chronic inflammation in all users, except for a small proportion of
FMF patients, refractory to the drug [7]. This gap is now bridged by anti-interleukin
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(IL)-1 agents, which have greatly impacted FMF treatment and prognosis [8]. Anakinra,
a recombinant form of the naturally occurring IL-1 receptor antagonist, was the first
IL-1 blocker, and the first to show efficacy in FMF [9], paving the road for other IL-
1 blockers. While canakinumab, a human monoclonal anti-IL-1beta antibody, for the
convenience of its use, became the preferred IL-1 blocker in FMF, anakinra has its own
benefits in certain circumstances of FMF. In recent years, increasing data have been ac-
cumulated, confirming anakinra efficacy and safety in the treatment of FMF and leading
the European Medicines Agency (EMA) to grant anakinra with an indication for use for
FMF [https://www.ema.europa.eu/en/documents/variation-report/kineret-h-c-363-ii-
0070-epar-assessment-report-variation_en.pdf (accessed on 29 March 2022)]. However, no
guidelines advising on the preferred Il-1 blocker exist.

This article summarizes current knowledge and our own experience regarding the
utility of anakinra in the treatment of FMF and on the background of the most recent
advances and treatment dilemmas in FMF. The paper implies that anakinra’s short half-life
is an advantage, making it a safer treatment choice in the setting of an increased risk for
infection and in clinical conditions where short-term use is required. The use of anakinra
rather than canakinumab to control hyperinflammation caused by Corona virus disease-19,
just underlines this merit.

2. Methods

To study current knowledge on anakinra treatment for FMF, we searched PubMed for
all papers which appear under the term “familial Mediterranean fever” crossed with the
term “anakinra” through 31 December 2021. Of 191 papers retrieved, we focused on those
contributing to current knowledge on the treatment of anakinra in the following situations
of FMF: colchicine resistance, AA amyloidosis, renal transplantation, protracted febrile
myalgia, on-demand use, leg pain, arthritis, temporary suspension of colchicine, pediatric
patients, and pregnancy and lactation. To the data abstracted from the papers, we added
our experience with FMF patients receiving anakinra, in instances where our experience
was different from published data, or where we could contribute further. To improve the
understanding of the role of anakinra we provided clinical, genetic, pathogenetic, and
management background on FMF and briefly reviewed the IL-1 cytokine family.

3. Features of FMF
3.1. Prevalence

FMF is rare in most parts of the world, but keeping with its Mediterranean origin, it
is relatively common among non-Ashkenazi Jews, Turks, Armenians, Arabs, and other
ethnic groups living around the Mediterranean basin. Among Armenians, one of five
is a heterozygous carrier, and the prevalence of the disease is 1:500 [10]. In some parts
of northern Turkey, a prevalence of 0.8% was reported [11]. In Israel, the prevalence
is also high and estimated to be around 1:1000 [12,13], but it mostly affects Sephardi,
particularly North African Jews [14]. During the past century, the immigration of ethnic
groups with high prevalence of FMF to other countries, resulted in a shift of the affected
population from around the Mediterranean coasts to inner Europe and to the United
States of America (USA), with increased prevalence of FMF in countries such as Germany,
France, and the USA [15–17]. Recent reports of the occurrence of FMF in countries such as
Japan [18], in which FMF was unknown, suggest that FMF may be more prevalent than is
currently assumed.

3.2. Genetics and Pathogenesis
3.2.1. MEFV

For over two decades, FMF has been known to be associated with mutations in MEFV,
the gene that encodes pyrin [19], a large cytosolic protein (781 amino acids, 86 Kd), that
has five functional units. These include a pyrin domain (nucleotides 1–92), a basic leucine
zipper transcription factor domain (nucleotides 266–280), a B-box domain (nucleotides
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370–412), an α-helical coiled-coil domain (nucleotides 420–440) and a B30.2/SPRY domain
(nucleotides 597–776). Each domain is essential for pyrin protein function [20]. MEFV is
composed of 10 exons and is expressed mainly in granulocytes, monocytes, and other cells
playing a role in FMF biology [19,21]. To date, more than 310 MEFV sequence variants
have been recorded in Infevers (https://infevers.umai-montpellier.fr/web/ (accessed on
29 March 2022)), an online registry of known AID mutations [22]. Most of the mutations
occur in exon 10, the longest MEFV exon. These include the M694V, V726A, M680I, and
M694I mutations, the four most identified in patients with FMF [23]. Most FMF patients
carry 2 affected alleles, but mainly those who are homozygous or compound heterozygous
to the M694V, M680I, and M694I mutations bear the risk of experiencing a severe disease,
with onset at a young age, usually less than 10 years, as well as having colchicine resistance
and AA amyloidosis [24,25].

3.2.2. Pyrin Function

Pyrin is one of the cytosolic pattern-recognition sensor proteins that recognizes certain
pathogen/danger-associated molecular patterns (PAMPs/DAMPs). Pyrin activation results
in the assembly of the inflammasome, a multiprotein oligomer that activates caspase-1,
a proteolytic enzyme which catalyzes pro-IL-1beta (IL-1β) to the mature form of IL-1β,
and initiates an inflammatory response, mainly through the generation and release of
IL-1β and IL-18 [26]. Recent evidence demonstrates that pyrin is normally kept in an
idle state, caused by its binding to the inhibitory proteins 14-3-3. This binding is actively
maintained by the phosphorylation of the pyrin domain. The phosphorylation is mediated
by a chain of reactions, starting with constitutive activation of Ras homologous guanosine
triphosphatase (Rho GTPase), which induces the action of protein kinase N1 (PKN1) and
PKN2, which phosphorylate pyrin. Inactivation of RhoA GTPase by certain bacterial toxins,
impedes phosphorylation of the pyrin domain, and disengages the inhibitory proteins from
their binding to pyrin. This leads to pyrin activation, production and release of IL-1β, and
subsequent inflammation [27]. Based on the pathophysiology in FMF described above,
pyrin mutations, particularly in exon 10 (forms the B30.2 domain, a site that interacts with
caspase-1), are thought to hamper pyrin phosphorylation and are thereby prone to activate
pyrin and cause intermittent and often chronic systemic and local inflammation, manifested
with the FMF phenotype [20,27].

Of note, different insights to the pathogenesis of FMF, unrelated to the pyrin phospho-
rylation, have been forwarded, based on observations made by other workers. One major
step in the inflammasome activation is the binding of pyrin to another large protein called
apoptosis-associated speck-like protein containing CARD (ASC). This step is dependent
on prior polarization of cellular microtubules, required for ASC clustering. It has been
shown that in FMF the assembly of the FMF inflammasome is independent of microtubule
polarization. Thus, it is thought that MEFV mutations cause pyrin priming, which allows
its binding to ASC and FMF inflammasome activation without the microtubule polarization
stage [28].

3.2.3. Modifier Genes

Other genes, not cloned yet, presumably encoding for proteins upstream or down-
stream of the metabolic pathway of pyrin, may be associated with the occurrence of FMF.
This is exhibited by cases of genetic-negative FMF, comprising 20% of the FMF popula-
tion [29]. In addition, phenotype–genotype correlation in FMF is far from being optimal
with differences in FMF manifestations even among monozygotic twins [30]. Thus, certain
variations, occurring in several inflammatory or innate immunity-related genes, were
screened to find predisposition to FMF, or an effect on the phenotype of the disease. Indeed,
increased propensity to develop FMF (determined based on higher allele frequency) was
found for serum amyloid A (SAA)1.3 and for human leukocyte antigen (HLA)B39:01 in
Japanese populations [31,32], The effect of the HLAB39 locus was more pronounced in
patients bearing non-classical MEFV mutations. However, by using haplotype analysis,
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earlier results excluded linkage between SAA whole gene cluster and FMF in Israeli and Ar-
menian populations [33,34]. Similarly, HLA antigen analyses appeared comparable in FMF
patients and control subjects in Israeli and mixed, mostly Armenian populations [35,36].
These conflicting reports may result from methodological and ethnic variations. Regarding
the expression of FMF, several gene polymorphisms or HLA-loci were found to variably
impact the severity, age of onset, response to colchicine, and development of amyloidosis.
These include some alleles of the major histocompatibility complex class I chain related A
(MICA), SAA1α/α genotype, particular nucleotide binding and oligomerization domain
(NOD)-2 mutations, as well as the pR753G mutation of toll-like receptor-2 [37–40]. These
data only evince the complexity of the pathogenesis of FMF. Of note, large numbers of
inflammatory gene polymorphisms failed to show an association with FMF. Of note are the
IL-1β C511T and IL-6 G174C variations [31,41].

3.3. Manifestations
3.3.1. FMF Short Attacks

FMF typically presents with recurrent bouts of fever, usually with serositis or skin
rash, that last for up to four days, and resolves spontaneously. Attacks occur irregularly,
with a frequency spanning from once in several days to several months, or even less
frequently [14]. Often an attack is proceeded by a prodrome, with one or two of a range
of manifestations, predicting its emergence [42]. Between the flares, the patients are free
of symptoms of the acute attacks, but chronic manifestations may exist (see Section 3.3.2).
Emotional stress, fatigue, surgery, menstruation, vigorous exercise, physical trauma, and
cold exposure may trigger an attack, but some of these precipitants are doubtful [43,44].
The approximate age of onset in children is 2.6 years (range 1.1 to 5.3), with a delay in
diagnosis of 3.3 years (range 2.5 to 4.3). Diagnostic delay in adults is longer, exceeding a
mean of 10 years [45–48].

The most common attacks are abdominal, affecting about 90% of patients [45,46]. These
attacks often present with agonizing peritonitis, mimicking acute abdomen of any cause,
occasionally resulting in unnecessary abdominal operations (e.g., appendectomy) [14].
Attacks of painful monoarthritis, mostly of the large joints of the legs, which often become
swollen and very red, mimicking septic arthritis, are less frequent, occurring in about 30%
of the cases [45,46]. Not uncommonly, arthritis attacks may be precipitated by effort or
trauma. Chest attacks, characterized by an acute one-sided pleuritis or pericarditis, with
painful inspiration and occasionally diminished breathing sounds, affects 15 to 54% of the
patients [45,47].

The skin may be affected with attacks of tender, hot, swollen, sharply bordered
red eruption, usually between the knee and ankle, entitled erysipelas-like erythema
(ELE) [14,49]. This type of attacks is less common (5%), and should be discriminated
from periarthritis, a much more frequent erythematous discoloration (30%), involving the
skin overlying inflamed joints during arthritis attacks, particularly in the ankle and dorsum
of the foot areas. While ELE is highly specific to FMF, periarthritis is not, concurring with
FMF but also with infectious, sarcoidosis, and reactive arthritides [50]. Finally, attacks of
fever alone, without involvement of any of the above sites, but occasionally inflicted with
constitutional manifestations (e.g., headache, generalized muscle and joint pain) are also
characteristic of FMF [14,51]. Fever attacks are more common in children and may form
the first manifestation of the disease [24].

3.3.2. Other Manifestations of FMF

In addition to the spontaneous short-term inflammatory spells, FMF phenotype in-
cludes chronic, or protracted, or inducible manifestations, the most common of which is
symmetrical leg pain, particularly involving the calves, but also or only the thighs, knees,
ankles, and feet [4]. This very characteristic manifestation of FMF, usually develops during
physical activity, notably prolonged standing, and therefore is termed exertional leg pain
(ELP). It is more common in patients homozygous to the M694V mutation, and is caused at
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least in part by enthesitis and tenosynovitis [52,53]. A severe form of leg pain may progress
to arthritis involving both ankles simultaneously (contrasting spontaneous episodic ankle
arthritis which is one sided), and/or manifest continuously without physical stimulation.
Often ELP with or without elevated inflammatory markers form the only manifestation of
FMF, particularly in carriers of only one MEFV mutation.

Protracted febrile myalgia (PFM) is another prolonged disease manifestation (1–3 months),
typical of FMF. It is characterized by excruciating and debilitating myalgia, fever, occa-
sionally spotted skin rash, and infrequent abdominal pain, without peritoneal irritation.
Inflammatory markers are exceedingly high [54]. It is thought to result from vasculi-
tis. In general, vasculitides are more common in patients with FMF than in the general
population, most commonly presenting as Henoch Schönlein purpura in 3 to 11% of pa-
tients [47], poly-arteritis nodosa [55], and Behcet’s disease [56–58]. In contrast to other
vasculitides, PFM is specific to and diagnostic of FMF. Chronic inflammation of serous
membrane (e.g., chronic pericarditis or arthritis), were also reported, but they are extremely
rare [59,60]. FMF patients are also afflicted with other inflammatory disorders, at a higher
rate compared to the general population, notably human leukocyte antigen B27-negative
spondyloarthritis [57,61] and inflammatory bowel diseases [62–64].

Undoubtedly, reactive AA amyloidosis is the most dreadful chronic manifestation of
FMF. In the pre-colchicine era, it was common in FMF, affecting up to 60% of patients [65].
Usually, manifestations of amyloid nephropathy govern the picture, beginning with asymp-
tomatic proteinuria and gradually evolving through a nephrotic phase to end stage renal
disease over 2–20 years. Currently, the prevalence of amyloidosis has dropped significantly,
resulting from colchicine treatment and perhaps environmental and epigenetic factors [66].
Yet it remains a serious therapeutic challenge, with a five-year mortality rate of 50% [67].
Amyloidosis is further discussed in Section 7.4.

There is no pathognomonic laboratory test for FMF. However, typically during FMF
attacks there is a prompt and marked rise in the acute-phase reactants, including erythrocyte
sedimentation rate (ESR), C-reactive protein (CRP), SAA, and fibrinogen [68]. In about 30%
of patients, these inflammatory markers are elevated continuously, although to a lesser
extent, implying chronic inflammation [69].

3.4. Diagnosis

In the absence of a particular, widely available and validated, distinctive laboratory
marker, FMF is diagnosed by its typical clinical picture. Results of genetic testing may
support the diagnosis, if two MEFV mutations are detected, but not exclude it, if only one
or none of the mutations are found [3,29,70]. Moreover, individuals bearing two MEFV
mutations, but free of symptoms, cannot be diagnosed with FMF. Based on screenings of
the general population, the number of unaffected subjects who bear two MEFV mutations
exceeds by far the number of FMF patients [71,72]. Various diagnostic criteria have been
established, including the Tel Hashomer criteria [45,73,74], which is the most widely used,
due to its simplicity, accuracy and compliance with the highly specific presentation of
FMF. In a recent study, by using a large international registry of autoinflammatory diseases
(Eurofever), two sets of valid, evidence-based classification criteria (one clinical–genetic and
one purely clinical) have been established to differentiate between the five most common
autoinflammatory syndromes: FMF, cryopyrin-associated periodic syndromes (CAPS),
mevalonate kinase deficiency (MKD), tumor necrosis factor receptor-associated periodic
fever syndrome (TRAPS), and periodic fever, aphthosis, pharyngitis, and adenitis (PFAPA).
Because for building classification criteria specificity takes precedence over sensitivity,
atypical cases may be missed by this tool; therefore the authors advised against using their
classification criteria for FMF diagnosis [75].
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4. Treatment of FMF
4.1. Colchicine
4.1.1. Mechanism of Action

Colchicine has been used for the treatment of FMF since 1973, based on an observation
made by Goldfinger SE [76] and two controlled trials [6,77]. Colchicine is an alkaloid with
inhibitory effects on multiple cellular functions, including microtubule assembly, cell adhe-
sion, and inflammasome activation [78]. Inhibition of microtubule assembly enhances the
release of guanine-nucleotide-exchange factor -H1 (a known regulator of RhoA proteins)
from damaged (depolymerized) microtubules [79], which induces RhoA activation, thereby
promoting phosphorylation of pyrin, which in turn leads to inhibition of pyrin inflam-
masome and IL-1β production, as detailed above, in the pathogenesis Section 3.2.2 [27].
Another study has demonstrated that colchicine suppresses ASC aggregation and bind-
ing to pyrin, thereby disrupting pyrin inflammasome activation through a mechanism
completely unrelated to pyrin phosphorylation [80].

