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Summary 
Autoinflammatory diseases represent a family of immune-mediated conditions characterized by the unchecked activation of innate immunity. 
These conditions share common clinical features such as recurrent fever, inflammatory arthritis, and elevation of acute phase reactants, in 
the absence of an identified infectious etiology, generally without detectable serum autoantibodies, with variable response to glucocortic-
oids and in some cases colchicine, which represented the mainstay of treatment until cytokine blockade therapies became available. The first 
autoinflammatory diseases to be described were monogenic disorders caused by missense mutations in inflammasome components and were 
recognized predominantly during childhood or early adulthood. However, the progress of genetic analyses and a more detailed immunological 
phenotyping capacity led to the discovery a wide spectrum of diseases, often becoming manifest or being diagnosed in the adult population. The 
beneficial role of targeting hyperinflammation via interleukin 1 in complex non-immune-mediated diseases is a field of growing clinical interest. 
We provide an overview of the autoinflammatory diseases of interest to physicians treating adult patients and to analyze the contribution of 
hyperinflammation in non-immune-mediated diseases; the result is intended to provide a roadmap to orient scientists and clinicians in this broad 
area.
Keywords: inflammasome; interleukin-1; anakinra; canakinumab; myocarditis; COVID-19
Abbreviations: AID: autoinflammatory disease; NFkB: nuclear factor kappa light chain enhancer of activated B cells; NGS: next generation sequencing; PRR: 
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Introduction
The concept of autoinflammatory disease was introduced 
in 1999 [1], when tumor necrosis factor receptor-associated 
periodic fevers (TRAPS) was defined for the first time as 
‘systemic disorder characterized by apparently unprovoked 
inflammation in the absence of high-titer autoantibodies 
or antigen-specific T lymphocytes’. The modern concept of 
autoinflammatory diseases does not differ much from the ori-
ginal definition while the number of conditions belonging to 
this spectrum has been constantly increasing over the past 
decades.

Autoinflammatory diseases (AIDs) are characterized by 
systemic inflammation caused by deregulated activation of 
the innate immune system, which occurs in the absence of an 
identified infectious trigger. In this context, the involvement of 
the adaptive immune system in the development of systemic 
inflammation is absent or significantly limited, as opposed to 
what happens in autoimmune diseases. Historically, the first 
described autoinflammatory diseases have been regarded as 
mainly occurring at young age. However, prevalence of AIDs 
in adult patients, restricted to few cases in the first cohorts, 
has been increasing over time. In recent years, there has been 

a better understanding of the clinical spectrum of AIDs, par-
ticularly thanks to the advances and refinements of the next 
generation sequencing (NGS) techniques which have signifi-
cantly improved the diagnostic capacity in adult patients [2]. 
Diseases that were diagnosed almost exclusively during in-
fancy or early childhood have acquired an “adult-version” 
which, in general presents a milder phenotype and a better 
response to treatment. This mainly applies to monogenic 
diseases, in which adult onset is significantly mediated by 
low-penetrance mutations or somatic mosaicism and clinical 
characteristics may not match those described for children, 
including some cardinal features. This is reflected by the lower 
sensitivity of original classification criteria when applied to 
adult patients, which has led to the formulation of new sets of 
criteria specifically developed for disease onset in adulthood. 
Finally, growing research into the complex pathways of in-
nate immunity has led to the recognition or reclassification of 
a number of diseases with autoinflammation or possessing an 
autoinflammatory component. Thus, the recognition of clin-
ical manifestations suggestive of systemic AIDs should war-
rant early referral to specialized centers and to genetic testing, 
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which can lead to earlier diagnosis and identification of new 
pathogenic mutations or new autoinflammatory syndromes.

For these clinically relevant reasons, our review will pre-
sent the major features of autoinflammatory diseases that 
may be encountered in the practice of adult rheumatology. 
We will review and discuss the molecular and genetic bases of 
autoinflammation, the main autoinflammatory diseases diag-
nosed in the adults, the contribution of autoinflammation to 
multifactorial/complex disorders, along with considerations 
on the relevance of autoinflammation in the clinical mani-
festations of COVID-19. While falling short of an exhaustive 
discussion of the vast knowledge on the pathogenesis and 
mechanisms of these conditions, we are convinced this may 
be of help to clinical immunologists and rheumatologists in-
volved in routine practice.

The pillars of inflammation
The innate immune system represents a non-specific first 
line of immunity against external dangerous stimuli. Innate 
immunity is mainly represented by cells of the myeloid lin-
eage: upon binding of various ligands to specialized receptors, 
named PRR (pattern recognition receptors), myeloid cells get 
activated and secrete an array of pro-inflammatory cytokines 
which induce a myriad of downstream pro-inflammatory sig-
nals that mediate the immune response against the noxious 
stimulus [3]. Deregulated activation of these mechanisms is 
critical in the pathophysiology of autoinflammatory diseases, 
resulting in flares of seemingly unprovoked inflammation 
leading to tissue damage and systemic symptoms. Key players 
of innate immunity are the inflammasome, the transcription 
factor NFkB (nuclear factor kappa light chain enhancer of 
activated B cells) and the pro-inflammatory cytokines inter-
leukin-1 and -6. Other important pathways in the onset of 
the innate response are the interferon (IFN) pathway and the 
ubiquitin system which will be briefly discussed.

The inflammasome
First described in 2002 [4], inflammasomes are large 
multimolecular complexes able to regulate, through 
Caspase-1, the proteolytic maturation and activation of 
interleukin-1β and interleukin-18, as well as a rapid inflam-
matory form of cell death termed pyroptosis [5]. The assembly 
of inflammasome complexes can triggered directly, upon cyto-
solic sensing of endogenous danger signals (danger-associated 
molecular patterns, DAMPs) released from damaged or dying 
cells [5]. Additionally, infections can trigger inflammasome 
assembly either directly, upon binding of microbial particles 
(pathogen-associated molecular patterns, PAMPs) to cytosolic 
PRRs or, as it is recently emerging as the main mechanism of 
inflammasome activation, through sensing of alterations in 
cytoplasmic homeostasis [6,7].

The canonical inflammasome complex consists of a cyto-
solic sensor, an adaptor protein ASC, and an effector protein, 
pro-caspase-1 [8]. Pro-caspase-1 is cleaved into its active 
form, which subsequently leads to the cleavage of pro-IL-1β 
and pro-IL-18 and the generation of their mature, biologic-
ally active form. Several distinct inflammasomes have been 
identified, each characterized by unique activators, sensors 
(NLR/ALR family members) and caspase effectors. NLRP3 
inflammasome is the best characterized (Fig. 1). As shown in 
this review, several autoinflammatory diseases are caused by 
mutations in genes encoding for inflammasome components.