4.1.2. Efficacy and Safety of Colchicine in FMF

Continuous administration of colchicine prevents FMF attacks in about 65% of pa-
tients and induces partial remission in a further 25% [81]. In addition, appropriate use of
colchicine prevents amyloidosis, which is the primary cause of premature death in FMF [82].
Colchicine dose ranges between 1 and 3 mg per day, as determined individually by its
efficacy in preventing attacks and chronic inflammation, on the one hand, and tolerance
of its use and other safety issues on the other hand. According to the recently published
European Alliance of Associations for Rheumatology (EULAR) guidelines [83], colchicine
should be started as soon as a clinical diagnosis is made.

There seems to be a hierarchy in the responsiveness of FMF manifestations to colchicine
treatment. Fever and abdominal, chest, and scrotal attacks are the most susceptible to
colchicine’s effects. Joint attacks and leg pain respond less favorably. The least affected by
colchicine treatment is the state of chronic inflammation with elevated acute phase reactants,
which may remain the last FMF manifestation in some FMF patients even if professionally
managed with the maximally tolerated dose of colchicine [personal experience].

Although colchicine is safe and efficacious in most patients, some patients suffer ad-
verse events, of which diarrhea and abdominal soreness is the most common [84,85]. Rarely
neutropenia, myopathy, neuropathy, and hair loss may take place. Whether colchicine in-
duces liver toxicity in an ordinary dose is still debated, as most liver enzyme abnormalities
in FMF treated with colchicine are thought to result from FMF-related inflammation [86].

4.1.3. Colchicine Resistance and Intolerance

Approximately 10% of patients are refractory to colchicine treatment, as determined
by a failure to reduce attack frequency to less than 1 per month, despite good adherence to
a maximal tolerated dose [7,83]. A more challenging definition would require colchicine to
reduce attack frequency (of any type) to less than 1 attack per three months, completely
abrogate exertional leg pain, and normalize inflammatory markers in attack-free periods.
Although most FMF-related amyloidosis results from inappropriate treatment, it should be
included in the definition of colchicine failure and managed as such. This more stringent
definition undoubtedly will increase the fraction of patients considered unresponsive to
the drug to an estimated figure of 20%. Intolerance to colchicine, defined as an inability
to mount colchicine dose to a prophylactic level due to adverse events, usually diarrhea,
is also included in the above estimate of the frequency of colchicine treatment failure.
In a recent publication of an international consortium most of these insights have been
approved [87].

The reasons for treatment failure in patients with colchicine-resistant FMF are complex
and not fully understood. An early study [7] comparing colchicine responders to non-
responders who shared similar ethnic, demographic, colchicine-treatment and FMF-genetic
features, found that plasma and polymorphonuclear colchicine concentrations were com-
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parable in both groups. However, colchicine concentration in the mononuclear cells was
significantly lower (half the level) in non-responders, suggesting that colchicine treatment
failure might be related to a genetic defect in a metabolic pathway controlling colchicine
influx or efflux in this cell population [7].

Indeed, various polymorphisms of the drug transporter adenosine triphosphate-
binding cassette subfamily B member 1/multidrug resistance protein 1, considered impor-
tant for colchicine cellular transport, were demonstrated to be more common in colchicine
refractory FMF [88]. However, the effect of these changes on colchicine cellular content
was not investigated, precluding the implication of these findings in the mechanism of
colchicine failure. Other associations with colchicine resistance include low concentrations
of serum 25-hydroxy vitamin D [89], and blood group O [90], the pathogenicity of which
is obscured.

Because of colchicine resistance, FMF patients continue to endure severe serositis
attacks, confining them to bed, impeding their school and work opportunities and success,
subjecting them to a poor quality of life, and increasing their risk of dying from amyloidosis
or developing other conditions related to chronic inflammation [87,91,92]. Thus, many
attempts were made over the years to change their fate. In Israel, intravenous colchicine,
in a dose of 1 mg/week in addition to oral colchicine, is still being used successfully
for colchicine treatment failure, without a significant toll in safety [93]. Unfortunately,
this treatment is not available outside Israel, because it was banned by the American
Food and Drug Administration (FDA) and taken off the markets, due to improper use
in conditions unrelated to FMF (e.g., lower back pain), resulting in fatal toxicity [94].
Other therapeutic alternatives for non-responders that have been shown to be beneficial,
include thalidomide [95], interferon alpha [96], various tumor necrosis factor (TNF) block-
ers [97,98], interleukin-6 blockers [99], tofacitinib [100], and selective serotonin reuptake
inhibitors [101], all of which are not adequately scientifically based, limited by insufficient
or transient effects, safety concerns, unavailability, and high cost, and none of which are
currently approved by a regulatory body.

More recently and following the finding that FMF activity is mediated by the proin-
flammatory cytokine IL-1β, IL-1 blockers have been proposed as a possible treatment for
colchicine-resistant FMF. Accordingly, the IL-1β antibody canakinumab was the first IL-1
blocker approved for treatment of FMF. A little later, anakinra, the first synthesized IL-1
blocker and the first to be released to the market for treatment of a variety of inflammatory
disorders, received an indication for FMF by EMA.

4.2. Canakinumab

Canakinumab is the first IL-1 blocker approved for FMF [102]. It is a human mono-
clonal antibody specifically targeted at IL-1β. It does not react with interleukin-1 alpha [103].
It has been approved by the FDA and the EMA for the treatment of FMF and several other
inflammatory disorders. In a major difference from anakinra, which is given daily (see
Section 6.1), canakinumab is usually administered every 4–8 weeks.

The efficacy and safety of canakinumab for colchicine resistant FMF was demonstrated
in the CLUSTER study, a randomized, placebo-controlled trial (RCT), which included
63 patients with colchicine resistant FMF [104]. At the end of the study, a complete re-
sponse was achieved in 71% of the patients. The most frequently reported adverse events
were infections, occurring at a rate of 6.6 per 100 patient years. A recent systematic review,
assessing the published outcome of canakinumab treatment, likewise confirmed its favor-
able effect [105]. These data further emphasize the important role of anti-IL-1 therapy in
the treatment of FMF and of canakinumab as one of its representatives.

4.3. Anakinra

Anakinra, its structure, features, and indications, including use in FMF, and its prefer-
ential use in certain conditions of FMF is described separately and extensively in the next
chapter (Section 5).
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5. IL-1 Cytokines, Receptors, and Antagonists
5.1. IL-1α and IL-1 β

IL-1α and IL-1β belong to the IL-1 cytokine family that plays a central role in the
regulation of the immune and inflammatory responses [106–108]. The genes of both were
cloned in the 1980s from a macrophage-complementary deoxyribonucleic acid (cDNA)
library [109], and the resulting cytokines were found to share a common receptor, IL-1 re-
ceptor (IL-1R) [110]. Like all members of the IL-1 cytokine family, they are first synthesized
by cells in a precursor form.

IL-1α is a double-function protein, acting both as a cytokine, and as a transcription
factor. Its precursor is present constitutively in epithelial cells, keratinocytes, and fibroblasts
(but not in myeloid cells), as a cytosolic or membrane-bound protein [111,112], and is
processed to its mature 17-Kd form by the Ca2+-activated protease calpain. Because of the
abundance of calpain inhibitors in most cells, IL-1α is processed minimally and therefore its
inflammatory role through these cells and in general is limited. During inflammation IL-1α
is synthesized de novo and actively secreted almost exclusively from myeloid cells [113]
and acts as a DAMP to trigger an immune response [106,114].

IL-1β is expressed in inflammatory cells as an inactive precursor protein, only after the
exposure of the immune cells to certain alarmins (e.g., lipopolysaccharide). An additional
stimulus by alarmins leads to the assembly of the inflammasome and the subsequent acti-
vation of caspase-1, which in turn cleaves the pre-IL-1β to its active form and mediates its
secretion. IL-1β is a potent pro-inflammatory cytokine, which upregulates the expression
of many other inflammatory cytokines, including IL-1α [115]. IL-1β-deficient mice did not
manifest acute phase response, or elevated temperature, upon subcutaneous injection of
turpentine (which solely leads to IL-1 and IL-6 activation). In contrast, administration of
lipopolysaccharide, which activates many more cytokines, did provoke an inflammatory re-
sponse comparable to that of wild-type mice [116], attesting to the complexity of triggering
inflammation, which may bypass IL-1β.

5.2. IL-1 Receptor (IL-1R)

The IL-1R family consists of 11 receptors with roles in promoting or inhibiting inflam-
mation and immune reactions, notably innate immune reactions [117]. They all have an
intracellular toll/interleukin-1R (TIR) domain, which may interact with cytosolic adap-
tor proteins such as myeloid differentiation factor 88 (MyD88). Downstream signaling is
attained through recruitment of other TIR domain-containing proteins and homotypic bind-
ing of the adaptor proteins to IL-1R-associated kinases. This signal transduction pathway
leads to the release and nuclear localization of the transcription factor nuclear factor kappa
light chain enhancer of activated B cells (NF-κB), a potent regulator targeting immune and
inflammatory genes, such as IL-1, IL-6, TNF-α, and many more [118]. The intracellular
TIR domain and its signal transduction pathways are also found in toll-like receptors, an
important group of receptors that recognize PAMPs, highlighting their key role in the
innate immune system.

The extracellular part of most IL-1R members consists of three immunoglobulin (Ig)-
like domains, which bind specifically to the cytokine. Both IL-1α and IL-1β bind to IL-1R1.
IL-1 signaling requires the formation of a hetero-trimeric complex, containing the ligand
(i.e., the cytokine), the receptor and the co-receptor IL-1R3. The binding of IL-1β or IL-1α
to IL-1R1 causes a conformational change in IL-1R1, which allows the IL-1R3 binding. The
formation of the heterotrimeric complex brings the intracellular domains of IL-1R1 and
IL-1R3 into proximity, which enables the TIR domains to recruit the adaptor protein MYD88
and start the signal transduction. Contrary to IL-1R1 and IL-1R3, IL-1R2 has no cytoplasmic
TIR domain. It binds to IL-1β and forms a hetero-trimeric complex with the co-receptor
IL-1R3, but due the absence of the TIR domain, it does not induce a downstream signal.
Therefore, it is considered a decoy receptor that serves as another mechanism to inhibit the
inflammatory effects of IL-1β.
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5.3. IL-1R Antagonist (IL-1RA)

IL-1RA was first described in the 1980s in the blood and urine of patients with JIA as
an inhibitory protein for IL-1 activity. It binds to the IL-1R and competitively interferes
with the binding of IL-1α and IL-1β to IL-1R1. When IL-1RA binds to IL-1R1, a conforma-
tional change occurs that prevents the binding of the co-receptor IL-1R3 and thereby the
proximation of the TIR domains and the subsequent signal transduction. IL-1RA binds to
IL-1R1 with a higher affinity than either IL-1α or IL-1β, making it a highly effective receptor
antagonist. Deficiency in IL-RA due to mutations in IL-1RN, the gene encoding IL-RA, re-
sults in deficiency of the IL-1RA (DIRA). This is an autosomal-recessive, autoinflammatory
disease characterized by sterile multifocal osteomyelitis, periostitis, and pustulosis [119],
underlining the critical role of IL-1RA in regulating inflammation.

6. Anakinra
6.1. Anakinra’s Features

Anakinra is a recombinant, non-glycosylated form of human IL-1RA. It consists of
153 amino acids and has a molecular weight of 17.3 Kd. It is produced by recombinant
DNA technology, by using an E. coli bacterial expression system, and differs from the native
IL-1RA by the addition of a single methionine residue at its amino terminus [120]. Both
IL-1RA and anakinra bind to the IL-1R in the same manner and interfere with the binding
of IL-1α and IL-1β, thereby blocking their activity.

Anakinra is administered subcutaneously (SC) in a daily injection containing 100 mg/0.67 mL
solution. Bioavailability of anakinra after a SC injection is around 95%, with the maxi-
mum plasma concentrations found 3–7 h after administration. The terminal half-life is
between 4–6 h. Anakinra clearance is affected by the glomerular filtration rate (GFR);
mean plasma clearance in subjects with mild (GFR of 50–80 mL/min) and moderate
(GFR of 30–49 mL/min) renal insufficiency was reduced by 16% and 50%, respectively.
In severe renal insufficiency (GFR of 15 to <30 mL/min) and end-stage renal disease,
mean plasma clearance declines by 70% and 75%, respectively. Less than 2.5% of the
administered dose of anakinra is removed by hemodialysis or continuous ambulatory
peritoneal dialysis. Therefore, the manufacturer recommends administering anakinra
every other day to patients with severe renal insufficiency or end-stage renal disease
(GFR < 30 mL/min). Weight, gender and age are not significant factors for plasma clear-
ance [https://www.accessdata.fda.gov/drugsatfda_docs/label/2016/103950s5175lbl.pdf
(accessed on 29 March 2022)].

6.2. Anakinra in Diseases Other Than FMF

The beneficial effects of anakinra have been demonstrated in the treatment of a wide
range of disorders, including auto-inflammatory diseases such as CAPS, TRAPS, or MKD/
HIDS [121], wherein the pathogenesis is associated with an excessive IL-1 expression. In
CAPS (an entity consisting of familial cold autoinflammatory syndrome, Muckle–Wells syn-
drome and neonatal-onset multisystem inflammatory disease), anakinra has been shown to
prevent and even reverse the manifestations, such as fever, rash, arthritis, fatigue, conjunc-
tivitis, headache, papilledema, and mental and hearing impairment. It even stopped the
evolution of hydrocephalus. These favorable clinical outcomes were associated with nor-
malization of inflammatory markers, blood cell counts and cerebrospinal fluid constituents,
altogether leading to improved well-being and quality of life [121–126]. In TRAPS, an
autoinflammatory disorder caused by mutations in TNF receptor type 1, anakinra has
been effective in treating refractory cases [127], suggesting an important role for IL-1
in the inflammatory process created by a defect in a TNF-mediated disease. Anakinra
is also effective in non-monogenic auto-inflammatory disorders such as PFAPA [128],
adult-onset Still’s disease (AOSD) [129], systemic onset JIA (SOJIA) [130], and Schnitzler’s
syndrome [131], an inflammatory disorder associated with plasma cell dyscrasia and man-
ifested with chronic urticaria and fever. Other diseases that were shown to respond to
anakinra include severe seizure disorder, termed febrile infection-related epilepsy [132], pre-

https://www.accessdata.fda.gov/drugsatfda_docs/label/2016/103950s5175lbl.pdf
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myeloma [108], gout [133], chronic and recurrent pericarditis [134], Cogan’s syndrome [135],
and others [136].

7. Anakinra in FMF
7.1. Preface

In recent years, anakinra has emerged as an important tool for the treatment of FMF, its
complications, and related conditions. The main situations for which anakinra is required
is colchicine-resistant FMF and intolerance to colchicine (defined in Section 4.1.3), leading
to recurrent attacks, uncontrolled leg pain and chronic inflammation with amyloidosis in
its extreme (detailed in Sections 3.3.1 and 3.3.2). There are other conditions unanswered by
colchicine therapy, including acute FMF attacks at their outburst, protracted febrile myalgia
(Section 3.3.2), and more. In all, anakinra has been tested, including during childhood
and pregnancy. Table 1 briefly displays various conditions or scenarios in which anakinra
has been used successfully, and the experience gained in these situations is more broadly
addressed below.

Table 1. Conditions for which anakinra is useful in FMF.

Condition Definition of the Condition Evidence **

Colchicine resistant FMF
Failure of maximal tolerable colchicine
dose to reduce FMF attack frequency to

less than 1 per month
1, 2, 3

Unresolved leg pain or arthritis
Exertional leg pain, or episodic arthritis,

unaffected by treatment, in otherwise
colchicine responsive FMF patients

1, 2, 3

FMF-amyloidosis
Biopsy proven (at any site) AA

amyloidosis, or proteinuria, highly
suspected to reflect AA amyloidosis

2

Renal transplantation
(amyloidosis related)

Pre- and post-kidney transplantation,
performed for amyloidosis related end

stage kidney disease

0 for graft outcome,
2 for amyloidosis

Protracted febrile myalgia

Protracted (≥3 weeks) of severe and
debilitating myalgia, usually accompanied

by fever and markedly increased
inflammatory markers

2

Pericarditis

Episodic or chronic inflammation of the
pericard, manifested with pleuritic chest
pain, pericardial effusion and/ or typical

electrocardiogram features

3

On demand treatment for
acute attacks

Administration of anakinra at the onset or
prodrome of an attack 2, 3

Temporary replacement
of colchicine

Switching from colchicine to anakinra for
a limited time in certain conditions listed

in category 2 and 3 of Table 2 (e.g.,
colchicine intoxication)

3

Permanent replacement of
colchicine

Continuous anakinra instead of colchicine,
due to colchicine intolerance or allergy 3

Pediatric FMF

Treating children, mostly with colchicine
refractory FMF, with anakinra at a dose of
1–2 mg/kg/day with slow increment to

8 mg/kg if required

2

Conception, pregnancy and
lactation in FMF

Carry on with anakinra or switching from
canakinumab to anakinra during

pregnancy or lactation
2, 3

** 0, There is no supportive evidence; 1, randomized controlled trials; 2, case reports or series; 3, own experience.

The short half-life of anakinra provides several advantages, over preparations with
longer body persistence. This is true for safety concerns in immunocompromised subjects,
where short-lived immunosuppressants confer lower risk in case of infection. The short
half-life of anakinra also makes it the preferred IL-1 blocker for short-term use (several
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days) and for scenarios with diagnostic uncertainty (FMF vs. simulating condition). Table 2
presents these conditions, in which anakinra is the preferred IL-1 blocker. Of note, the listed
conditions reflect our practice and logical inference and should be viewed as expert opinion.
The preferential use of anakinra will be further discussed in the following sections.

7.2. Anakinra as Add-On Therapy to Colchicine

At present, anakinra, as well as other IL-1 blockers, should be administered as an
add-on treatment, given in addition to colchicine, and when applicable, colchicine should
be continued at a maximally tolerated dose. This is because colchicine is still the only medi-
cation known to prevent amyloidosis of FMF. In a study by Zemer et al. [137], amyloidosis
was developed in four of 1000 patients treated with colchicine at a dose preventing attacks
or at a dose of at least 2 mgs/day, if attacks continued. Compared to historical data from the
pre-colchicine era, this finding suggested that the risk of developing amyloidosis in FMF
patients managed appropriately with colchicine was extremely low, thereby establishing
its role as the mainstay in the prevention of amyloidosis of FMF. Thus, until anakinra is
found to act comparably, colchicine should not be discontinued (see more on anakinra
monotherapy in Section 7.10).

7.3. Anakinra for Colchicine Resistant FMF
7.3.1. Clinical Trials

Currently, there is only one prospective, double-blind RCT from 2017, which has
demonstrated the superiority of anakinra over placebo in FMF [138]. This study, performed
by our team, was an investigator-initiated single-center trial. It enrolled 25 adult patients
(ages 38.4 ± 10 and 36.1 ± 12.4 years in 12 anakinra vs. 13 control patients), carrying at
least two MEFV mutations (mostly M694V), who experienced at least one attack per month
(4.6 ± 4.3 vs. 5 ± 2.5), in any of four FMF sites of attack, despite a maximal tolerated dose
of colchicine (2.2 ± 0.8 vs. 2.1 ± 0.5 mg /day). Over a treatment period of four months,
anakinra appeared to be better than placebo in all studied aspects including: the mean
number of attacks per patient per month (1.7 ± 1.7 vs. 3.5 ± 1.9, p = 0.037), the number of
patients with <1 attack per month (6 vs. none, p = 0.005), actual levels of last CRP (3.9 ± 3.6
vs. 19.9 ± 1.8 mg/L) and SAA (11.1 ± 19.1 vs. 110.3 ± 131 mg/L), and number of patients
achieving the modified FMF50 improvement criterion (10 of 12 vs. 4 of 13, p < 0.008). These
successful results were not associated with loss of safety, as the number, rate, and severity
of the adverse events in anakinra and placebo groups were similar.

7.3.2. Case Series

Alongside this RCT, case reports and series of more than 300 patients, receiving
anakinra for a duration of up to approximately three years have also been published.
Although the treatment period was much longer and the population much larger, than
in the RCT, the results were comparable. Anakinra has been shown to reduce attack
rate and severity, decrease the levels of inflammatory markers, and achieve improvement
in composite measures, that included patient and physician global assessments such as
FMF50 or global assessment score [139–143]. Usually, the toll of safety was minimal, mainly
consisting of injection-site reactions, as discussed separately in Section 7.13.

7.4. Anakinra and FMF-Amyloidosis

AA Amyloidosis is a lethal complication of FMF, resulting from long-standing inflam-
mation and IL-1 induced, excessive production of SAA. This complication leads to massive
proteinuria, renal failure, severe diarrhea, malabsorption, dysfunction of other organs, and
death [144]. Important risk factors are persistent high levels of SAA and other inflammatory
cytokines, homozygosity for the M694V MEFV mutation, and family history of FMF-related
amyloidosis [145]. In the pre-colchicine era, amyloidosis affected a considerable proportion
of FMF patients. Colchicine treatment markedly reduced the prevalence of amyloidosis,
but the risk to develop amyloidosis persists, particularly in colchicine refractory, untreated,
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or improperly treated patients. At present, amyloid nephropathy of FMF is still considered
irreversible, as virtually all affected patients eventually reach end-stage kidney disease (see
on FMF-amyloidosis also in Section 3.3.2).

Shortly after the introduction of anakinra for the treatment of FMF, increasing evidence
has begun to accumulate, suggesting that anakinra may favorably affect FMF-amyloidosis.
Based on published data, it appears that anakinra may lead to stabilization [143,146,147],
regression [139,142,147,148], and normalization of urinary protein levels, even in patients
with nephrotic range proteinuria [139,149]. Pitifully, this beneficial effect is limited to early
stages of amyloidosis, before significant renal failure develops [146,147,149]. However,
the exact cut-off of GFR values, under which kidney function is unlikely to ameliorate,
have not been established. Moreover, it remains still to be determined whether anakinra
monotherapy (without colchicine) will prevent amyloidosis, in unaffected colchicine refrac-
tory patients.

Unfortunately, it is still speculative to view reversal of proteinuria, as indicative of
regression of amyloid burden. At present, no histological conformation for such an analogy
has been obtained. At most, regression or stabilization of proteinuria should be interpreted
as resulting from a decline in AA deposition and its associated toxic effects [150], or from a
decrease in IL-1 associated kidney inflammation [151].

7.5. Renal Transplantation and Anakinra

FMF-amyloidosis patients undergoing renal transplantation have increased mortality,
morbidity, and chronic graft rejection compared to non-FMF patients undergoing renal
transplantation [152]. Whether anakinra may change this fate and reduce all cause- or
transplant-associated morbidity and mortality is currently unknown. Particularly, insuffi-
cient data exist on whether anakinra may increase graft survival, and delay or even prevent
development of graft amyloidosis. As management with IL-1 blockers in FMF-amyloidosis
is currently the standard of care, it would be unethical to conduct placebo-controlled tri-
als. Observational analyses compared to historical data are therefore awaited to resolve
these uncertainties.

Nevertheless, from the available, uncontrolled and very scant data, it implies that
anakinra is comparably effective in transplanted and un-transplanted FMF-amyloidosis
patients regarding suppression of FMF attacks, stabilization or reversal of proteinuria, and
amelioration of renal function [147,149,153,154]. Interestingly, reversal of 18 g proteinuria
to almost normal levels and normalization of serum SAA was achieved with anakinra
in an FMF-amyloidosis patient who inadvertently received normally functioning amy-
loid laden kidney [155]. One study argues for the peri- and post-transplantation use of
anakinra to counteract the direct deleterious effect of IL-1 on renal function [156]. Yet,
another study raises concerns about a possible detrimental role of anakinra in inducing
post transplantation allograft rejection [157].

We prefer treatment with anakinra over canakinumab in FMF-amyloidosis patients
undergoing renal transplantation. We think that for immunocompromised patients, who
already receive prednisone, tacrolimus, and mycophenolate to prevent rejection, the short
half-life of anakinra provides a safety advantage, in case of intercurrent infection. This
approach is not yet evidence based. At present, our unpublished experience is limited to
six transplanted patients with four exposed to anakinra for a mean duration of 41 months
and four to canakinumab (mean 21 months). Two of these patients received both drugs.
With respect to efficacy, both IL-1 blockers were equally competent in preventing attacks
and protecting against renal failure and proteinuria. Over the treatment period, two severe
infections occurred. One was a life-threatening influenza infection, which led to a switch
from canakinumab to anakinra, and the other one was a hepatitis B virus infection, which
led to a 4-month suspension of anakinra treatment. Anakinra was resumed after the
infection was controlled with entecavir. We feel that our safety policy favoring anakinra
over canakinumab for kidney-transplanted patients gains support from these episodes.
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7.6. Protracted Febrile Myalgia

PFM is a rare but severe and extremely painful manifestation of FMF (see Section 3.3.2).
Colchicine is ineffective, and treatment consists of prolonged (at least six weeks) use of
high doses (1 mg/kg) of prednisone. Two doses of anakinra have led to recovery of PFM
with a return of ESR and CRP back to normal levels within a week [158]. Anakinra was
also effective in PFM patients with prednisone failure or partial response to it [159,160].
These reports, though preliminary, may imply a distinct pathogenesis for this rare disorder,
separating it from other types of FMF-associated disorders such as vasculitides (e.g., pol-
yarteritis nodosa) or arthritides (e.g., sacroiliitis), which fail to respond favorably to both
colchicine and anti-IL-1 blockers. Of note, our experience with anakinra in a patient with
severe and debilitating PFM, who failed prednisone was not favorable. She received SC
anakinra for one month and continued to suffer of severe muscle pain for three months,
although following anakinra treatment, the pain was less severe, and she could ambulate
(unpublished data).

7.7. FMF—Related Pericarditis

Both anakinra and canakinumab have been used successfully in idiopathic pericardi-
tis [161]. Nevertheless, there are case reports of patients with recurrent idiopathic pericardi-
tis that failed to respond to canakinumab and recovered while on anakinra [162]. We are
aware of an adult FMF patient, in whom anakinra efficiently prevented pericarditis after a
failure to respond to canakinumab (unpublished data). In contrast, two patients recently
presented to us with chronic FMF-related pericarditis, a condition rarely occurring in FMF
(see Section 3.3.2), are currently successfully treated with canakinumab. More research is
required to determine the significance of these observations.

7.8. On-Demand Use of Anakinra

On-demand use of anakinra is devised as a treatment strategy for acute attacks, which
may occur in either of the following: (a) colchicine-resistant FMF, for which continuous
treatment with IL-1 blockers was declined and therefore bouts continue, and (b) colchicine-
responsive FMF, for which current colchicine dose is insufficient. Because there is no
treatment to arrest acute attacks, the management paradigm is aimed only at alleviating
pain with analgesics and opioids. On-demand treatment of acute attacks with anakinra is
proposed to fill this gap. The short half-life of anakinra is an advantage for the treatment of
acute attacks as it is safer than long-term preparations under the circumstances of diagnostic
uncertainty, characterizing acute FMF attacks. Also, its short half-life and much lower cost
allow flexibility in dose adjustment more readily (e.g., deciding on dose increment).

Initial experience with the on-demand approach is encouraging. In a cohort of
15 patients with colchicine-refractory FMF, on-demand administration of anakinra, mainly
during the prodrome, resulted in a significant reduction of the severity, duration, and
frequency of the attacks, compared to the pretreatment values in the same patients, though
elevated CRP levels, remained unchanged [163]. Thus, implementation of the on-demand
policy might be a reasonable solution for certain, carefully selected patients.

7.9. Anakinra and Leg Pain and Arthritis

Exertional leg pain, even nowadays, remains a poorly understood manifestation of
FMF (Section 3.3.2). As noted before (Section 4.1.2), arthritis attacks and leg pain on
exertion respond less favorably to colchicine, often remaining the only enduring mani-
festations in FMF patients on high-dose colchicine, rendering them colchicine-resistant
(Section 3.3.1). This suggests that colchicine is either a weak IL-1 blocker, or these manifesta-
tions are mediated by other mechanisms. Experience with IL-1 blockers, initially observed
in anakinra-treated patients, illuminates this quandary. In the anakinra RCT (Section 7.3.1),
as well as in other studies, anakinra was found to control arthritis spells even better than
the attacks in other sites [138,140,142,147]. Such a favorable response however, was not
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noted in FMF patients with concurrent spondyloarthritis, probably because other cytokines,
such as TNF are also involved in the arthritis of these patients [142].

Similarly, debilitating exertional leg pain, adversely impacting quality of life, often
remains the only symptom in FMF patients who are otherwise stable under colchicine
treatment. As with arthritis, this symptom is effectively addressed by anakinra [138]. The
relief provided by anakinra allows patients, who virtually could hardly stand longer than a
few moments, to perform much better physically, socially, at home, and most importantly
at work. The conclusion drawn from this favorable effect of anakinra is that both arthritis
attacks and leg pain on exertion, despite being less controllable by colchicine, are utterly
mediated by the IL-1 cytokine.

7.10. Transient and Permanent Replacement of Colchicine by Anakinra

Due to its short half-life, anakinra is an ideal drug to replace colchicine, if temporary
suspension of colchicine treatment is required. This may occur under certain circumstances,
including life-threatening conditions instituted by continuous administration of colchicine
(e.g., colchicine intoxication, and other conditions listed in category 2 of Table 2). Our
experience with this approach is limited to two patients with colchicine intoxication. But
the strategy was successful, and while on anakinra, the patients had no FMF attacks, despite
cessation of colchicine treatment (unpublished observation). Substitution of colchicine for
a short time may also be required when its use is limited by several other nonthreatening
conditions (e.g., due to abdominal operation and other conditions listed in category 3
of Table 2). Permanent replacement of colchicine by IL-1 blockers is usually due to in-
tolerance or allergy to colchicine. In these conditions, using anakinra has no advantage
over switching to canakinumab, unless the patients are immunocompromised or suffer of
recurrent infections, as discussed above (Section 7.5). Our experience with anakinra and
canakinumab under these circumstances is favorable, yet is limited to five patients. The
beneficial use of anakinra as monotherapy in the above conditions, should not encourage
colchicine withdrawal in colchicine-resistant FMF. However, although this is currently not
advised (Section 7.2), we do try to gradually reduce the colchicine dose, under the auspices
of anakinra, with careful clinical (looking for attacks or leg pain) and laboratory (looking
for a rise in inflammatory markers) monitoring. The experience gained so far with this
practice is currently insufficient to draw conclusions.

Table 2. Conditions for which anakinra is preferentially advised.

Reason for Preferential
Use of Anakinra Condition Category

Short-term use

Protracted febrile myalgia 1. Conditions for which
colchicine is not effectiveAcute FMF attacks

Colchicine intoxication
2. Conditions for which

colchicine is hazardous
Acute kidney injury (severe)

Acute liver failure/injury
Hunger strike, voluntary fasting

3. Conditions for which oral
administration of colchicine
is inhibited

Severe diarrhea for any reason
Abdominal operation

Transient impairment of gastrointestinal
function for any reason

Safety

Kidney transplantation

4. Conditions in which IL-1
blocker impose
additional risk

Dialysis
Recurrent infections

Immunocompromised patient
Pregnancy

Old age
Malignancy

7.11. Anakinra for Pediatric Patients

Anakinra has been used and reported as a treatment for children with colchicine-
resistant FMF since 2008 [164]. Dosing is adopted from treatment of pediatric CAPS
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(1 to 2 mg/kg/day with possible slow increments, if required, to a maximal dose of
8 mg/kg). Published case series on anakinra treatment in children with colchicine-resistant
FMF report on remission and reduction of attack rate and levels of inflammatory markers,
similarly to other reports for adults [165–167]. This success led to increased attendance
in school. A major concern is the poor compliance, due to the reluctance of children and
parents to undergo subcutaneous injections on a daily basis. Indeed, the studies report on
a large proportion of children, who switched to canakinumab due to this distress. Other
reasons for treatment change being side effects or treatment failure in rates comparable to
those in adults.