Interleukin-1
IL-1 comprises IL-1α and IL-1β with the IL-1α precursor con-
stitutively expressed in a wide variety of cells, hematopoietic 
and non-hematopoietic, and being released in the extracel-
lular space upon cell death by necrosis [9]. Unlike the IL-1β 
precursor, IL-1α precursor already possesses full biological 
activity and can function as an “alarmin” by rapidly inducing 
a cascade of inflammatory cytokines and chemokines, thus 
accounting for the early phases of sterile inflammation [10]. 
Interleukin 1β is mainly produced by inflammatory cells of 
the myeloid lineage. It is synthesized as an inactive precursor 
(termed pro-IL-1β), which requires proteolytic cleavage 
by Caspase 1 in order to acquire biological activity [11]. 
Despite being the best characterized, Caspase 1 cleavage is 
not the exclusive mechanism of IL-1β activation. Indeed, 
there is evidence of proteinase 3-dependent IL-1β processing 
in Caspase1-KO murine models of inflammatory arthritis 
[12]. The biologic effects of IL-1α and IL-1β are mediated 
by binding to the membrane receptor named interleukin 1 
receptor 1 (IL-1R1). This binding induces multiple cellular 
signaling pathways culminating in the activation of NFkB 
and the induction of other pro-inflammatory cytokines such 
as IL-6, TNFα, and IFNy [9]. Importantly, IL-1α and β induce 
themselves, a key mechanism in sustained autoinflammation 
[11]. Interleukin-1-mediated inflammation results in a broad 
variety of organ specific damage, such as arthritis, inflam-
matory rash, uveitis, serositis, and systemic involvement 
with fever and elevation of acute phase reactants [13]. Of 
note, IL-1, together with interleukin 6 (IL-6) and tumor ne-
crosis factor α (TNFα), acts as a transcriptional stimulus on 
the hepatocytes to induce the synthesis of serum amyloid A 
(SAA) [13]. Sustained elevated levels of SAA may result in 
development of systemic amyloidosis, a frequent and poten-
tially severe complication of autoinflammatory diseases [14]. 
Along with production of IL-1, myeloid cells secrete IL-1 re-
ceptor antagonist (IL-1Ra), a soluble molecule which binds 
to IL-1R1 and prevents its activation. The recombinant form 
IL-1Ra, named anakinra, has been employed successfully in 
treatment of several autoinflammatory diseases as well as 
other inflammatory conditions. In the attempt of quenching 
deregulated IL-1-driven inflammation several other inhibitors 
have been designed: from the best characterized canakinumab 
(monoclonal antibody against IL-1β) and rilonacept (a sol-
uble receptor-Fc fusion protein acting as decoy receptor), to 
the newly developed gevokizumab (a monoclonal antibody 
against IL-1β) and belnacasan (a caspase-1 inhibitor).

Finally, IL-1 family extends beyond IL-1α and β, including 
other proinflammatory and anti-inflammatory cytokines. Of 
note, the role of IL-18, activated by the inflammasome to-
gether with IL-1β, has been clearly established in the patho-
genesis of autoinflammatory diseases, especially in mediating 
macrophage activation syndrome (MAS), a severe complica-
tion of AIDs [15].

Interleukin-6
IL-6 is a pro-inflammatory cytokine with pleotropic func-
tions that modulates host defense acting through a number 
of immune stimulating mechanisms: control of monocytes 
and their differentiation into macrophages, production of 
acute phase reactants, modulation of antigen-dependent B 
cell differentiation, increased IgG production by B cells, pro-
motion of Th2 response by inhibiting Th1 polarization [16]. 



297Clinical and Experimental Immunology, 2022, Vol. 210, No. 3

Excessive synthesis of IL-6 and dysregulation of IL-6 receptor 
signaling is involved in the pathophysiology of several auto-
immune and autoinflammatory diseases. Two IL-6 inhibitors 
are currently approved by FDA: tocilizumab and sarilumab, 
both monoclonal antibodies against interleukin-6 receptor 
(IL-6R), while several other agents are currently being evalu-
ated in clinical trials.

Ubiquitination
Ubiquitination is a post-translational modification process 
involved in the regulation of several intracellular processes, 
from protein transcription to degradation, DNA-repair 
and endocytosis [17]. It is a dynamic process, in which ubi-
quitin chains can be added by ubiquitinases or removed by 
deubiquitinases. Ubiquitin chains have been proven essential 
in the stabilization of the signal downstream to TLR, NLR, 
IL1R, and TNFR activation, ultimately promoting NFkB 
activation. Deubiquitination vice versa serves as a negative 
regulator of innate inflammation, quenching NFkB activation 
[18]. Moreover, recent findings have suggested a role for ubi-
quitination in the regulation of inflammasome activity [19] 
and can also influence the NLRP3 inflammasome activation. 

Based on these mechanisms, alterations at any level in the ubi-
quitination machinery have been linked to the development 
of a type of AIDs termed ubiquitinopathies [20].

Type I IFN
The type I IFN family includes inflammatory polypeptides 
expressed in immune and non-immune cells which represent 
another pathway of innate immunity, simultaneous to the 
inflammasome pathway, which gets activated in response to 
viral infections and some bacterial antigens [21]. Viral nucleic 
acids are sensed in the cytoplasm or endosomes by various 
receptors, which induce, directly or through activation of 
stimulator of interferon genes (STING), the translocation of 
IFNs regulatory factors (IRF) 3 and 7 to the nucleus; there, 
IRFs stimulate transcription of type I interferon genes. STING 
can also directly stimulate NFkB transcription. Paracrine and 
autocrine binding of type I IFNs to IFN receptor activates 
downstream signal through janus kinase/signal transducers 
and activators of transcription (JAK-STAT), resulting in 
apoptosis of the infected cell and immune response against 
the microbial antigen [22]. Dysregulation at any level in these 
pathways can lead to overactivation of the interferon system, 

Figure 1: inflammasome assembly and activation. (A) PAMPs and DAMPs phagocytosis directly and, mainly, indirectly induces the intracellular 
assembly of the inflammasome (B), which catalyzes the proteolytic cleavage of pro-interleukin-1 and pro-interleukin18 (C). In the meantime, TLR 
binding activates intracellular pathways that culminate in the nuclear synthesis of NFkB, which in turn induces increased synthesis of inflammasome 
components, and pro-IL-1 and pro-IL18 (D). Activated proinflammatory cytokines mediate multiorgan inflammation with characteristic clinical features.
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resulting in the development of type I interferonopathies, 
a recently described group of inherited monogenic AIDs. 
Presently, 13 diseases have been classified in this group [23], 
and, despite clinical heterogeneity, they share some common 
clinical features such as recurrent fever, cutaneous involve-
ment with early-onset skin vasculopathy and panniculitis, 
interstitial lung disease or encephalopathy [24]. This group 
of diseases typically occurs early in life, with anecdotal cases 
in the adult population and will thus not be discussed exten-
sively in this review.