7.12. Anakinra in Conception, Pregnancy and Lactation

Colchicine is considered safe in pregnancy [168]. Therefore, we recommend continuing
its use throughout pregnancy, and even, if required, to raise its dose to control increased
FMF activity, which may occur in a third of FMF pregnancies [169]. Regarding the safety
of anakinra and canakinumab during pregnancy, an opinion is still being conceived. Data
are encouraging, though scant, and suggest that anakinra is safe both to mothers and
fetuses [170,171].

In one series, 21 of 23 anakinra-exposed pregnancies resulted in healthy infants and
one in miscarriage. One infant was born with unilateral renal agenesis and ectopic neuro-
hypophysis. The population was mixed, mainly consisting of CAPS patients; only three
had FMF. Exposure to anakinra during the whole course of pregnancy featured 40% of
patients. None of the mothers or infants suffered of infection. Ten of twenty-two babies
were breast fed by mothers taking anakinra, with no reported infections or developmental
abnormalities [172]. Another study with nine pregnancies in CAPS patients, confirmed
these results [173]. Of note is that the low incidence of adverse pregnancy outcomes may
be biased by the better monitoring and control of inflammation offered to treated compared
to untreated patients, and suppression of IL-1β, which may underlie abortions, as it was
found to be upregulated in the decidua of women with recurrent pregnancy loss [174,175].
Data on babies born to men exposed to anakinra during conception is even more meager;
There were no congenital or developmental abnormalities during a follow-up of four weeks
to eight years in six babies born to such fathers [172].

At present, we advise FMF patients conceiving under anakinra to continue treatment
with anakinra after discussing the pros and cons associated with this advice. This is based
on our own and published experience, and on EULAR recommendations, which accept
the use of antirheumatic drugs before pregnancy, and during pregnancy and lactation
where there are no better alternatives [176]. We prefer anakinra over canakinumab, due to
increased risk of infections during pregnancy [177] and possible incidents of pregnancy
complications, conditions that may require an abrupt termination of IL-1 blockers and
therefore favor one with short half-life. This selection, however, is not evidence based, and
therefore difficult to implement in women who are already on canakinumab.

7.13. Safety of Anakinra

Since its introduction in 2002, thousands of patients have received anakinra for numer-
ous indications and many years, with a remarkable record of safety and tolerance. Most
reported adverse effects are injection-site reactions, which may require topical corticos-
teroids or systemic antihistamine and usually regress within a month [178], but occasionally
may lead to termination of anakinra treatment. Severe skin reactions are extremely rare and
may include drug reaction with eosinophilia and systemic symptoms (DRESS) [179,180]. To
the best of our knowledge, no other severe skin reactions, such as toxic epidermal necrolysis
or acute generalized exanthematous pustulosis, were reported. Increased rates of routine
infections are reported, but in contrast to most other inflammatory cytokine inhibitors,
and biological disease-modifying anti-rheumatic drugs (DMARDs), opportunistic infec-
tions, tuberculosis, and herpes zoster are extremely rare in patients on anakinra. Serious
infections such as pneumonia and pyelonephritis were also rarely reported. Other adverse
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events include leukopenia, headache, and urticarial rash, but their relatedness to anakinra
is usually difficult to assess, given the retrospective nature of most such reports [179,180].
Malignancies were not reported in any of the studies on patients treated with anakinra.

From the perspective of safety, anakinra’s short half-life is an advantage, particularly
with respect to infection. Thus, in patients with increased risk of infections due to age-,
drug-, or disease-related compromised immune response or in pregnancy, short-acting
agents are preferred as discussed previously (Sections 7.1, 7.5 and 7.12) and listed in Table 2.

8. Conclusions

FMF is the most common monogenic auto-inflammatory disorder, characterized by
recurrent attacks of serositis, leg pain, chronic inflammation and amyloidosis. Colchicine is
effective in most FMF patients, but approximately 10% do not respond or are intolerant to
it. This hurdle is currently answered by IL-1 blockers.

Anakinra is a recombinant form of IL-RA, the naturally occurring inhibitor of IL-1α
and IL-1β. Anakinra has been shown to be safe and effective in FMF in a randomized
controlled study, as well as in ample case reports. Anakinra induces remission or sig-
nificantly reduces FMF activity in most patients, with an acceptable safety toll, mostly
injection-site reactions in the minority of the patients. In addition to prevention of serositis
attacks and ceasing inflammation, anakinra diminishes exertional musculoskeletal symp-
toms, a manifestation less amenable to colchicine, and abates protracted febrile myalgia,
thereby preventing long-term exposure to high-dose corticosteroids. When given on time,
it prevents amyloidosis-related renal function decline and may reverse proteinuria. It also
appears to be safe and effective during childhood and in pregnancy, although to assure
safety in pregnancy more data is required. It is effective as well as safe in FMF conditions
in which there is an increased risk of acquiring infections, such as chronic dialysis, and
post transplantation.

Most importantly, due to its short half-life, anakinra emerges, mostly based on logical
inference, and our own experience as the preferred IL-1 blocker in FMF and comorbidities
with increased risk to acquire infection such as chronic dialysis, and post transplantation.
It is the preferred IL-1 blocker also in scenarios where the continuous administration of
colchicine is harmful or hindered and must be transiently terminated, such as during
colchicine intoxication or an abdominal operation. It should be also preferentially used
during pregnancy. Altogether, anakinra has become an essential component in FMF therapy,
and the preferred IL-1 blocker under certain circumstances in FMF.

Author Contributions: Conceptualization, A.L. and E.G.; methodology, A.L. and E.G.; writing—
original draft preparation, E.G. and A.L.; writing—review and editing, A.L., E.G., M.L. and I.B.-Z.;
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AA—amyloid A, AID—autoinflammatory disease, ASC—apoptosis-associated speck-like protein
containing CARD, CAPS—cryopyrin-associated periodic syndromes, cDNA—complementary de-
oxyribonucleic acid, CLUSTER—canakinumab pivotal umbrella study in three hereditary periodic
fevers, CRP—C-reactive protein, DAMPs—danger-associated molecular patterns, DIRA—deficiency
of the IL-1RA, DRESS—drug reaction with eosinophilia and systemic symptoms, ELE—erysipelas-
like erythema, ELP—exertional leg pain, EMA—European Medicines Agency, ESR—erythrocyte sedi-
mentation rate, EULAR—European Alliance of Associations for Rheumatology, FDA—food and drug
administration, FMF—familial Mediterranean fever, GFR—glomerular filtration rate, HIDS—hyper-
IgD syndrome, HLA—human leukocyte antigen, Ig—immunoglobulin, IL-1—interleukin-1, IL-1R—



Int. J. Mol. Sci. 2022, 23, 3956 17 of 24

IL-1 receptor, IL-1RA—IL-1R antagonist, JIA—juvenile idiopathic arthritis, MEFV—Mediterranean
fever gene, MICA—major histocompatibility complex class I chain related A, MKD—mevalonate
kinase deficiency, MyD88—myeloid differentiation factor 88, NF-κB—nuclear factor kappa light
chain enhancer of activated B cells, NOD—nucleotide binding and oligomerization domain, PAMPs—
pathogen/danger-associated molecular patterns, PFAPA—periodic fever, aphthosis, pharyngitis and
adenitis, PFM—protracted febrile myalgia, PKN1/N2—protein kinases N1/N2, RCT—randomized,
placebo-controlled trial, RhoA—ras homolog family member A, Rho GTPase—ras homologous
guanosine triphosphatase, SAA—serum amyloid A, SC—subcutaneous or subcutaneously, TIR—
toll/interleukin-1R, TNF—tumor necrosis factor, TRAPS—tumor necrosis factor receptor-associated
periodic fever syndrome, USA—United States of America.

References
1. Chae, J.J.; Cho, Y.H.; Lee, G.S.; Cheng, J.; Liu, P.P.; Feigenbaum, L.; Katz, S.I.; Kastner, D.L. Gain-of-function Pyrin mutations

induce NLRP3 protein-independent interleukin-1beta activation and severe autoinflammation in mice. Immunity 2011, 34, 755–768.
[CrossRef] [PubMed]

2. Booty, M.G.; Chae, J.J.; Masters, S.L.; Remmers, E.F.; Barham, B.; Le, J.M.; Barron, K.S.; Holland, S.M.; Kastner, D.L.;
Aksentijevich, I. Familial Mediterranean fever with a single MEFV mutation: Where is the second hit? Arthritis Rheum. 2009,
60, 1851–1861. [CrossRef] [PubMed]

3. Marek-Yagel, D.; Berkun, Y.; Padeh, S.; Abu, A.; Reznik-Wolf, H.; Livneh, A.; Pras, M.; Pras, E. Clinical disease among patients
heterozygous for familial Mediterranean fever. Arthritis Rheum. 2009, 60, 1862–1866. [CrossRef]

4. Livneh, A.; Langevitz, P.; Zemer, D.; Padeh, S.; Migdal, A.; Sohar, E.; Pras, M. The changing face of familial Mediterranean fever.
Semin. Arthritis Rheum. 1996, 26, 612–627. [CrossRef]

5. Lane, T.; Loeffler, J.M.; Rowczenio, D.M.; Gilbertson, J.A.; Bybee, A.; Russell, T.L.; Gillmore, J.D.; Wechalekar, A.D.; Hawkins, P.N.;
Lachmann, H.J. AA amyloidosis complicating the hereditary periodic fever syndromes. Arthritis Rheum. 2013, 65, 1116–1121.
[CrossRef]

6. Zemer, D.; Revach, M.; Pras, M.; Modan, B.; Schor, S.; Sohar, E.; Gafni, J. A controlled trial of colchicine in preventing attacks of
familial mediterranean fever. N. Engl. J. Med. 1974, 291, 932–934. [CrossRef]

7. Lidar, M.; Scherrmann, J.M.; Shinar, Y.; Chetrit, A.; Niel, E.; Gershoni-Baruch, R.; Langevitz, P.; Livneh, A. Colchicine nonrespon-
siveness in familial Mediterranean fever: Clinical, genetic, pharmacokinetic, and socioeconomic characterization. Semin. Arthritis
Rheum. 2004, 33, 273–282. [CrossRef]

8. Atas, N.; Eroglu, G.A.; Sodan, H.N.; Ozturk, B.O.; Babaoglu, H.; Satis, H.; Karadeniz, H.; Guler, A.A.; Salman, R.B.; Goker, B.; et al.
Long-term safety and efficacy of anakinra and canakinumab in patients with familial Mediterranean fever: A single-centre
real-life study with 101 patients. Clin. Exp. Rheumatol. 2021, 39 (Suppl. S132), 30–36.

9. Belkhir, R.; Moulonguet-Doleris, L.; Hachulla, E.; Prinseau, J.; Baglin, A.; Hanslik, T. Treatment of familial Mediterranean fever
with anakinra. Ann. Intern. Med. 2007, 146, 825–826. [CrossRef] [PubMed]

10. Sarkisian, T.; Ajrapetian, H.; Beglarian, A.; Shahsuvarian, G.; Egiazarian, A. Familial Mediterranean Fever in Armenian population.
Georgian Med. News 2008, 156, 105–111.

11. Kisacik, B.; Yildirim, B.; Tasliyurt, T.; Ozyurt, H.; Ozyurt, B.; Yuce, S.; Kaya, S.; Ertenli, I.; Kiraz, S. Increased frequency of familial
Mediterranean fever in northern Turkey: A population-based study. Rheumatol. Int. 2009, 29, 1307–1309. [CrossRef] [PubMed]

12. Daniels, M.; Shohat, T.; Brenner-Ullman, A.; Shohat, M. Familial Mediterranean fever: High gene frequency among the non-
Ashkenazic and Ashkenazic Jewish populations in Israel. Am. J. Med. Genet. 1995, 55, 311–314. [CrossRef] [PubMed]

13. Ben-Chetrit, E.; Touitou, I. Familial mediterranean Fever in the world. Arthritis Rheum. 2009, 61, 1447–1453. [CrossRef] [PubMed]
14. Sohar, E.; Gafni, J.; Pras, M.; Heller, H. Familial Mediterranean fever. A survey of 470 cases and review of the literature. Am. J.

Med. 1967, 43, 227–253. [CrossRef]
15. Kondi, A.; Hentgen, V.; Piram, M.; Letierce, A.; Guillaume-Czitrom, S.; Kone-Paut, I. Validation of the new paediatric criteria for

the diagnosis of familial Mediterranean fever: Data from a mixed population of 100 children from the French reference centre for
auto-inflammatory disorders. Rheumatology 2010, 49, 2200–2203. [CrossRef]

16. Lainka, E.; Bielak, M.; Lohse, P.; Timmann, C.; Stojanov, S.; von Kries, R.; Niehues, T.; Neudorf, U. Familial Mediterranean fever in
Germany: Epidemiological, clinical, and genetic characteristics of a pediatric population. Eur. J. Pediatr. 2012, 171, 1775–1785.
[CrossRef]

17. Samuels, J.; Aksentijevich, I.; Torosyan, Y.; Centola, M.; Deng, Z.; Sood, R.; Kastner, D.L. Familial Mediterranean fever at the
millennium. Clinical spectrum, ancient mutations, and a survey of 100 American referrals to the National Institutes of Health.
Medicine 1998, 77, 268–297. [CrossRef]

18. Migita, K.; Izumi, Y.; Jiuchi, Y.; Iwanaga, N.; Kawahara, C.; Agematsu, K.; Yachie, A.; Masumoto, J.; Fujikawa, K.;
Yamasaki, S.; et al. Familial Mediterranean fever is no longer a rare disease in Japan. Arthritis Res. 2016, 18, 175. [CrossRef]

19. The International FMF Consortium. Ancient missense mutations in a new member of the RoRet gene family are likely to cause
familial Mediterranean fever. Cell 1997, 90, 797–807. [CrossRef]

http://doi.org/10.1016/j.immuni.2011.02.020
http://www.ncbi.nlm.nih.gov/pubmed/21600797
http://doi.org/10.1002/art.24569
http://www.ncbi.nlm.nih.gov/pubmed/19479870
http://doi.org/10.1002/art.24570
http://doi.org/10.1016/S0049-0172(96)80012-6
http://doi.org/10.1002/art.37827
http://doi.org/10.1056/NEJM197410312911803
http://doi.org/10.1053/S0049-0172(03)00137-9
http://doi.org/10.7326/0003-4819-146-11-200706050-00023
http://www.ncbi.nlm.nih.gov/pubmed/17548423
http://doi.org/10.1007/s00296-009-0849-z
http://www.ncbi.nlm.nih.gov/pubmed/19152093
http://doi.org/10.1002/ajmg.1320550313
http://www.ncbi.nlm.nih.gov/pubmed/7726228
http://doi.org/10.1002/art.24458
http://www.ncbi.nlm.nih.gov/pubmed/19790133
http://doi.org/10.1016/0002-9343(67)90167-2
http://doi.org/10.1093/rheumatology/keq252
http://doi.org/10.1007/s00431-012-1803-8
http://doi.org/10.1097/00005792-199807000-00005
http://doi.org/10.1186/s13075-016-1071-5
http://doi.org/10.1016/S0092-8674(00)80539-5


Int. J. Mol. Sci. 2022, 23, 3956 18 of 24

20. Schnappauf, O.; Chae, J.J.; Kastner, D.L.; Aksentijevich, I. The Pyrin Inflammasome in Health and Disease. Front. Immunol. 2019,
10, 1745. [CrossRef]

21. Mansfield, E.; Chae, J.J.; Komarow, H.D.; Brotz, T.M.; Frucht, D.M.; Aksentijevich, I.; Kastner, D.L. The familial Mediterranean
fever protein, pyrin, associates with microtubules and colocalizes with actin filaments. Blood 2001, 98, 851–859. [CrossRef]
[PubMed]

22. Touitou, I. New genetic interpretation of old diseases. Autoimmun. Rev. 2012, 12, 5–9. [CrossRef] [PubMed]
23. Touitou, I. The spectrum of Familial Mediterranean Fever (FMF) mutations. Eur. J. Hum. Genet. 2001, 9, 473–483. [CrossRef]

[PubMed]
24. Padeh, S.; Livneh, A.; Pras, E.; Shinar, Y.; Lidar, M.; Feld, O.; Berkun, Y. Familial Mediterranean fever in children presenting with

attacks of fever alone. J. Rheumatol. 2010, 37, 865–869. [CrossRef]
25. Padeh, S.; Livneh, A.; Pras, E.; Shinar, Y.; Lidar, M.; Feld, O.; Berkun, Y. Familial Mediterranean Fever in the first two years of life:

A unique phenotype of disease in evolution. J. Pediatr. 2010, 156, 985–989. [CrossRef]
26. Kastner, D.L.; Aksentijevich, I.; Goldbach-Mansky, R. Autoinflammatory disease reloaded: A clinical perspective. Cell 2010,

140, 784–790. [CrossRef]
27. Park, Y.H.; Wood, G.; Kastner, D.L.; Chae, J.J. Pyrin inflammasome activation and RhoA signaling in the autoinflammatory

diseases FMF and HIDS. Nat. Immunol. 2016, 17, 914–921. [CrossRef]
28. Van Gorp, H.; Saavedra, P.H.; de Vasconcelos, N.M.; Van Opdenbosch, N.; Vande Walle, L.; Matusiak, M.; Prencipe, G.; Insalaco, A.;

Van Hauwermeiren, F.; Demon, D.; et al. Familial Mediterranean fever mutations lift the obligatory requirement for microtubules
in Pyrin inflammasome activation. Proc. Natl. Acad. Sci. USA 2016, 113, 14384–14389. [CrossRef]

29. Ben-Zvi, I.; Herskovizh, C.; Kukuy, O.; Kassel, Y.; Grossman, C.; Livneh, A. Familial Mediterranean fever without MEFV
mutations: A case-control study. Orphanet. J. Rare Dis. 2015, 10, 34. [CrossRef]

30. Ben-Zvi, I.; Brandt, B.; Berkun, Y.; Lidar, M.; Livneh, A. The relative contribution of environmental and genetic factors to
phenotypic variation in familial Mediterranean fever (FMF). Gene 2012, 491, 260–263. [CrossRef]

31. Migita, K.; Agematsu, K.; Masumoto, J.; Ida, H.; Honda, S.; Jiuchi, Y.; Izumi, Y.; Maeda, Y.; Uehara, R.; Nakamura, Y.; et al. The
contribution of SAA1 polymorphisms to Familial Mediterranean fever susceptibility in the Japanese population. PLoS ONE 2013,
8, e55227. [CrossRef] [PubMed]

32. Yasunami, M.; Nakamura, H.; Agematsu, K.; Nakamura, A.; Yazaki, M.; Kishida, D.; Yachie, A.; Toma, T.; Masumoto, J.;
Ida, H.; et al. Identification of Disease-Promoting HLA Class I and Protective Class II Modifiers in Japanese Patients with Familial
Mediterranean Fever. PLoS ONE 2015, 10, e0125938. [CrossRef] [PubMed]

33. Sack, G.H., Jr.; Talbot, C.C., Jr.; McCarthy, B.G.; Harris, E.L.; Kastner, D.; Gruberg, L.; Pras, M. Exclusion of linkage between
familial Mediterranean fever and the human serum amyloid A (SAA) gene cluster. Hum. Genet. 1991, 87, 506–508. [CrossRef]
[PubMed]

34. Shohat, M.; Shohat, T.; Rotter, J.I.; Schlesinger, M.; Petersen, G.M.; Pribyl, T.; Sack, G.; Schwabe, A.D.; Korenberg, J.R. Serum
amyloid A and P protein genes in familial Mediterranean fever. Genomics 1990, 8, 83–89. [CrossRef]

35. Gazit, E.; Orgad, S.; Pras, M. HLA antigen in familial mediterranean fever. Tissue Antigens 1977, 9, 273–275. [CrossRef]
36. Schwabe, A.D.; Terasaki, P.I.; Barnett, E.V.; Territo, M.C.; Klinenberg, J.R.; Peters, R.S. Familial Mediterranean fever: Recent

advances in pathogenesis and management. West. J. Med. 1977, 127, 15–23.
37. Touitou, I.; Picot, M.C.; Domingo, C.; Notarnicola, C.; Cattan, D.; Demaille, J.; Kone-Paut, I. The MICA region determines the first

modifier locus in familial Mediterranean fever. Arthritis Rheum. 2001, 44, 163–169. [CrossRef]
38. Gershoni-Baruch, R.; Brik, R.; Zacks, N.; Shinawi, M.; Lidar, M.; Livneh, A. The contribution of genotypes at the MEFV and

SAA1 loci to amyloidosis and disease severity in patients with familial Mediterranean fever. Arthritis Rheum. 2003, 48, 1149–1155.
[CrossRef]

39. Berkun, Y.; Karban, A.; Padeh, S.; Pras, E.; Shinar, Y.; Lidar, M.; Livneh, A.; Bujanover, Y. NOD2/CARD15 gene mutations in
patients with familial Mediterranean fever. Semin. Arthritis Rheum. 2012, 42, 84–88. [CrossRef]

40. Ozen, S.; Berdeli, A.; Turel, B.; Kutlay, S.; Yalcinkaya, F.; Arici, M.; Besbas, N.; Bakkaloglu, A.; Yilmaz, E. Arg753Gln TLR-2
polymorphism in familial mediterranean fever: Linking the environment to the phenotype in a monogenic inflammatory disease.
J. Rheumatol. 2006, 33, 2498–2500.

41. Karahan, Z.C.; Ozturk, A.; Akar, E.; Akar, N. Interleukin-6 (IL-6) -174 G/C polymorphism in familial Mediterranean fever patients
with and without amyloidosis. J. Nephrol. 2005, 18, 582–584. [PubMed]

42. Lidar, M.; Yaqubov, M.; Zaks, N.; Ben-Horin, S.; Langevitz, P.; Livneh, A. The prodrome: A prominent yet overlooked pre-attack
manifestation of familial Mediterranean fever. J. Rheumatol. 2006, 33, 1089–1092. [PubMed]

43. Kishida, D.; Nakamura, A.; Yazaki, M.; Oka, K.; Tsuchiya-Suzuki, A.; Ichikawa, T.; Shimojima, Y.; Sekijima, Y. Triggering factors
for febrile attacks in Japanese patients with familial Mediterranean fever. Clin. Exp. Rheumatol. 2020, 38 (Suppl. S127), 76–79.
[PubMed]

44. Karadag, O.; Tufan, A.; Yazisiz, V.; Ureten, K.; Yilmaz, S.; Cinar, M.; Akdogan, A.; Erdem, H.; Ozturk, M.A.; Pay, S.; et al. The
factors considered as trigger for the attacks in patients with familial Mediterranean fever. Rheumatol. Int. 2013, 33, 893–897.
[CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2019.01745
http://doi.org/10.1182/blood.V98.3.851
http://www.ncbi.nlm.nih.gov/pubmed/11468188
http://doi.org/10.1016/j.autrev.2012.07.014
http://www.ncbi.nlm.nih.gov/pubmed/22878270
http://doi.org/10.1038/sj.ejhg.5200658
http://www.ncbi.nlm.nih.gov/pubmed/11464238
http://doi.org/10.3899/jrheum.090687
http://doi.org/10.1016/j.jpeds.2009.12.010
http://doi.org/10.1016/j.cell.2010.03.002
http://doi.org/10.1038/ni.3457
http://doi.org/10.1073/pnas.1613156113
http://doi.org/10.1186/s13023-015-0252-7
http://doi.org/10.1016/j.gene.2011.10.005
http://doi.org/10.1371/journal.pone.0055227
http://www.ncbi.nlm.nih.gov/pubmed/23437051
http://doi.org/10.1371/journal.pone.0125938
http://www.ncbi.nlm.nih.gov/pubmed/25974247
http://doi.org/10.1007/BF00197178
http://www.ncbi.nlm.nih.gov/pubmed/1679035
http://doi.org/10.1016/0888-7543(90)90228-M
http://doi.org/10.1111/j.1399-0039.1977.tb01118.x
http://doi.org/10.1002/1529-0131(200101)44:1&lt;163::AID-ANR20&gt;3.0.CO;2-Z
http://doi.org/10.1002/art.10944
http://doi.org/10.1016/j.semarthrit.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16299685
http://www.ncbi.nlm.nih.gov/pubmed/16755655
http://www.ncbi.nlm.nih.gov/pubmed/33200741
http://doi.org/10.1007/s00296-012-2453-x
http://www.ncbi.nlm.nih.gov/pubmed/22814791


Int. J. Mol. Sci. 2022, 23, 3956 19 of 24

45. Demirkaya, E.; Saglam, C.; Turker, T.; Kone-Paut, I.; Woo, P.; Doglio, M.; Amaryan, G.; Frenkel, J.; Uziel, Y.; Insalaco, A.; et al.
Performance of Different Diagnostic Criteria for Familial Mediterranean Fever in Children with Periodic Fevers: Results from a
Multicenter International Registry. J. Rheumatol. 2016, 43, 154–160. [CrossRef] [PubMed]

46. Federici, S.; Sormani, M.P.; Ozen, S.; Lachmann, H.J.; Amaryan, G.; Woo, P.; Kone-Paut, I.; Dewarrat, N.; Cantarini, L.;
Insalaco, A.; et al. Evidence-based provisional clinical classification criteria for autoinflammatory periodic fevers. Ann. Rheum.
Dis. 2015, 74, 799–805. [CrossRef]

47. Padeh, S.; Berkun, Y. Auto-inflammatory fever syndromes. Rheum. Dis. Clin. N. Am. 2007, 33, 585–623. [CrossRef]
48. Lidar, M.; Tokov, I.; Chetrit, A.; Zaks, N.; Langevitz, P.; Livneh, A. Diagnosis delay in familial Mediterranean fever (FMF): Social

and gender gaps disclosed. Clin. Exp. Rheumatol. 2005, 23, 357–363.
49. Gezgin Yildirim, D.; Seven, M.B.; Gonen, S.; Soylemezoglu, O. Erysipelas-like erythema in children with familial Mediterranean

fever. Clin. Exp. Rheumatol. 2020, 38 (Suppl. S127), 101–104.
50. Ben-Zvi, I.; Lidar, M.; Giat, E.; Kukuy, O.; Zafrir, Y.; Grossman, C.; Rosman, Y.; Livneh, A. Clinical Picture in Adulthood

and Unusual and Peculiar Clinical Features of FMF. In Familial Mediterranean Fever; Gattorno, M., Ed.; Springer International
Publishing: Cham, Switzerland, 2015; pp. 47–80.

51. Sari, I.; Birlik, M.; Kasifoglu, T. Familial Mediterranean fever: An updated review. Eur. J. Rheumatol. 2014, 1, 21–33. [CrossRef]
52. Eshed, I.; Rosman, Y.; Livneh, A.; Kedem, R.; Langevitz, P.; Ben-Zvi, I.; Lidar, M. Exertional leg pain in familial Mediterranean fever:

A manifestation of an underlying enthesopathy and a marker of more severe disease. Arthritis Rheumatol. 2014, 66, 3221–3226.
[CrossRef] [PubMed]

53. Eshed, I.; Kushnir, T.; Livneh, A.; Langevitz, P.; Ben-Zvi, I.; Konen, E.; Lidar, M. Exertional leg pain as a manifestation of occult
spondyloarthropathy in familial Mediterranean fever: An MRI evaluation. Scand. J. Rheumatol. 2012, 41, 482–486. [CrossRef]
[PubMed]

54. Kaplan, E.; Mukamel, M.; Barash, J.; Brik, R.; Padeh, S.; Berkun, Y.; Uziel, Y.; Tauber, T.; Amir, J.; Harel, L. Protracted febrile
myalgia in children and young adults with familial Mediterranean fever: Analysis of 15 patients and suggested criteria for
working diagnosis. Clin. Exp. Rheumatol. 2007, 25, S114–S117. [PubMed]

55. Abbara, S.; Grateau, G.; Ducharme-Benard, S.; Saadoun, D.; Georgin-Lavialle, S. Association of Vasculitis and Familial Mediter-
ranean Fever. Front. Immunol. 2019, 10, 763. [CrossRef]

56. Touitou, I.; Magne, X.; Molinari, N.; Navarro, A.; Quellec, A.L.; Picco, P.; Seri, M.; Ozen, S.; Bakkaloglu, A.; Karaduman, A.; et al.
MEFV mutations in Behcet’s disease. Hum. Mutat. 2000, 16, 271–272. [CrossRef]

57. Atas, N.; Armagan, B.; Bodakci, E.; Satis, H.; Sari, A.; Bilge, N.S.Y.; Salman, R.B.; Yardimci, G.K.; Babaoglu, H.; Guler, A.A.; et al.
Familial Mediterranean fever is associated with a wide spectrum of inflammatory disorders: Results from a large cohort study.
Rheumatol. Int. 2020, 40, 41–48. [CrossRef]

58. Schwartz, T.; Langevitz, P.; Zemer, D.; Gazit, E.; Pras, M.; Livneh, A. Behcet’s disease in Familial Mediterranean fever: Characteri-
zation of the association between the two diseases. Semin. Arthritis Rheum. 2000, 29, 286–295. [CrossRef]

59. Erken, E.; Erken, E. Cardiac disease in familial Mediterranean fever. Rheumatol. Int. 2018, 38, 51–58. [CrossRef]
60. Salai, M.; Zemmer, D.; Segal, E.; Corat, A.; Heyman, Z.; Davidson, B.; Langevitz, P.; Livneh, A. Chronic massive knee effusion in

familial Mediterranean fever. Semin. Arthritis Rheum. 1997, 27, 169–172. [CrossRef]
61. Langevitz, P.; Livneh, A.; Zemer, D.; Shemer, J.; Pras, M. Seronegative spondyloarthropathy in familial Mediterranean fever.

Semin. Arthritis Rheum. 1997, 27, 67–72. [CrossRef]
62. Cattan, D.; Notarnicola, C.; Molinari, N.; Touitou, I. Inflammatory bowel disease in non-Ashkenazi Jews with familial Mediter-

ranean fever. Lancet 2000, 355, 378–379. [CrossRef]
63. Beser, O.F.; Kasapcopur, O.; Cokugras, F.C.; Kutlu, T.; Arsoy, N.; Erkan, T. Association of inflammatory bowel disease with

familial Mediterranean fever in Turkish children. J. Pediatr. Gastroenterol. Nutr. 2013, 56, 498–502. [CrossRef] [PubMed]
64. Fidder, H.H.; Chowers, Y.; Lidar, M.; Sternberg, M.; Langevitz, P.; Livneh, A. Crohn disease in patients with familial Mediterranean

fever. Medicine 2002, 81, 411–416. [CrossRef] [PubMed]
65. Gafni, J.; Ravid, M.; Sohar, E. The role of amyloidosis in familial mediterranean fever. A population study. Isr. J. Med. Sci. 1968,

4, 995–999.
66. Akse-Onal, V.; Sag, E.; Ozen, S.; Bakkaloglu, A.; Cakar, N.; Besbas, N.; Gucer, S. Decrease in the rate of secondary amyloidosis in

Turkish children with FMF: Are we doing better? Eur. J. Pediatr. 2010, 169, 971–974. [CrossRef]
67. Ahbap, E.; Kara, E.; Sahutoglu, T.; Basturk, T.; Koc, Y.; Sakaci, T.; Sevinc, M.; Akgol, C.; Ucar, Z.A.; Kayalar, A.O.; et al. Outcome

of 121 patients with renal amyloid a amyloidosis. J. Res. Med. Sci. 2014, 19, 644–649.
68. Erer, B.; Demirkaya, E.; Ozen, S.; Kallinich, T. What is the best acute phase reactant for familial Mediterranean fever follow-up

and its role in the prediction of complications? A systematic review. Rheumatol. Int. 2016, 36, 483–487. [CrossRef]
69. Ben-Zvi, I.; Livneh, A. Chronic inflammation in FMF: Markers, risk factors, outcomes and therapy. Nat. Rev. Rheumatol.