Monogenic autoinflammatory diseases
Monogenic autoinflammatory diseases constitute a group of 
hereditary disorders caused by mutations in genes involved in 
inflammasome assembly, NFkB activation, cytokine secretion, 
ubiquitination, and type I interferon signaling. In this para-
graph, the most common and best characterized monogenic 
autoinflammatory diseases will be presented, with special 
consideration regarding their presentation in adult patients 
(Table 1).

Familial Mediterranean fever
Familial Mediterranean fever (FMF) is the most common 
hereditary systemic autoinflammatory disease. It is caused 
by autosomal recessive gain-of-function mutations of the 
Mediterranean fever (MEFV) gene, which encodes for pyrin, a 
cytosolic sensor capable of inducing inflammasome assembly 
(thus called the pyrin inflammasome) [25]. Approximately 
90% of patients with FMF develop symptoms before the 
third decade of life; however, the presence of low-penetrance 
or de novo mutations may result in later disease onset [26]. 
The disease typically presents with sporadic and recurrent 
episodes of fever, lasting from few hours to few days, associ-
ated with serositis as manifested by acute abdominal or chest 
pain. Other manifestations include arthritis or arthralgia of 
large joints which in general is unilateral and development 

of erysipelas-like erythema of the lower limbs [26]. Adult-
onset FMF seems to bear a milder clinical presentation, with 
lower occurrence of arthritis and erysipelas-like erythema 
[27]. Diagnosis of FMF can be formulated using the clinical 
criteria published by Livneh et al. [28], illustrated in Table 
2. Nevertheless, genetic analyses demonstrating mutations 
in MEFV gene is mandatory for a definitive diagnosis [29]. 
Amyloidosis is the most severe complication and the major 
cause of mortality in patients with FMF, occurring in a high 
proportion of untreated patients [30]. Colchicine represents 
the cornerstone of treatment for FMF, although some patients 
are refractory to standard treatment. Anakinra proved to be 
very effective in treatment of refractory cases and represents a 
suitable therapy to prevent development of systemic amyloid-
osis [28]. Adult-onset FMF is associated to a better treatment 
outcome, with favorable response to low-dose colchicine [27].

Tumor necrosis factor receptor-associated periodic syndrome
TRAPS represents the second most common hereditary 
autoinflammatory disease and is caused by autosomal dom-
inant mutations in the TNFRSF1A gene, which encodes the 
p55 TNF receptor type 1 [1]. Mutations produce a misfolded 
receptor that accumulates in the cell cytoplasm, leading to 
enhanced NFκB activation, reactive oxygen species (ROS) 
production and impaired autophagy, ultimately resulting in 
inflammasome assembly and IL-1 proteolytic activation [31].

TRAPS displays a wide variability in terms of age of onset, 
clinical presentation, and disease severity, depending on the 
mutation hitting the TNFRSF1A gene. Until now, more than 
160 mutations in TNFRSF1A gene have been reported. Low-
penetrance variants have been associated to a later, more 
subtle and mild clinical presentation and lower tendency to 
become chronic; high-penetrance variants (especially when 
involving cysteine residues) have been associated to an early-
onset disease with a severe and potentially disabling clin-
ical course [32]. Furthermore, some of the most frequent 

Table 1: The most common monogenic autoinflammatory disorders with a focus on differences in presentation in adults

Monogenic 
autoinflammatory disease 

Gene Mode of 
inheritance 

Cardinal features In adults 

Familial Mediterranean 
fever (FMF)

MEFV AR Recurrent self-limiting attacks of fever, abdominal 
pain, thoracic pain, arthritis

Lower occurrence of erythema 
and arthritis. Better re-
sponse to treatment

Tumor Necrosis Factor Re-
ceptor- Associated Peri-
odic Syndrome (TRAPS)

TNFRSF1A AD Arthromyalgia, fasciitis, rash, conjunctivitis and 
periorbital edema, splenomegaly

Milder clinical presentation 
and lower tendency to 
chronicity

NLRP3-AID NLRP3 AD Fever, urticarial rash, sensorineural hearing loss, 
lymphadenopathy, splenomegaly, myalgia, 
arthropathy

No major differences

A20 haploinsufficiency 
(HA20)

TNFRSF1A AD Fever, recurrent oral and genital ulcers, abdominal 
pain, skin rash, arthritis

No major differences

Mevalonate kinase defi-
ciency (MVK)

MVK AR Abdominal pain, diarrhea, hepatosplenomegaly, 
lymphadenopathy

Cases mainly due to diagnostic 
delay

VEXAS syndrome UBA1 n.a. fever, cutaneous vasculitis, neutrophilic dermatosis, 
ear and nose chondritis, pulmonary infiltrates, 
bronchial vasculitis, criteria of myelodysplastic 
syndrome

n.a.

AR, autosomal recessive; AD, autosomal dominant.
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low-penetrance variants, such as R92Q and P46L, bear an 
uncertain pathogenic role, since many carriers are completely 
asymptomatic, while others develop a mild–moderate disease 
[33].

Disease onset is typically around 3 years of age, but adult 
onset is not infrequent (up to 45% in some case series) [32]. 
Clinical presentation is characterized by recurrent febrile epi-
sodes (lasting >1 week), serositis, periorbital edema, and my-
algia with overlying migratory rash. Patients may also refer 
arthralgia or develop inflammatory arthritis [34]. Recurrent 
pericarditis is frequent in the presence of low-penetrance vari-
ants, and may sometimes be the only symptom of the disease 
[35]. Reactive amyloidosis, which represents the most severe 
complication of TRAPS, is significantly more frequent in 
patients with high-penetrance mutations [36]. Diagnosis of 
TRAPS is made upon detection of a mutation in TNFRSF1A 
gene [1]. Disease flares are usually responsive to cortico-
steroids; however, increasing doses of steroids and repeated 
courses of treatment are sometimes necessary. Nowadays 
treatment mainly relies on selective IL-1 blockers, which have 
been proven successful in controlling disease manifestations 
and preventing recurrent flares, even in refractory cases [37].