2011, 7, 105–112. [CrossRef]
70. Giaglis, S.; Papadopoulos, V.; Kambas, K.; Doumas, M.; Tsironidou, V.; Rafail, S.; Kartalis, G.; Speletas, M.; Ritis, K. MEFV

alterations and population genetics analysis in a large cohort of Greek patients with familial Mediterranean fever. Clin. Genet.
2007, 71, 458–467. [CrossRef]

http://doi.org/10.3899/jrheum.141249
http://www.ncbi.nlm.nih.gov/pubmed/26568587
http://doi.org/10.1136/annrheumdis-2014-206580
http://doi.org/10.1016/j.rdc.2007.07.009
http://doi.org/10.5152/eurjrheum.2014.006
http://doi.org/10.1002/art.38797
http://www.ncbi.nlm.nih.gov/pubmed/25223248
http://doi.org/10.3109/03009742.2012.698301
http://www.ncbi.nlm.nih.gov/pubmed/22950526
http://www.ncbi.nlm.nih.gov/pubmed/17949564
http://doi.org/10.3389/fimmu.2019.00763
http://doi.org/10.1002/1098-1004(200009)16:3&lt;271::AID-HUMU16&gt;3.0.CO;2-A
http://doi.org/10.1007/s00296-019-04412-7
http://doi.org/10.1016/S0049-0172(00)80015-3
http://doi.org/10.1007/s00296-017-3853-8
http://doi.org/10.1016/S0049-0172(97)80016-9
http://doi.org/10.1016/S0049-0172(97)80007-8
http://doi.org/10.1016/S0140-6736(99)02134-0
http://doi.org/10.1097/MPG.0b013e31827dd763
http://www.ncbi.nlm.nih.gov/pubmed/23164758
http://doi.org/10.1097/00005792-200211000-00001
http://www.ncbi.nlm.nih.gov/pubmed/12441897
http://doi.org/10.1007/s00431-010-1158-y
http://doi.org/10.1007/s00296-015-3413-z
http://doi.org/10.1038/nrrheum.2010.181
http://doi.org/10.1111/j.1399-0004.2007.00789.x


Int. J. Mol. Sci. 2022, 23, 3956 20 of 24

71. Kogan, A.; Shinar, Y.; Lidar, M.; Revivo, A.; Langevitz, P.; Padeh, S.; Pras, M.; Livneh, A. Common MEFV mutations among Jewish
ethnic groups in Israel: High frequency of carrier and phenotype III states and absence of a perceptible biological advantage for
the carrier state. Am. J. Med. Genet. 2001, 102, 272–276. [CrossRef]

72. Stoffman, N.; Magal, N.; Shohat, T.; Lotan, R.; Koman, S.; Oron, A.; Danon, Y.; Halpern, G.J.; Lifshitz, Y.; Shohat, M. Higher than
expected carrier rates for familial Mediterranean fever in various Jewish ethnic groups. Eur. J. Hum. Genet. 2000, 8, 307–310.
[CrossRef]

73. Pras, M. Familial Mediterranean fever: From the clinical syndrome to the cloning of the pyrin gene. Scand. J. Rheumatol. 1998,
27, 92–97. [CrossRef] [PubMed]

74. Livneh, A.; Langevitz, P.; Zemer, D.; Zaks, N.; Kees, S.; Lidar, T.; Migdal, A.; Padeh, S.; Pras, M. Criteria for the diagnosis of
familial Mediterranean fever. Arthritis Rheum. 1997, 40, 1879–1885. [CrossRef] [PubMed]

75. Gattorno, M.; Hofer, M.; Federici, S.; Vanoni, F.; Bovis, F.; Aksentijevich, I.; Anton, J.; Arostegui, J.I.; Barron, K.; Ben-Cherit, E.; et al.
Classification criteria for autoinflammatory recurrent fevers. Ann. Rheum. Dis. 2019, 78, 1025–1032. [CrossRef]

76. Goldfinger, S.E. Colchicine for familial Mediterranean fever. N. Engl. J. Med. 1972, 287, 1302. [CrossRef] [PubMed]
77. Goldstein, R.C.; Schwabe, A.D. Prophylactic colchicine therapy in familial Mediterranean fever. A controlled, double-blind study.

Ann. Intern. Med. 1974, 81, 792–794. [CrossRef] [PubMed]
78. Leung, Y.Y.; Yao Hui, L.L.; Kraus, V.B. Colchicine—Update on mechanisms of action and therapeutic uses. Semin. Arthritis Rheum.

2015, 45, 341–350. [CrossRef] [PubMed]
79. Krendel, M.; Zenke, F.T.; Bokoch, G.M. Nucleotide exchange factor GEF-H1 mediates cross-talk between microtubules and the

actin cytoskeleton. Nat. Cell Biol. 2002, 4, 294–301. [CrossRef]
80. Gao, W.; Yang, J.; Liu, W.; Wang, Y.; Shao, F. Site-specific phosphorylation and microtubule dynamics control Pyrin inflammasome

activation. Proc. Natl. Acad. Sci. USA 2016, 113, E4857–E4866. [CrossRef]
81. Zemer, D.; Livneh, A.; Danon, Y.L.; Pras, M.; Sohar, E. Long-term colchicine treatment in children with familial Mediterranean

fever. Arthritis Rheum. 1991, 34, 973–977. [CrossRef]
82. Padeh, S.; Berkun, Y. Familial Mediterranean fever. Curr. Opin. Rheumatol. 2016, 28, 523–529. [CrossRef] [PubMed]
83. Ozen, S.; Demirkaya, E.; Erer, B.; Livneh, A.; Ben-Chetrit, E.; Giancane, G.; Ozdogan, H.; Abu, I.; Gattorno, M.; Hawkins, P.N.; et al.

EULAR recommendations for the management of familial Mediterranean fever. Ann. Rheum. Dis. 2016, 75, 644–651. [CrossRef]
[PubMed]

84. Ben-Chetrit, E.; Levy, M. Colchicine: 1998 update. Semin. Arthritis Rheum. 1998, 28, 48–59. [CrossRef]
85. Grossman, C.; Farberov, I.; Feld, O.; Livneh, A.; Ben-Zvi, I. Efficacy and safety of long-term treatment with intravenous colchicine

for familial Mediterranean fever (FMF) refractory to oral colchicine. Rheumatol. Int. 2019, 39, 517–523. [CrossRef] [PubMed]
86. Fraisse, T.; Savey, L.; Hentgen, V.; Rossi-Semerano, L.; Kone-Paut, I.; Grateau, G.; Georgin-Lavialle, S.; Ducharme-Benard, S.

Non-amyloid liver involvement in familial Mediterranean fever: A systematic literature review. Liver Int. 2020, 40, 1269–1277.
[CrossRef]

87. Ozen, S.; Sag, E.; Ben-Chetrit, E.; Gattorno, M.; Gul, A.; Hashkes, P.J.; Kone-Paut, I.; Lachmann, H.J.; Tsitsami, E.; Twilt, M.; et al.
Defining colchicine resistance/intolerance in patients with familial Mediterranean fever: A modified-Delphi consensus approach.
Rheumatology 2021, 60, 3799–3808. [CrossRef]

88. Tufan, A.; Babaoglu, M.O.; Akdogan, A.; Yasar, U.; Calguneri, M.; Kalyoncu, U.; Karadag, O.; Hayran, M.; Ertenli, A.I.;
Bozkurt, A.; et al. Association of drug transporter gene ABCB1 (MDR1) 3435C to T polymorphism with colchicine response in
familial Mediterranean fever. J. Rheumatol. 2007, 34, 1540–1544.

89. Ozer, I.; Mete, T.; Sezer, O.T.; Ozgen, G.K.; Kucuk, G.O.; Kaya, C.; Kan, E.K.; Duman, G.; Kurt, H.P.O. Association between
colchicine resistance and vitamin D in familial Mediterranean fever. Ren. Fail. 2015, 37, 1122–1125. [CrossRef]

90. Erden, A.; Batu, E.D.; Armagan, B.; Sonmez, H.E.; Sari, A.; Demir, S.; Bilgin, E.; Firat, E.; Kilic, L.; Bilginer, Y.; et al. Blood group
‘A’ may have a possible modifier effect on familial Mediterranean fever and blood group ‘0’ may be associated with colchicine
resistance. Biomark. Med. 2018, 12, 565–572. [CrossRef]

91. Kuemmerle-Deschner, J.B.; Quartier, P.; Kone-Paut, I.; Hentgen, V.; Marzan, K.A.; Dedeoglu, F.; Lachmann, H.J.; Kallinich, T.;
Blank, N.; Ozen, S.; et al. Burden of illness in hereditary periodic fevers: A multinational observational patient diary study. Clin.
Exp. Rheumatol. 2020, 38 (Suppl. S127), 26–34.

92. Bodur, H.; Gul Yurdakul, F.; Duruoz, M.T.; Cay, H.F.; Ucar, U.; Keskin, Y.; Sargin, B.; Gurer, G.; Yurdakul, O.V.; Calis, M.; et al.
Familial Mediterranean fever: Health-related quality of life and associated variables in a national cohort. Arch. Rheumatol. 2021,
36, 159–166. [CrossRef] [PubMed]

93. Lidar, M.; Kedem, R.; Langevitz, P.; Pras, M.; Livneh, A. Intravenous colchicine for treatment of patients with familial Mediter-
ranean fever unresponsive to oral colchicine. J. Rheumatol. 2003, 30, 2620–2623. [PubMed]

94. Kesselheim, A.S.; Franklin, J.M.; Kim, S.C.; Seeger, J.D.; Solomon, D.H. Reductions in Use of Colchicine after FDA Enforcement of
Market Exclusivity in a Commercially Insured Population. J. Gen. Intern. Med. 2015, 30, 1633–1638. [CrossRef] [PubMed]

95. Seyahi, E.; Ozdogan, H.; Masatlioglu, S.; Yazici, H. Successful treatment of familial Mediterranean fever attacks with thalidomide
in a colchicine resistant patient. Clin. Exp. Rheumatol. 2002, 20, S43–S44. [PubMed]

96. Tweezer-Zaks, N.; Rabinovich, E.; Lidar, M.; Livneh, A. Interferon-alpha as a treatment modality for colchicine- resistant familial
Mediterranean fever. J. Rheumatol. 2008, 35, 1362–1365.

http://doi.org/10.1002/ajmg.1438
http://doi.org/10.1038/sj.ejhg.5200446
http://doi.org/10.1080/030097498440949
http://www.ncbi.nlm.nih.gov/pubmed/9572633
http://doi.org/10.1002/art.1780401023
http://www.ncbi.nlm.nih.gov/pubmed/9336425
http://doi.org/10.1136/annrheumdis-2019-215048
http://doi.org/10.1056/NEJM197212212872514
http://www.ncbi.nlm.nih.gov/pubmed/4636899
http://doi.org/10.7326/0003-4819-81-6-792
http://www.ncbi.nlm.nih.gov/pubmed/4611296
http://doi.org/10.1016/j.semarthrit.2015.06.013
http://www.ncbi.nlm.nih.gov/pubmed/26228647
http://doi.org/10.1038/ncb773
http://doi.org/10.1073/pnas.1601700113
http://doi.org/10.1002/art.1780340806
http://doi.org/10.1097/BOR.0000000000000315
http://www.ncbi.nlm.nih.gov/pubmed/27286236
http://doi.org/10.1136/annrheumdis-2015-208690
http://www.ncbi.nlm.nih.gov/pubmed/26802180
http://doi.org/10.1016/S0049-0172(98)80028-0
http://doi.org/10.1007/s00296-018-04237-w
http://www.ncbi.nlm.nih.gov/pubmed/30604205
http://doi.org/10.1111/liv.14445
http://doi.org/10.1093/rheumatology/keaa863
http://doi.org/10.3109/0886022X.2015.1056064
http://doi.org/10.2217/bmm-2017-0344
http://doi.org/10.46497/ArchRheumatol.2021.8215
http://www.ncbi.nlm.nih.gov/pubmed/34527919
http://www.ncbi.nlm.nih.gov/pubmed/14719203
http://doi.org/10.1007/s11606-015-3285-7
http://www.ncbi.nlm.nih.gov/pubmed/25855479
http://www.ncbi.nlm.nih.gov/pubmed/12371635


Int. J. Mol. Sci. 2022, 23, 3956 21 of 24

97. Haar, N.T.; Lachmann, H.; Ozen, S.; Woo, P.; Uziel, Y.; Modesto, C.; Kone-Paut, I.; Cantarini, L.; Insalaco, A.; Neven, B.; et al.
Treatment of autoinflammatory diseases: Results from the Eurofever Registry and a literature review. Ann. Rheum. Dis. 2013,
72, 678–685. [CrossRef]

98. Haj-Yahia, S.; Ben-Zvi, I.; Lidar, M.; Livneh, A. Familial Mediterranean fever (FMF)-response to TNF-blockers used for treatment
of FMF patients with concurrent inflammatory diseases. Jt. Bone Spine 2021, 88, 105201. [CrossRef]

99. Colak, S.; Tekgoz, E.; Cinar, M.; Yilmaz, S. The assessment of tocilizumab therapy on recurrent attacks of patients with familial
Mediterranean fever: A retrospective study of 15 patients. Mod. Rheumatol. 2021, 31, 223–225. [CrossRef]

100. Karadeniz, H.; Guler, A.A.; Atas, N.; Satis, H.; Salman, R.B.; Babaoglu, H.; Tufan, A. Tofacitinib for the treatment for colchicine-
resistant familial Mediterranean fever: Case-based review. Rheumatol. Int. 2020, 40, 169–173. [CrossRef]

101. Onat, A.M.; Ozturk, M.A.; Ozcakar, L.; Ureten, K.; Kaymak, S.U.; Kiraz, S.; Ertenli, I.; Calguneri, M. Selective serotonin reuptake
inhibitors reduce the attack frequency in familial mediterranean Fever. Tohoku J. Exp. Med. 2007, 211, 9–14. [CrossRef]

102. Church, L.D.; McDermott, M.F. Canakinumab, a fully-human mAb against IL-1beta for the potential treatment of inflammatory
disorders. Curr. Opin. Mol. 2009, 11, 81–89.

103. Lachmann, H.J.; Kone-Paut, I.; Kuemmerle-Deschner, J.B.; Leslie, K.S.; Hachulla, E.; Quartier, P.; Gitton, X.; Widmer, A.; Patel, N.;
Hawkins, P.N.; et al. Use of canakinumab in the cryopyrin-associated periodic syndrome. N. Engl. J. Med. 2009, 360, 2416–2425.
[CrossRef] [PubMed]

104. De Benedetti, F.; Gattorno, M.; Anton, J.; Ben-Chetrit, E.; Frenkel, J.; Hoffman, H.M.; Kone-Paut, I.; Lachmann, H.J.; Ozen, S.;
Simon, A.; et al. Canakinumab for the Treatment of Autoinflammatory Recurrent Fever Syndromes. N. Engl. J. Med. 2018,
378, 1908–1919. [CrossRef] [PubMed]

105. Kacar, M.; Savic, S.; van der Hilst, J.C.H. The Efficacy, Safety and Tolerability of Canakinumab in the Treatment of Familial
Mediterranean Fever: A Systematic Review of the Literature. J. Inflamm. Res. 2020, 13, 141–149. [CrossRef] [PubMed]

106. Cohen, I.; Rider, P.; Carmi, Y.; Braiman, A.; Dotan, S.; White, M.R.; Voronov, E.; Martin, M.U.; Dinarello, C.A.; Apte, R.N.
Differential release of chromatin-bound IL-1alpha discriminates between necrotic and apoptotic cell death by the ability to induce
sterile inflammation. Proc. Natl. Acad. Sci. USA 2010, 107, 2574–2579. [CrossRef] [PubMed]

107. Dinarello, C.A. Interleukin-1 in the pathogenesis and treatment of inflammatory diseases. Blood 2011, 117, 3720–3732. [CrossRef]
108. Dinarello, C.A. Overview of the IL-1 family in innate inflammation and acquired immunity. Immunol. Rev. 2018, 281, 8–27.