NLRP3-AID/cryopyrin-associated periodic syndromes
NLRP3 autoinflammatory diseases, formerly called cryopyrin-
associated periodic syndromes (CAPS), encompass a clinical 
continuum of three diseases, which are listed in order of in-
creased severity as familial cold autoinflammatory syndrome 
(FCAS), Muckle–Wells syndrome (MWS), and neonatal-onset 
multisystem inflammatory disease (NOMID).

NLRP3-AIDs are autosomal dominant diseases caused by 
gain-of-function mutations in NLRP3 inflammasome. The in-
heritance pattern is usually familial, although NOMID cases 
caused by sporadic de novo mutations have been described 
[38].

All three disease variants present most frequently at birth 
or in early childhood, but cases of adult-onset NLPR3-AID, 
in patients with a negative family history have been recently 
described. A somatic NLPR3 mosaicism has been identified as 
the etiology of adult-onset NLRP3-AID; the timing of when 
the mutation occurs and the subsequent selection can vary, 
along with the age at presentation. In a recent case series of 8 
Caucasian patients the median age at diagnosis was 50 years 
(range 31–71) and all patients had typical NLRP3-AID fea-
tures, with high fever, urticarial rash, and bilateral sensori-
neural hearing loss [39]. Of note, this series represented the 
8% of NLRP3-AID diagnosis in a single center, suggesting 

that acquired NLRP3 mutations may not be an infrequent 
cause of the syndrome.

FCAS is the mildest of the cryopirin-associated disorders 
and is characterized by flares of fever, urticarial rash and 
conjunctival injection, typically occurring after prolonged 
exposure to cold temperature. MWS is characterized by 
seemingly unprovoked flares of fever, arthritis/arthralgia, 
and urticarial rash together with a progressive severe sensori-
neural hearing loss probably caused by chronic inflammation 
of the cochlea or leptomeninges [40]. NOMID is the most 
severe autoinflammatory cryopyrinopathy. Symptoms usually 
appear at birth or in the first weeks of life and include fever, 
urticarial-like migratory rash features, chronic meningitis, 
chronic arthritis with bone deformity and growth impair-
ment with characteristic facial features [41]. Nearly 25% of 
patients with NLRP3-AID develop amyloidosis, which is the 
leading cause of death [41].

IL-1 blocking agents are extremely effective in treating the 
clinical manifestations of NLRP3-AID and preventing the oc-
currence of amyloidosis [42].

A20 haploinsufficiency
A20 haploinsufficiency (HA20) is a rare autoinflammatory 
disease caused by the autosomal dominant loss-of-function 
mutation of TNFα-induced protein 3 gene (TNFAIP3) on 
chromosome 6. A20 is a negative regulator of the NFkB ac-
tivation, via its deubiquitinating activity, thereby its loss-of-
function results in unchecked NFkB signaling and increased 
secretion of proinflammatory cytokines [43]. Most patients 
have a positive family history, while the remaining cases are 
caused by de novo mutations. The mean age at diagnosis is 
14 years; however, age of onset in early adulthood is not in-
frequent [44,45] with typical symptoms including recurrent 
fever, oral, and genital ulcers. Gastrointestinal symptoms with 
abdominal pain, vomit, or diarrhea are frequent. Cutaneous 
involvement including folliculitis, pustules, or nonspecific 
rash has been reported in 50% of cases. Other manifestations 
include arthritis, ocular involvement with anterior uveitis or 
retinal vasculitis, myopericarditis, vasculitis, and recurrent 
infections [44]. HA20 frequently mimics Behçet disease (dis-
cussed later in this article) and is sometimes referred to as 
the monogenic version of Behçet. An important difference 
is represented by ocular involvement, which is significantly 
less frequent in HA20 [44]. Treatment mainly relies on cor-
ticosteroids and colchicine; refractory cases have been man-
aged with synthetic DMARDs or targeted drugs against IL-1, 
IL-6R, or JAK [44,46].

Mevalonate kinase deficiency
Mevalonate kinase deficiency (MKD) is an autoinflammatory 
disorder characterized by recurrent episodes of systemic 
hyperinflammation and by increased serum levels of poly-
clonal immunoglobulin D (IgD). The classical variant, 
accounting for 75% of cases, is caused by autosomal re-
cessive loss of function mutations in the gene encoding 
for mevalonate kinase (MVK), an enzyme downstream of 
hydroxymethylglutaryl coenzyme A (HMG-CoA). MVK de-
ficiency leads to increased production of mevalonic acid and 
reduced levels of isoprenoid products, due to interference with 
the regulation of the mevalonate pathway of cholesterol syn-
thesis [47]. The pathogenesis has not been clearly defined but 
lack of isoprenoid products has been directly linked with the 

Table 2: Livneh 1997 classification criteria for Familial Mediterranean 
Fever

Major criteria Minor criteria 

Recurrent febrile episodes with serositis 
(peritonitis, synovitis, or pleuritic)

Recurrent febrile 
episodes

Favourable response to regular colchi-
cine treatment

Erysipelas-like  
erythema

AA-type amyloidosis without a 
predisposing disease

FMF diagnosis in a 
first-degree relative

Diagnosis requires the presence of MEFV mutation and: 2 major or 1 
major + 2 minor criteria.
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increased production of IL-1β from peripheral blood mono-
nuclear cells of patients with MKD [48]. Moreover elevated 
levels of immunoglobulin D (IgD) might directly contribute 
to the increased secretion of proinflammatory cytokines as 
demonstrated in vitro [49].

MVK is predominantly a disease of pediatric rheuma-
tology, but some cases diagnosed in adult patients have been 
reported: recently Durel et al. reported a series of 23 adults 
diagnosed with MVK, with a median age at diagnosis of 37 
years and highly concordant genetic and clinical features 
compared to pediatric MVK. The appearance in adulthood 
was likely secondary to a delay in the diagnosis linked to 
medical misunderstanding, as most patients recalled the onset 
of recurrent fever in early childhood [50].

A partial deficiency in MVK causes the milder form, 
hyperimmunoglobulinemia D, and periodic fever syndrome 
(HIDS); on the other hand, an absent enzymatic activity 
causes the more severe mevalonic aciduria (MA) [51]. HIDS 
is characterized by cyclical flares of fever, painful lymph-
adenopathy (usually cervical), severe abdominal pain, diar-
rhea, arthralgias, splenomegaly, mucocutaneous ulcerations, 
skin rash, and an elevated serum polyclonal IgD level. MA 
represents instead the most severe end of the MKD spec-
trum and characteristically presents in the first few months 
of life. Patients with MA classically have developmental 
delay, psychomotor retardation, physical dysmorphisms, 
hepatosplenomegaly, ocular abnormalities, ataxia, seizures, 
and myopathies [51].