[CrossRef]
109. Auron, P.E.; Webb, A.C.; Rosenwasser, L.J.; Mucci, S.F.; Rich, A.; Wolff, S.M.; Dinarello, C.A. Nucleotide sequence of human

monocyte interleukin 1 precursor cDNA. Proc. Natl. Acad. Sci. USA 1984, 81, 7907–7911. [CrossRef]
110. Dinarello, C.A. The interleukin-1 family: 10 years of discovery. FASEB J. 1994, 8, 1314–1325. [CrossRef]
111. Mosley, B.; Urdal, D.L.; Prickett, K.S.; Larsen, A.; Cosman, D.; Conlon, P.J.; Gillis, S.; Dower, S.K. The interleukin-1 receptor binds

the human interleukin-1 alpha precursor but not the interleukin-1 beta precursor. J. Biol. Chem. 1987, 262, 2941–2944. [CrossRef]
112. Apte, R.N.; Voronov, E. Is interleukin-1 a good or bad ‘guy’ in tumor immunobiology and immunotherapy? Immunol. Rev. 2008,

222, 222–241. [CrossRef] [PubMed]
113. Voronov, E.; Dinarello, C.A.; Apte, R.N. Interleukin-1alpha as an intracellular alarmin in cancer biology. Semin. Immunol. 2018,

38, 3–14. [CrossRef] [PubMed]
114. Rider, P.; Carmi, Y.; Guttman, O.; Braiman, A.; Cohen, I.; Voronov, E.; White, M.R.; Dinarello, C.A.; Apte, R.N. IL-1alpha and

IL-1beta recruit different myeloid cells and promote different stages of sterile inflammation. J. Immunol. 2011, 187, 4835–4843.
[CrossRef] [PubMed]

115. Singh, A.K.; Fechtner, S.; Chourasia, M.; Sicalo, J.; Ahmed, S. Critical role of IL-1alpha in IL-1beta-induced inflammatory responses:
Cooperation with NF-kappaBp65 in transcriptional regulation. FASEB J. 2019, 33, 2526–2536. [CrossRef]

116. Fantuzzi, G.; Dinarello, C.A. The inflammatory response in interleukin-1 beta-deficient mice: Comparison with other cytokine-
related knock-out mice. J. Leukoc. Biol. 1996, 59, 489–493. [CrossRef]

117. Dinarello, C.A. The IL-1 family of cytokines and receptors in rheumatic diseases. Nat. Rev. Rheumatol. 2019, 15, 612–632.
[CrossRef]

118. Narayanan, K.B.; Park, H.H. Toll/interleukin-1 receptor (TIR) domain-mediated cellular signaling pathways. Apoptosis 2015,
20, 196–209. [CrossRef]

119. Aksentijevich, I.; Masters, S.L.; Ferguson, P.J.; Dancey, P.; Frenkel, J.; van Royen-Kerkhoff, A.; Laxer, R.; Tedgard, U.; Cowen, E.W.;
Pham, T.H.; et al. An autoinflammatory disease with deficiency of the interleukin-1-receptor antagonist. N. Engl. J. Med. 2009,
360, 2426–2437. [CrossRef]

120. Fisher, C.J., Jr.; Slotman, G.J.; Opal, S.M.; Pribble, J.P.; Bone, R.C.; Emmanuel, G.; Ng, D.; Bloedow, D.C.; Catalano, M.A.;
IL-1RA Sepsis Syndrome Study Group. Initial evaluation of human recombinant interleukin-1 receptor antagonist in the treat-
ment of sepsis syndrome: A randomized, open-label, placebo-controlled multicenter trial. Crit. Care Med. 1994, 22, 12–21.
[CrossRef]

121. Kuemmerle-Deschner, J.B.; Gautam, R.; George, A.T.; Raza, S.; Lomax, K.G.; Hur, P. Systematic literature review of effi-
cacy/effectiveness and safety of current therapies for the treatment of cryopyrin-associated periodic syndrome, hyperim-
munoglobulin D syndrome and tumour necrosis factor receptor-associated periodic syndrome. RMD Open 2020, 6, e001227.
[CrossRef]

http://doi.org/10.1136/annrheumdis-2011-201268
http://doi.org/10.1016/j.jbspin.2021.105201
http://doi.org/10.1080/14397595.2019.1709258
http://doi.org/10.1007/s00296-019-04490-7
http://doi.org/10.1620/tjem.211.9
http://doi.org/10.1056/NEJMoa0810787
http://www.ncbi.nlm.nih.gov/pubmed/19494217
http://doi.org/10.1056/NEJMoa1706314
http://www.ncbi.nlm.nih.gov/pubmed/29768139
http://doi.org/10.2147/JIR.S206204
http://www.ncbi.nlm.nih.gov/pubmed/32210604
http://doi.org/10.1073/pnas.0915018107
http://www.ncbi.nlm.nih.gov/pubmed/20133797
http://doi.org/10.1182/blood-2010-07-273417
http://doi.org/10.1111/imr.12621
http://doi.org/10.1073/pnas.81.24.7907
http://doi.org/10.1096/fasebj.8.15.8001745
http://doi.org/10.1016/S0021-9258(18)61450-4
http://doi.org/10.1111/j.1600-065X.2008.00615.x
http://www.ncbi.nlm.nih.gov/pubmed/18364005
http://doi.org/10.1016/j.smim.2018.10.006
http://www.ncbi.nlm.nih.gov/pubmed/30554608
http://doi.org/10.4049/jimmunol.1102048
http://www.ncbi.nlm.nih.gov/pubmed/21930960
http://doi.org/10.1096/fj.201801513R
http://doi.org/10.1002/jlb.59.4.489
http://doi.org/10.1038/s41584-019-0277-8
http://doi.org/10.1007/s10495-014-1073-1
http://doi.org/10.1056/NEJMoa0807865
http://doi.org/10.1097/00003246-199401000-00008
http://doi.org/10.1136/rmdopen-2020-001227


Int. J. Mol. Sci. 2022, 23, 3956 22 of 24

122. Goldbach-Mansky, R.; Dailey, N.J.; Canna, S.W.; Gelabert, A.; Jones, J.; Rubin, B.I.; Kim, H.J.; Brewer, C.; Zalewski, C.;
Wiggs, E.; et al. Neonatal-onset multisystem inflammatory disease responsive to interleukin-1beta inhibition. N. Engl. J. Med.
2006, 355, 581–592. [CrossRef] [PubMed]

123. Hawkins, P.N.; Lachmann, H.J.; Aganna, E.; McDermott, M.F. Spectrum of clinical features in Muckle-Wells syndrome and
response to anakinra. Arthritis Rheum. 2004, 50, 607–612. [CrossRef] [PubMed]

124. Rigante, D.; Ansuini, V.; Caldarelli, M.; Bertoni, B.; La Torraca, I.; Stabile, A. Hydrocephalus in CINCA syndrome treated with
anakinra. Childs Nerv. Syst. 2006, 22, 334–337. [CrossRef] [PubMed]

125. Lepore, L.; Paloni, G.; Caorsi, R.; Alessio, M.; Rigante, D.; Ruperto, N.; Cattalini, M.; Tommasini, A.; Zulian, F.; Ventura, A.; et al.
Follow-up and quality of life of patients with cryopyrin-associated periodic syndromes treated with Anakinra. J. Pediatr. 2010,
157, 310–315. [CrossRef]

126. Kuemmerle-Deschner, J.B.; Tyrrell, P.N.; Koetter, I.; Wittkowski, H.; Bialkowski, A.; Tzaribachev, N.; Lohse, P.; Koitchev, A.;
Deuter, C.; Foell, D.; et al. Efficacy and safety of anakinra therapy in pediatric and adult patients with the autoinflammatory
Muckle-Wells syndrome. Arthritis Rheum. 2011, 63, 840–849. [CrossRef] [PubMed]

127. Simon, A.; Bodar, E.J.; van der Hilst, J.C.; van der Meer, J.W.; Fiselier, T.J.; Cuppen, M.P.; Drenth, J.P. Beneficial response to
interleukin 1 receptor antagonist in traps. Am. J. Med. 2004, 117, 208–210. [CrossRef] [PubMed]

128. Stojanov, S.; Lapidus, S.; Chitkara, P.; Feder, H.; Salazar, J.C.; Fleisher, T.A.; Brown, M.R.; Edwards, K.M.; Ward, M.M.;
Colbert, R.A.; et al. Periodic fever, aphthous stomatitis, pharyngitis, and adenitis (PFAPA) is a disorder of innate immunity
and Th1 activation responsive to IL-1 blockade. Proc. Natl. Acad. Sci. USA 2011, 108, 7148–7153. [CrossRef]

129. Ruscitti, P.; Ursini, F.; Sota, J.; De Giorgio, R.; Cantarini, L.; Giacomelli, R. The reduction of concomitant glucocorticoids dosage
following treatment with IL-1 receptor antagonist in adult onset Still’s disease. A systematic review and meta-analysis of
observational studies. Adv. Musculoskelet. Dis. 2020, 12, 1759720X20933133. [CrossRef] [PubMed]

130. Vastert, S.J.; de Jager, W.; Noordman, B.J.; Holzinger, D.; Kuis, W.; Prakken, B.J.; Wulffraat, N.M. Effectiveness of first-line treatment
with recombinant interleukin-1 receptor antagonist in steroid-naive patients with new-onset systemic juvenile idiopathic arthritis:
Results of a prospective cohort study. Arthritis Rheumatol. 2014, 66, 1034–1043. [CrossRef] [PubMed]

131. Bixio, R.; Rossini, M.; Giollo, A. Efficacy of interleukin-1 blockade in Schnitzler’s syndrome without detectable monoclonal
gammopathy: A case-based review. Clin. Rheumatol. 2020, 40, 2973–2977. [CrossRef]

132. Lai, Y.C.; Muscal, E.; Wells, E.; Shukla, N.; Eschbach, K.; Lee, K.H.; Kaliakatsos, M.; Desai, N.; Wickstrom, R.; Viri, M.; et al.
Anakinra usage in febrile infection related epilepsy syndrome: An international cohort. Ann. Clin. Transl. Neurol. 2020,
7, 2467–2474. [CrossRef] [PubMed]

133. Janssen, C.A.; Voshaar, M.A.H.O.; Vonkeman, H.E.; Jansen, T.; Janssen, M.; Kok, M.R.; Radovits, B.; van Durme, C.; Baan, H.;
van de Laar, M. Anakinra for the treatment of acute gout flares: A randomized, double-blind, placebo-controlled, active-
comparator, non-inferiority trial. Rheumatology 2019, 58, 1344–1352. [CrossRef] [PubMed]

134. Khayata, M.; Shah, N.P.; Verma, B.R.; Giugni, A.S.; Alkharabsheh, S.; Asher, C.R.; Imazio, M.; Klein, A.L. Usefulness of
Interleukin-1 Receptor Antagonists in Patients with Recurrent Pericarditis. Am. J. Cardiol. 2020, 127, 184–190. [CrossRef]
[PubMed]

135. Vambutas, A.; Lesser, M.; Mullooly, V.; Pathak, S.; Zahtz, G.; Rosen, L.; Goldofsky, E. Early efficacy trial of anakinra in
corticosteroid-resistant autoimmune inner ear disease. J. Clin. Investig. 2014, 124, 4115–4122. [CrossRef]

136. Cavalli, G.; Dinarello, C.A. Anakinra Therapy for Non-cancer Inflammatory Diseases. Front Pharm. 2018, 9, 1157. [CrossRef]
137. Zemer, D.; Pras, M.; Sohar, E.; Modan, M.; Cabili, S.; Gafni, J. Colchicine in the prevention and treatment of the amyloidosis of

familial Mediterranean fever. N. Engl. J. Med. 1986, 314, 1001–1005. [CrossRef]
138. Ben-Zvi, I.; Kukuy, O.; Giat, E.; Pras, E.; Feld, O.; Kivity, S.; Perski, O.; Bornstein, G.; Grossman, C.; Harari, G.; et al. Anakinra for

Colchicine-Resistant Familial Mediterranean Fever: A Randomized, Double-Blind, Placebo-Controlled Trial. Arthritis Rheumatol.
2017, 69, 854–862. [CrossRef]

139. Akar, S.; Cetin, P.; Kalyoncu, U.; Karadag, O.; Sari, I.; Cinar, M.; Yilmaz, S.; Onat, A.M.; Kisacik, B.; Erden, A.; et al. Nationwide
Experience with Off-Label Use of Interleukin-1 Targeting Treatment in Familial Mediterranean Fever Patients. Arthritis Care Res.
2018, 70, 1090–1094. [CrossRef]

140. Kucuksahin, O.; Yildizgoren, M.T.; Ilgen, U.; Ates, A.; Kinikli, G.; Turgay, M.; Erten, S. Anti-interleukin-1 treatment in 26 patients
with refractory familial mediterranean fever. Mod. Rheumatol. 2017, 27, 350–355. [CrossRef]

141. Kohler, B.M.; Lorenz, H.M.; Blank, N. IL1-blocking therapy in colchicine-resistant familial Mediterranean fever. Eur. J. Rheumatol.
2018, 5, 230–234. [CrossRef]

142. Sahin, A.; Derin, M.E.; Albayrak, F.; Karakas, B.; Karagoz, Y. Assessment of effectiveness of anakinra and canakinumab in patients
with colchicine-resistant/unresponsive familial Mediterranean fever. Adv. Rheumatol. 2020, 60, 12. [CrossRef] [PubMed]

143. Marko, L.; Shemer, A.; Lidar, M.; Grossman, C.; Druyan, A.; Livneh, A.; Kivity, S. Anakinra for colchicine refractory familial
Mediterranean fever: A cohort of 44 patients. Rheumatology 2020, 60, 2878–2883. [CrossRef] [PubMed]

144. Mery, J.P.; Kenouch, S. Familial Mediterranean fever-associated amyloidosis. Ren. Fail. 1993, 15, 379–384. [CrossRef]
145. Kasifoglu, T.; Bilge, S.Y.; Sari, I.; Solmaz, D.; Senel, S.; Emmungil, H.; Kilic, L.; Oner, S.Y.; Yildiz, F.; Yilmaz, S.; et al. Amyloidosis

and its related factors in Turkish patients with familial Mediterranean fever: A multicentre study. Rheumatology 2014, 53, 741–745.
[CrossRef]

http://doi.org/10.1056/NEJMoa055137
http://www.ncbi.nlm.nih.gov/pubmed/16899778
http://doi.org/10.1002/art.20033
http://www.ncbi.nlm.nih.gov/pubmed/14872505
http://doi.org/10.1007/s00381-006-1280-3
http://www.ncbi.nlm.nih.gov/pubmed/16525848
http://doi.org/10.1016/j.jpeds.2010.02.040
http://doi.org/10.1002/art.30149
http://www.ncbi.nlm.nih.gov/pubmed/21360513
http://doi.org/10.1016/j.amjmed.2004.02.039
http://www.ncbi.nlm.nih.gov/pubmed/15300976
http://doi.org/10.1073/pnas.1103681108
http://doi.org/10.1177/1759720X20933133
http://www.ncbi.nlm.nih.gov/pubmed/32595777
http://doi.org/10.1002/art.38296
http://www.ncbi.nlm.nih.gov/pubmed/24757154
http://doi.org/10.1007/s10067-020-05501-w
http://doi.org/10.1002/acn3.51229
http://www.ncbi.nlm.nih.gov/pubmed/33506622
http://doi.org/10.1093/rheumatology/key402
http://www.ncbi.nlm.nih.gov/pubmed/30602035
http://doi.org/10.1016/j.amjcard.2020.03.041
http://www.ncbi.nlm.nih.gov/pubmed/32416963
http://doi.org/10.1172/JCI76503
http://doi.org/10.3389/fphar.2018.01157
http://doi.org/10.1056/NEJM198604173141601
http://doi.org/10.1002/art.39995
http://doi.org/10.1002/acr.23446
http://doi.org/10.1080/14397595.2016.1194510
http://doi.org/10.5152/eurjrheum.2018.18036
http://doi.org/10.1186/s42358-020-0117-1
http://www.ncbi.nlm.nih.gov/pubmed/32000860
http://doi.org/10.1093/rheumatology/keaa728
http://www.ncbi.nlm.nih.gov/pubmed/34144604
http://doi.org/10.3109/08860229309054948
http://doi.org/10.1093/rheumatology/ket400