Before the advent of biological therapy, the mainstay of 
treatment was represented by NSAIDs and glucocorticoids. 
Based on the evidence of critical IL-1β role in the pathogen-
esis of MKD selective IL-1 blockade has been exploited in 
treatment of cases refractory to standard therapy. Specifically, 
anakinra and canakinumab have been demonstrated to effect-
ively reduce the frequency and severity of attacks, especially 
in HIDS [52,53].

VEXAS syndrome
The presence of vacuoles, E1 enzyme, X-linked, 
autoinflammatory, somatic (VEXAS) characterizes a recently 
described monogenic autoinflammatory disorder of the adult. 
VEXAS syndrome is caused by somatic mutations in UBA1 
gene, which encodes for ubiquitin activating enzyme, neces-
sary for the initiation of ubiquitylation [54]. The mutation 
(at the locus p.Met41) is present with mosaicism, with the 
mutant variant detected in hematopoietic progenitor cells 
and myeloid cells. Loss of ubiquitylation causes activation 
of the unfolded protein response and autophagy pathways, 
ultimately resulting in abundant production and secretion 
of proinflammatory cytokines (IL-6, IFNγ, TNFα). Being 
X-linked, the disease occurs almost exclusively in males, with 
a median age of onset of 60 years [54]. However some cases 
of VEXAS in females have been described, mainly due to X 
monosomy [55,56]. The most common clinical manifest-
ations are fever, cutaneous involvement (cutaneous vasculitis 
and neutrophilic dermatosis), ear and nose chondritis, and 
pulmonary involvement (pulmonary infiltrates, pleural effu-
sion, medium-sized bronchial vessel vasculitis or alveolitis). It 
frequently features hematopoietic dyspoiesis meeting criteria 
of myelodysplastic syndrome (MDS). Bone marrow aspirate 
shows characteristic vacuolization of myeloid and erythroid 
precursor cells [54].

Of note, several patients met the diagnostic or classification 
criteria of other inflammatory disorders, especially relapsing 
polychondritis [54].

Treatment of VEXAS syndrome is presently not codified 
and data are based on case series. High-dose glucocorticoids 
are often employed as a first-line therapy, frequently followed 
by the introduction of a DMARD as a steroid-sparing agent 
or due to inadequate response. Importantly, cytotoxic agents 
should be used with caution since most patients present fea-
tures of myelodysplastic syndromes and may experience 
worsening of cytopenia. Janus kinase inhibitors have shown 
efficacy especially in the treatment of cutaneous manifestations 
[57] while anti-cytokine agents such as tocilizumab, anakinra, 
and TNFα inhibitors have been employed with variable effi-
cacy [58,59]. The hypomethylating agent azacytidine has pro-
vided clinical response in 5 of 11 patients with VEXAS and 
MDS. Three patients from this cohort underwent allogeneic 
hematopoietic stem cell transplant, with complete resolution 
of the disease [60].

Overall, VEXAS syndrome frequently becomes refractory 
to treatment and has a mortality rate as high as 50% [59].

Multifactorial autoinflammatory diseases
Beyond monogenic autoinflammatory diseases, there is a spec-
trum of disorders that unambiguously feature a deregulated 
activation of the myeloid compartment and autoinflammation, 
though lacking a specific driver mutation to their pathogen-
esis. They are considered complex autoinflammatory diseases, 
in which environmental stimuli in genetically predisposed in-
dividuals result in unchecked activation of the innate immune 
compartment. These diseases are typically diagnosed in adult-
hood and should be considered in the differential diagnosis of 
adult patients with unexplained recurrent fever.

Adult onset still disease
Adult onset still disease (AOSD) is a rare, systemic inflamma-
tory syndrome characterized by seemingly unprovoked flares 
of fever, arthritis, sore throat, evanescent skin rash, multi-
organ inflammation, together with striking elevation of in-
flammatory markers, especially non-glycosylated ferritin [61]. 
Median age at diagnosis is around 36 years, though clinical 
onsets were described up to 83 years [61]. Two clinical pheno-
types can be identified in AOSD: one characterized by recur-
rent flares of sterile multiorgan inflammation, and another 
characterized by predominant joint involvement, with a lower 
degree of systemic inflammation [61], probably subtending 
different pathophysiological backgrounds. In some cases 
AOSD may evolve into macrophage activation syndrome, 
a life-threatening complication characterized by high fever, 
liver dysfunction, pancytopenia, and coagulopathy [61]. The 
standard treatment of AOSD is represented by high-dose ster-
oids and DMARDs (disease modifying anti-rheumatic drugs). 
However, up to 20-30% of patients are refractory to the 
conventional treatment and progress toward chronic disease 
[61]. These patients benefit from therapy with biologic agents 
against IL-1 (especially those exhibiting the “systemic” 
variant), and IL-6 [62] (effective in both disease variants). 
In particular, consistent with observations that the NLRP3 
inflammasome is highly expressed and activated in AOSD 
[63], IL-1β blockade, with anakinra or canakinumab, even 
in monotherapy, represents the mainstay of biologic treat-
ment and effectively controls disease manifestations [64,65]. 
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Use of biologic agents as a first-line therapy is under evalu-
ation in AOSD and SOJIA (considered the juvenile form of 
AOSD). Anti-TNFα agents can be employed in case of failure 
of anti-IL-1 and anti-IL-6 biologics [66] while a recombinant 
IL-18 binding protein, which acts as a decoy receptor for 
IL-18, represents a novel therapeutic opportunity for AOSD. 
In a recent small phase II study the use of tadekinig alfa led to 
clinical improvement in 50% of patients with AOSD refrac-
tory to steroid e conventional DMARDs therapy. Of note, the 
majority of patients had arthritis and did not have fever at 
enrolment [67]. Another option to be considered in refractory 
AOSD is represented by JAK inhibitors, which were associ-
ated with complete or partial response in 5 over 9 patients in 
a recent retrospective study [68].

Schnitzler syndrome
Schnitzler syndrome (ShS) is a rare, acquired systemic 
autoinflammatory disease characterized by recurrent fever, 
urticaria, and monoclonal gammopathy. Around 15-20% 
develop overt lymphoproliferative disease, typically 
Waldenstrom’s macroglobulinaemia [69]. Patients usually 
present in the fifth decade, without a positive family history 
[70]. Diagnosis of ShS requires the fulfillment of Strasbourg 
diagnostic criteria (illustrated in Table 3), which allow to for-
mulate a probable or definite diagnosis [71]. The efficacy of 
anakinra or canakinumab in ShS patients is so distinctive that 
treatment failure should bring to reconsider the diagnosis [72].

Behçet disease
Behçet disease (BD) is a complex systemic disease, at the 
bridge between autoimmunity and autoinflammation. It 
his strongly associated with the presence of HLA-B*51 al-
lele, although GWAS analyses identified an association with 
a common variant in IL-10 locus, associated with decreased 
IL-10 production [73].

It typically affects young adults with a median age of onset 
around 30 years, even though juvenile onset (i.e. <16 years) 
is possible [74,75]. BD is characterized by recurrent oral aph-
thous ulcers, genital sores, and ocular lesions. Inflammation 
is typically self-limiting in time, in fact BD is characterized 
by episodes of relapses and remissions with sequelae. Clinical 
manifestations may include vascular, articular, gastrointes-
tinal, neurologic, urogenital, pulmonary, and cardiac involve-
ment [76]. Current treatment mainly relies on glucocorticoids 
and DMARDs (especially azathioprine). TNFα inhibitors 
have been widely employed in patients refractory to conven-
tional therapy with excellent results, especially in patients 

with uveitis [77]. However, some patients relapse or show no 
response to TNFα-blockers. Selective IL-1 inhibition proved 
effective in dampening inflammation and achieving a sus-
tained clinical response in several case series and reports, 
leading to interesting results and intriguing new pathogenic 
implication [78]. Convincing evidence for a role of IL-1β in 
BD also derives from the positive results reported in a trial 
of gevokizumab in patients with multi-resistant uveitis [79].

PFAPA syndrome
Periodic fever with Apthous Stomatitis, Pharyngitis, and 
Adenitis (PFAPA) is the most common cause of periodic fever 
in childhood. It is a complex disorder with a genetic com-
ponent, as documented by the different reports of familial 
cases [80]. The proposed pathogenesis of PFAPA involves 
inflammasome activation during disease flares, with IL-1β, 
IL-6, and IL-18 production and subsequent T-cell activation 
with polarization towards a Th1 phenotype [81].

PFAPA is characterized by recurrent episodes of fever as-
sociated with oral aphthous lesions, cervical adenitis, and 
erythematous or exudative pharyngitis. Usually, PFAPA 
syndrome wanes during adolescence; however, there is 
increasing evidence that it may persist into adulthood; add-
itionally, multiple studies have reported PFAPA cases in adults 
[82]. Clinical presentation in adults is more subtle, the classic 
triad is present only in approximately half of the cases, and 
flares follow less clockwork regularity [82]. Diagnosis was 
traditionally based on the modified Marshall’s criteria devel-
oped in 1999, which considered an early age of onset (<5 
years) as a criterion [83]. More recently, Cantarini et al. pro-
posed a new set of criteria to be applied for late-onset PFAPA, 
removing the age threshold and being less stringent on co-
existence of cardinal symptoms [84]. A comparison of the 2 
sets of criteria is presented in Table 4. Treatment is based on 
glucocorticoids: a single administration at flare onset is usu-
ally sufficient interrupt the attack, but often resulting in earlier 
relapse of the attack. For these patients, colchicine has been 
shown to decrease the frequency of the flares [83]. Interleukin 
1 inhibition is an extremely effective therapeutic options and 
is employed in selected cases, such as patients resistant to con-
ventional therapy or with frequent disease flares [85].

SAPHO syndrome
The SAPHO acronym stands for Synovitis, Acne, Pustulosis, 
Hyperostosis, and Osteitis. As described by the name, it is 
a syndrome characterized by a variety of osteoarticular dis-
orders frequently accompanied by neutrophilic dermatosis. 
The proposed pathophysiological mechanism involves en-
hanced NLRP3-mediated IL-1β secretion in genetically pre-
disposed individuals, with a role for chronic infection by 
Propionibacterium acnes [86,87].

SAPHO syndrome typically ensues in early adulthood, 
with a median age at diagnosis around 40 years [88,89]. 
The disease can have a chronic course or proceed in a re-
lapsing remitting way; disease flares can be mono- or multi-
focal. Osteoarticular involvement can occur in the form 
of inflammatory arthritis, hyperostosis, osteitis and axial 
spondyloarthritis [90]. The most common form of cutaneous 
involvement is palmoplantar pustulosis (PPP), which occurs 
in up to 60% of patients. Severe acne is frequent and usually 
subsides with residual scarring. Rarer cutaneous manifest-
ations include Sweet’s syndrome and pyoderma gangrenosus 

Table 3: Strasbourg criteria for ShS diagnosis

Obligate criteria Minor criteria 

Chronic urticarial rash Unexplained recurrent fever (>38°C)
Monoclonal IgM or IgG Objective findings of abnormal bone 

remodeling with or without cone pain
Neutrophilic dermal infiltrate
Leukocyte count >10 000/mm3 or CRP 

>30 mg/L

Definite diagnosis if 2 obligate criteria and 2 minor criteria if IgM+ or 
3 minor criteria if IgG+. Probable diagnosis if 2 obligate criteria and 1 
minor criteria if IgM+ or 2 minor criteria if IgG+. * As assessed by bone 
scintigraphy, MRI or elevation in alkaline phosphatase.
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[90]. Fever is not commonly reported. The clinical spectrum 
SAPHO syndrome is highly reminiscent of chronic recur-
rent multifocal osteomyelitis (CRMO), indeed considered 
by many experts the pediatric form of SAPHO syndrome. 
First line of treatment is usually represented by NSAIDs or 
glucocorticoids for osteoarticular manifestations. DMARDs, 
especially methotrexate, are employed in patients with pre-
dominant peripheral arthritis or as steroid-sparing agents. 
Several reports documented promising results for TNF inhibi-
tors in patient resistant to first-line treatments [91]. Owing 
to the central pathophysiological role of IL-1, anakinra has 
been employed in the treatment of SAPHO syndrome, with 
reported efficacy both as first-line biologic and in cases re-
sistant to TNFα inhibition [92].

NOD2-associated autoinflammatory disease
Nucleotide binding oligomerization domain containing 2 
(NOD2)-associated autoinflammatory disease (NAID) is 
an AID characterized by recurrent fever, dermatitis, inflam-
matory arthritis, and gastrointestinal symptoms [93]. It has 
a strong genetic association with variants of NOD2, a gene 
encoding for an intracellular protein with N-terminal caspase 
recruitment domain. NAID is an adult-onset AID, with mean 
age at diagnosis around 45 years. Most cases are sporadic, but 
some familial cases have also been described [94]. The diag-
nosis of NAID is based on the presence of typical symptoms 
and NOD2 variants, most commonly IVS8+158 or compound 
IVS8+158 and R702W variants [94]. The main differential diag-
nosis is with Blau syndrome, an autosomal dominant pediatric 
disease characterized by recurrent fever, inflammatory rash, 
arthritis and granulomatous panuveitis [95]. The two diseases 
can be distinguished by the age of onset (early childhood for 
Blau syndrome), and absence of uveitis. Treatment of NAID 
is empirical, based on non-steroidal anti-inflammatory drugs 
and oral glucocorticoids. Case reports documented modest 
response to infliximab, canakinumab, and tocilizumab [94].

Autoinflammatory component in complex diseases
Deregulated inflammasome activation and secretion of 
proinflammatory cytokines appears to be part of the patho-
physiological background of a variety of immune and non-
immune-mediated diseases, ranging from sepsis to heart 
disease [13]. In the following paragraphs, we move from the 
field of rare diseases to that of common complex diseases, 
frequently encountered in adult clinics, in which therapeutic 

strategies targeting autoinflammation may, or do, represent a 
major clinical turning point.

Myocarditis
Myocarditis is defined by the WHO as an inflamma-
tory disease affecting the myocardium, diagnosed through 
endomyocardial biopsy (EMB) using established histological, 
immunological, and immunohistochemical criteria [96]. If 
no infectious agents are identified on EMB and other known 
causes are excluded, myocarditis is defined as autoimmune 
[97]. Autoimmune myocarditis can occur as isolated cardiac 
involvement or in the context of systemic autoimmune or 
autoinflammatory disorders.

NLRP3 inflammasome was found upregulated in 
cardiomyocytes and infiltrating macrophages in a mouse 
model of viral myocarditis [98]. Moreover, intracellular 
aggregates of ASC and/or caspase-1, indirect proof of 
inflammasome formation, have been observed in EMB sam-
ples from patients with acute lymphocytic myocarditis [99]. 
Of note, the number of inflammasome-containing leukocytes 
per-field correlated with the degree of systolic dysfunction 
[99]. Moreover, experimental animal models of acute myo-
carditis demonstrated elevated expression of IL-1β [100] and 
dramatic response in terms of decreased myocardial inflam-
mation and decreased mortality upon recombinant IL-1Ra 
administration [101].

These evidences strongly suggest that IL-1 inhibition has 
the potential to curb the heart inflammatory response and 
simultaneously ameliorate contractile dysfunction, as sug-
gested by emerging evidence on the effectiveness of anakinra 
[102] and canakinumab [103], both of which dampened 
cardiac inflammation and improved contractility on some 
patients. Currently, a double-blind, randomized, phase IIb 
placebo-controlled clinical trial of anakinra in acute myocar-
ditis is ongoing (ARAMIS-trial, https://clinicaltrials.gov/ct2/
show/NCT03018834).

Idiopathic recurrent pericarditis
Pericarditis is a clinical manifestation often encountered 
as part of the clinical spectrum of inherited and complex 
autoinflammatory disorders. However, inflammation of peri-
cardium can occur as an isolated, recurrent manifestation, 
with no clear genetic predisposition or identified infectious 
etiology. Idiopathic pericarditis represents almost 90% of the 
cases of acute pericarditis in developed countries and recurs 

Table 4: Comparison of 1999 modified Marshall’s criteria for PFAPA and 2018 Cantarini’s criteria for adult PFAPA

Criteria set Modified Marshall’s criteria Cantarini’s criteria 

Age at onset <5 years >16 years
Fever pattern Regularly recurring Recurrent
Symptoms and signs At least one between:

• Aphtous stomatitis
• Cervical lymphoadenitis
• Pharyngitis

Erythematous pharyngitis and/or cervical adenitis.
Increased inflammatory markers during attacks

Inter-attack periods Completely asymptomatic and normal growth Symptom-free
Exclusion Upper respiratory tract infections

Cyclic neutropenia
Infections
Malignancy
Autoimmune diseases
Other AIDs

https://clinicaltrials.gov/ct2/show/NCT03018834
https://clinicaltrials.gov/ct2/show/NCT03018834


303Clinical and Experimental Immunology, 2022, Vol. 210, No. 3

in up to 30% of patients [104]. Standard treatment with 
nonsteroidal anti-inflammatory drugs and colchicine is not 
always able to neutralize pericardial inflammation and pre-
vent recurrences.

Inflammasome activation, long hypothesized to be the key 
driver of inflammation in acute pericarditis, has been recently 
demonstrated in human specimens of patient with acute peri-
carditis [105], reinforcing the biological basis of the striking 
response to selective IL-1 inhibition therapies frequently re-
ported. Anakinra is highly effective in suppressing the inflam-
matory response and prevent recrudescence of the disease, as 
demonstrated in several case series and in one randomized 
clinical trial [106,107]. Rilonacept recently showed striking 
results both in resolving the acute attack of pericarditis and in 
preventing relapses in a phase III trial for idiopathic recurrent 
pericarditis [108]. Data on the efficacy of canakinumab are 
more limited but it is safe to expect analogous results. Hence, 
the role of interleukin-1 inhibition as a second-line treatment 
has been well established and is recommended in the 2015 
ESC guidelines [109], while the potential use of selective IL-1 
blockade as a first-line therapy needs yet to be thoroughly 
investigated.

Crystal arthropathies
Gout is the most prevalent inflammatory arthritis in the 
world. It is a chronic disease characterized by flares of mono/
oligoarthritis due deposition of monosodium urate crystals 
in joints, in the presence of increased urate concentrations. 
Monosodium urate crystals directly activate the NLRP3 
inflammasome and trigger the release of active IL-1β, with 
a contribution of free fatty acids, which likely account for 
the diet-related flares of gout [110]. Given the prominent 
neutrophil infiltrates detected during an acute flare, extra-
cellular processing by neutrophil proteases likely contrib-
utes to the activation of IL-1β precursor in gouty joints, in a 
proteinase3-dependent, caspase-1-independent fashion [12]. 
Traditional options for managing acute gouty flares include 
colchicine, non-steroidal anti-inflammatory drugs (NSAIDs), 
and steroids. However, a percentage of patients is refractory 
to standard treatment. Off-label use of anti-IL-1 agents is 
dramatically effective at dampening articular inflammation 
[111], while also resulting in reduced frequency of disease 
flares.

Characteristic response to IL-1 inhibition strategies is also 
encountered in pyrophosphate crystal arthritis. Calcium 
pyrophosphate deposition disease (CPPD), previously re-
ferred to as pseudogout, is characterized by long-lasting 
mono-/oligoarticular arthritis flares, resembling acute gouty 
attacks, due to calcium pyrophosphate crystals deposition 
in joints [112]. Once CPP crystals are generated, they in-
duce tissue damage by activating components of the NLRP3 
inflammasome [113] and by creating neutrophil extracellular 
traps [114]. Standard treatment of acute flares is represented 
by intra-articular glucocorticoids, NSAIDs or colchicine. The 
efficacy of anakinra has been reported in some treatment-
refractory cases, resulting in both resolution of the acute at-
tack and in increased inter-critical periods [115].

Ankylosing spondylitis
Ankylosing spondylitis (AS) is part of the spectrum of 
spondyloarthropathies, a group of diseases characterized by 
various degrees of inflammation of spina, peripheral joints, 
and entheses. The proposed pathophysiological mechanism 

behind AS involves interaction between gut microbiota and 
resident intestinal immune cells, which mediate recruitment 
of myeloid and lymphoid cells and their migration toward 
peripheral tissues, including joints, entheses, and lymph 
nodes, where they exert their proinflammatory action via 
IL-23, IL-17, and IL-22 secretion [116]. Historically, AS has 
been considered a disease primarily mediated by adaptive im-
mune response, since autoreactive Th17 cells were identified 
as the primary source of IL-17 secretion in ankylosing spon-
dylitis and in seronegative spondyloarthropathies in general 
[117]. However, more recent data are highlighting the pivotal 
role of the innate immune compartment in mediating disease 
onset and perpetrating the inflammatory process. First, re-
cently a Turkish study detected a significant association 
between MEFV gene SNPs and the risk of AS. Moreover, pa-
tients harboring the variant of interest also had higher levels 
of IL-1β and IL-23 [118]. Second, a putative role for dys-
functional inflammasome activation can be inferred as sev-
eral genes encoding for inflammasome components have been 
associated with an increased risk of AS [119]. Inflammasome 
activation may be involved in mediating gut inflammation 
and dysbiosis in AS, as supported by the increased expres-
sion of inflammasome components in the gut of HLA-B27 
transgenic rats [120]. Third, genome-wide association studies 
documented a significant association between single nuclear 
polymorphisms in IL1 and IL1-related genes, particularly 
IL1A, and AS [121]. Interleukin-1 blockade with anakinra 
has been attempted in the treatment of AS: in a 3-month open 
label trial anakinra was administered to 9 patients with active 
AS not responsive to NSAIDs, with significant improvement 
documented in several clinical AS scores, accompanied by an 
improvement of enthesitis/osteitis measured with MRI [122]. 
However, these findings were not reproduced in a subsequent 
trial [123]. Taken together these data suggest that a subset of 
patients might benefit from IL-1 inhibition, specifically those 
with higher inflammatory indexes or carrying genetic variants 
involved in IL-1 production and activation.

The unique scenario of pregnancy
Pregnancy represents a unique challenge in the management of 
AIDs as numerous conventional DMARDs employed in AIDs 
therapy are not safe during pregnancy and should be avoided 
or withdrawn. Synthetic DMARDs such as methotrexate, 
mycophenolate mofetil, and cyclophosphamide are terato-
genic and should be avoided months before conception and 
their use in childbearing age requires a specific consultation 
about procreational needs. On the other hand, colchicine and 
glucocorticoids are safe and well tolerated during pregnancy. 
Use of NSAIDs instead should be suspended at 20th weeks 
while biologic agents against TNFα, namely etanercept and 
certolizumab pegol may be continued throughout pregnancy 
due to the low transplacental active transfer. Other TNF in-
hibitors, IL-1 inhibitors and IL-6 inhibitors have limited data 
on safety during pregnancy and should be used only in cases 
refractory to all other treatments or when safer molecules are 
not indicated [124].

Autoinflammation in COVID-19
While vaccination campaigns are continuously demonstrating 
to be the best strategy to cope with Coronavirus disease 19 
(COVID-19) burden, treatment of clinically overt COVID-
19 remains a relevant challenge. To date, most recent ad-
vances in pharmacologic therapy against COVID-19 are 
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represented by monoclonal antibodies directed against SARS 
CoV2 (Severe Acute Respiratory Syndrome Coronavirus 2) 
“Spike” protein, able to significantly prevent progression to-
wards symptomatic or severe COVID in selected patients in 
the early phases of infection. However, treatment with mono-
clonal antibodies is of little effect in hospitalized patients 
[125], who still represent a major clinical and public health 
challenge. It is becoming increasingly clear that the innate im-
mune system is a critical player in host’s response to SARS 
CoV2 infection. Severe patients display significantly increased 
levels of acute phase reactants (e.g. CRP, ferritin, fibrinogen) 
and pro-inflammatory cytokines [126]. Severe acute respira-
tory syndrome-related coronavirus (SARS-CoV) shows high 
homology with SARS-CoV2 and has been proven to acti-
vate the NLRP3 inflammasome through interaction with 
different viral proteins [127,128]. Increased levels of IL-1β, 
produced by inflammasome activation, as well as its response 
gene product, IL-1RA, are found to be elevated in the sera 
of COVID-19 patients [129]. Moreover, increased levels of 
IL-6, downstream IL-1β, have been demonstrated in acutely 
ill COVID19 patients, and correlated with SARS-CoV2 vir-
aemia [130].

Targeting inflammation represents the mainstay of specific 
treatment in severe COVID-19. Indeed, the role of gluco-
corticoids in preventing adverse outcome in COVID patients 
requiring oxygen therapy has been thoroughly ascertained 
and is part of the standard of care [131]. Moreover, treatment 
with IL-6 inhibitors, especially tocilizumab, has provided 
an additional benefit in preventing all-cause mortality and 
need of mechanical ventilation [132]. Promising results have 
been reported for selective IL-1 inhibition as well. A meta-
analysis of 6 studies (mostly observational) analyzing the 
effect of intravenous anakinra added to standard treatment 
in patients requiring oxygen supplementation documented a 
50% reduction in 28-day mortality [133]. The only available 
double-blind, randomized placebo-controlled trial reported 
a statistically significant reduction in 28-day mortality and 
increased likelihood of clinical recovery [134]. As for other 
immunosuppressive strategies, careful patient selection is de-
cisive to maximize the effect of anti-IL1 treatment. Indeed, 
most studies included patients with elevated inflammatory 
markers and requiring oxygen support, thus analyzing the 
subset of patients with a likely ongoing hyperinflammation. 
Overall, data on the efficacy of anti-IL-1 agents are promising 
but more robust evidence is warranted, especially to demon-
strate superiority against anti-IL-6 biologics.

Finally, tranilast, a tryptophan analogue with a direct in-
hibitory action against NLRP3 [135], is currently undergoing 
randomized control trials in COVID-19 patients in China 
(registration number: ChiCTR2000030002 on the Chinese 
Clinical Trial Registry) and Iran (IRCT20200419047128N1 
on the Iranian Registry of Clinical