Int. J. Mol. Sci. 2022, 23, 3956 23 of 24

146. Stojanovic, K.S.; Delmas, Y.; Torres, P.U.; Peltier, J.; Pelle, G.; Jeru, I.; Colombat, M.; Grateau, G. Dramatic beneficial effect of
interleukin-1 inhibitor treatment in patients with familial Mediterranean fever complicated with amyloidosis and renal failure.
Nephrol. Dial. Transpl. 2012, 27, 1898–1901. [CrossRef] [PubMed]

147. Ugurlu, S.; Ergezen, B.; Egeli, B.H.; Selvi, O.; Ozdogan, H. Safety and efficacy of anti-interleukin-1 treatment in 40 patients,
followed in a single centre, with AA amyloidosis secondary to familial Mediterranean fever. Rheumatology 2020, 59, 3892–3899.
[CrossRef] [PubMed]

148. Varan, O.; Kucuk, H.; Babaoglu, H.; Guven, S.C.; Ozturk, M.A.; Haznedaroglu, S.; Goker, B.; Tufan, A. Efficacy and safety of
interleukin-1 inhibitors in familial Mediterranean fever patients complicated with amyloidosis. Mod. Rheumatol. 2019, 29, 363–366.
[CrossRef]

149. Ozcakar, Z.B.; Ozdel, S.; Yilmaz, S.; Kurt-Sukur, E.D.; Ekim, M.; Yalcinkaya, F. Anti-IL-1 treatment in familial Mediterranean fever
and related amyloidosis. Clin. Rheumatol. 2016, 35, 441–446. [CrossRef]

150. Dember, L.M. Amyloidosis-associated kidney disease. J. Am. Soc. Nephrol. 2006, 17, 3458–3471. [CrossRef]
151. Anders, H.J. Of Inflammasomes and Alarmins: IL-1beta and IL-1alpha in Kidney Disease. J. Am. Soc. Nephrol. 2016, 27, 2564–2575.

[CrossRef]
152. Green, H.; Lichtenberg, S.; Rahamimov, R.; Livneh, A.; Chagnac, A.; Mor, E.; Rozen-Zvi, B. Familial Mediterranean Fever Is

Associated with Increased Mortality After Kidney Transplantation-A 19 Years’ Single Center Experience. Transplantation 2017,
101, 2621–2626. [CrossRef] [PubMed]

153. Hasbal, N.B.; Koc, Y.; Sevinc, M.; Unsal, A.; Basturk, T. A familial Mediterranean fever patient with double homozygous mutations
treated with anakinra after kidney transplantation. Nefrologia 2020, 40, 563–564. [CrossRef] [PubMed]

154. Alpay, N.; Sumnu, A.; Caliskan, Y.; Yazici, H.; Turkmen, A.; Gul, A. Efficacy of anakinra treatment in a patient with colchicine-
resistant familial Mediterranean fever. Rheumatol. Int. 2012, 32, 3277–3279. [CrossRef] [PubMed]

155. Peces, R.; Afonso, S.; Peces, C.; Nevado, J.; Selgas, R. Living kidney transplantation between brothers with unrecognized renal
amyloidosis as the first manifestation of familial Mediterranean fever: A case report. BMC Med. Genet. 2017, 18, 97. [CrossRef]

156. Mulders-Manders, C.M.; Baas, M.C.; Molenaar, F.M.; Simon, A. Peri- and Postoperative Treatment with the Interleukin-1 Receptor
Antagonist Anakinra Is Safe in Patients Undergoing Renal Transplantation: Case Series and Review of the Literature. Front.
Pharm. 2017, 8, 342. [CrossRef]

157. Yeter, H.H.; Yetkin, N.; Akcay, O.; Derici, U.; Arinsoy, T. Late Acute Cellular Rejection After Anakinra Treatment in a Kidney
Transplant Patient, Is It a Coincidence? Iran. J. Kidney Dis. 2020, 14, 318–320.

158. Mercan, R.; Turan, A.; Bitik, B.; Tufan, A.; Haznedaroglu, S.; Goker, B. Rapid resolution of protracted febrile myalgia syndrome
with anakinra: Report of two cases. Mod. Rheumatol. 2016, 26, 458–459. [CrossRef]

159. Yildirim, D.G.; Bakkaloglu, S.A.; Buyan, N. Protracted febrile myalgia as a challenging manifestation of familial Mediterranean
fever: Case-based review. Rheumatol. Int. 2019, 39, 147–152. [CrossRef]

160. Cakan, M.; Karadag, S.G.; Ayaz, N.A. Corticosteroid-resistant anakinra-responsive protracted febrile myalgia syndrome as the
first manifestation of familial Mediterranean fever. North Clin. Istanb. 2020, 7, 78–80. [CrossRef]

161. Tombetti, E.; Mule, A.; Tamanini, S.; Matteucci, L.; Negro, E.; Brucato, A.; Carnovale, C. Novel Pharmacotherapies for Recurrent
Pericarditis: Current Options in 2020. Curr. Cardiol. Rep. 2020, 22, 59. [CrossRef]

162. Signa, S.; D’Alessandro, M.; Consolini, R.; Miniaci, A.; Bustaffa, M.; Longo, C.; Tosca, M.A.; Bizzi, M.; Caorsi, R.;
Mendonca, L.O.; et al. Failure of anti Interleukin-1 beta monoclonal antibody in the treatment of recurrent pericarditis
in two children. Pediatr. Rheumatol. Online J. 2020, 18, 51. [CrossRef] [PubMed]

163. Babaoglu, H.; Varan, O.; Kucuk, H.; Atas, N.; Satis, H.; Salman, R.; Ozturk, M.A.; Haznedaroglu, S.; Goker, B.; Tufan, A. On
demand use of anakinra for attacks of familial Mediterranean fever (FMF). Clin. Rheumatol. 2019, 38, 577–581. [CrossRef]
[PubMed]

164. Roldan, R.; Ruiz, A.M.; Miranda, M.D.; Collantes, E. Anakinra: New therapeutic approach in children with Familial Mediterranean
Fever resistant to colchicine. Jt. Bone Spine 2008, 75, 504–505. [CrossRef] [PubMed]

165. Ozen, S.; Bilginer, Y.; Ayaz, N.A.; Calguneri, M. Anti-interleukin 1 treatment for patients with familial Mediterranean fever
resistant to colchicine. J. Rheumatol. 2011, 38, 516–518. [CrossRef] [PubMed]

166. Eroglu, F.K.; Besbas, N.; Topaloglu, R.; Ozen, S. Treatment of colchicine-resistant Familial Mediterranean fever in children and
adolescents. Rheumatol. Int. 2015, 35, 1733–1737. [CrossRef] [PubMed]

167. Kurt, T.; Aydin, F.; Tekgoz, P.N.; Sezer, M.; Uncu, N.; Acar, B.C. Effect of anti-interleukin-1 treatment on quality of life in children
with colchicine-resistant familial Mediterranean fever: A single-center experience. Int. J. Rheum. Dis. 2020, 23, 977–981. [CrossRef]

168. Indraratna, P.L.; Virk, S.; Gurram, D.; Day, R.O. Use of colchicine in pregnancy: A systematic review and meta-analysis.
Rheumatology 2018, 57, 382–387. [CrossRef]

169. Bodur, H.; Yurdakul, F.G.; Cay, H.F.; Ucar, U.; Keskin, Y.; Sargin, B.; Gurer, G.; Yurdakul, O.V.; Calis, M.; Deveci, H.; et al. Familial
mediterranean fever: Assessment of clinical manifestations, pregnancy, genetic mutational analyses, and disease severity in a
national cohort. Rheumatol. Int. 2020, 40, 29–40. [CrossRef]

170. Venhoff, N.; Voll, R.E.; Glaser, C.; Thiel, J. IL-1-blockade with Anakinra during pregnancy: Retrospective analysis of efficacy and
safety in female patients with familial Mediterranean fever. Z. Rheumatol. 2018, 77, 127–134. [CrossRef]

171. Ilgen, U.; Kucuksahin, O. Anakinra use during pregnancy: Report of a case with Familial Mediterranean Fever and infertility. Eur.
J. Rheumatol. 2017, 4, 66–67. [CrossRef]

http://doi.org/10.1093/ndt/gfr528
http://www.ncbi.nlm.nih.gov/pubmed/21931121
http://doi.org/10.1093/rheumatology/keaa211
http://www.ncbi.nlm.nih.gov/pubmed/32556219
http://doi.org/10.1080/14397595.2018.1457469
http://doi.org/10.1007/s10067-014-2772-2
http://doi.org/10.1681/ASN.2006050460
http://doi.org/10.1681/ASN.2016020177
http://doi.org/10.1097/TP.0000000000001681
http://www.ncbi.nlm.nih.gov/pubmed/28926523
http://doi.org/10.1016/j.nefro.2019.03.012
http://www.ncbi.nlm.nih.gov/pubmed/31201047
http://doi.org/10.1007/s00296-010-1474-6
http://www.ncbi.nlm.nih.gov/pubmed/20386914
http://doi.org/10.1186/s12881-017-0457-9
http://doi.org/10.3389/fphar.2017.00342
http://doi.org/10.3109/14397595.2014.882221
http://doi.org/10.1007/s00296-018-4163-5
http://doi.org/10.14744/nci.2019.38243
http://doi.org/10.1007/s11886-020-01308-y
http://doi.org/10.1186/s12969-020-00438-5
http://www.ncbi.nlm.nih.gov/pubmed/32546242
http://doi.org/10.1007/s10067-018-4230-z
http://www.ncbi.nlm.nih.gov/pubmed/30062447
http://doi.org/10.1016/j.jbspin.2008.04.001
http://www.ncbi.nlm.nih.gov/pubmed/18541452
http://doi.org/10.3899/jrheum.100718
http://www.ncbi.nlm.nih.gov/pubmed/21159830
http://doi.org/10.1007/s00296-015-3293-2
http://www.ncbi.nlm.nih.gov/pubmed/26001859
http://doi.org/10.1111/1756-185X.13891
http://doi.org/10.1093/rheumatology/kex353
http://doi.org/10.1007/s00296-019-04443-0
http://doi.org/10.1007/s00393-017-0354-9
http://doi.org/10.5152/eurjrheum.2017.16075


Int. J. Mol. Sci. 2022, 23, 3956 24 of 24

172. Youngstein, T.; Hoffmann, P.; Gul, A.; Lane, T.; Williams, R.; Rowczenio, D.M.; Ozdogan, H.; Ugurlu, S.; Ryan, J.; Harty, L.; et al.
International multi-centre study of pregnancy outcomes with interleukin-1 inhibitors. Rheumatology 2017, 56, 2102–2108.
[CrossRef] [PubMed]

173. Chang, Z.; Spong, C.Y.; Jesus, A.A.; Davis, M.A.; Plass, N.; Stone, D.L.; Chapelle, D.; Hoffmann, P.; Kastner, D.L.; Barron, K.; et al.
Anakinra use during pregnancy in patients with cryopyrin-associated periodic syndromes (CAPS). Arthritis Rheumatol. 2014,
66, 3227–3232. [CrossRef] [PubMed]

174. Lob, S.; Amann, N.; Kuhn, C.; Schmoeckel, E.; Wockel, A.; Zehni, A.Z.; Kaltofen, T.; Keckstein, S.; Mumm, J.N.; Meister, S.; et al.
Interleukin-1 beta is significantly upregulated in the decidua of spontaneous and recurrent miscarriage placentas. J. Reprod.
Immunol. 2021, 144, 103283. [CrossRef] [PubMed]

175. D’Ippolito, S.; Tersigni, C.; Marana, R.; Di Nicuolo, F.; Gaglione, R.; Rossi, E.D.; Castellani, R.; Scambia, G.; Di Simone, N.
Inflammosome in the human endometrium: Further step in the evaluation of the “maternal side”. Fertil. Steril. 2016, 105, 111–118.
[CrossRef]

176. Skorpen, C.G.; Hoeltzenbein, M.; Tincani, A.; Fischer-Betz, R.; Elefant, E.; Chambers, C.; da Silva, J.; Nelson-Piercy, C.; Cetin, I.;
Costedoat-Chalumeau, N.; et al. The EULAR points to consider for use of antirheumatic drugs before pregnancy, and during
pregnancy and lactation. Ann. Rheum. Dis. 2016, 75, 795–810. [CrossRef]

177. Kourtis, A.P.; Read, J.S.; Jamieson, D.J. Pregnancy and infection. N. Engl. J. Med. 2014, 370, 2211–2218. [CrossRef]
178. Kaiser, C.; Knight, A.; Nordstrom, D.; Pettersson, T.; Fransson, J.; Florin-Robertsson, E.; Pilstrom, B. Injection-site reactions upon

Kineret (anakinra) administration: Experiences and explanations. Rheumatol. Int. 2012, 32, 295–299. [CrossRef]
179. Hentgen, V.; Vinit, C.; Fayand, A.; Georgin-Lavialle, S. The Use of Interleukine-1 Inhibitors in Familial Mediterranean Fever

Patients: A Narrative Review. Front. Immunol. 2020, 11, 971. [CrossRef]
180. Kuemmerle-Deschner, J.B.; Gautam, R.; George, A.T.; Raza, S.; Lomax, K.G.; Hur, P. A systematic literature review of efficacy,

effectiveness and safety of biologic therapies for treatment of familial Mediterranean fever. Rheumatology 2020, 59, 2711–2724.
[CrossRef]

http://doi.org/10.1093/rheumatology/kex305
http://www.ncbi.nlm.nih.gov/pubmed/28968868
http://doi.org/10.1002/art.38811
http://www.ncbi.nlm.nih.gov/pubmed/25223501
http://doi.org/10.1016/j.jri.2021.103283
http://www.ncbi.nlm.nih.gov/pubmed/33545613
http://doi.org/10.1016/j.fertnstert.2015.09.027
http://doi.org/10.1136/annrheumdis-2015-208840
http://doi.org/10.1056/NEJMra1213566
http://doi.org/10.1007/s00296-011-2096-3
http://doi.org/10.3389/fimmu.2020.00971
http://doi.org/10.1093/rheumatology/keaa205

	Introduction 
	Methods 
	Features of FMF 
	Prevalence 
	Genetics and Pathogenesis 
	MEFV 
	Pyrin Function 
	Modifier Genes 

	Manifestations 
	FMF Short Attacks 
	Other Manifestations of FMF 

	Diagnosis 

	Treatment of FMF 
	Colchicine 
	Mechanism of Action 
	Efficacy and Safety of Colchicine in FMF 
	Colchicine Resistance and Intolerance 

	Canakinumab 
	Anakinra 

	IL-1 Cytokines, Receptors, and Antagonists 
	IL-1 and IL-1  
	IL-1 Receptor (IL-1R) 
	IL-1R Antagonist (IL-1RA) 

	Anakinra 
	Anakinra’s Features 
	Anakinra in Diseases Other Than FMF 

	Anakinra in FMF 
	Preface 
	Anakinra as Add-On Therapy to Colchicine 
	Anakinra for Colchicine Resistant FMF 
	Clinical Trials 
	Case Series 

	Anakinra and FMF-Amyloidosis 
	Renal Transplantation and Anakinra 
	Protracted Febrile Myalgia 
	FMF—Related Pericarditis 
	On-Demand Use of Anakinra 
	Anakinra and Leg Pain and Arthritis 
	Transient and Permanent Replacement of Colchicine by Anakinra 
	Anakinra for Pediatric Patients 
	Anakinra in Conception, Pregnancy and Lactation 
	Safety of Anakinra 

	Conclusions 
	References

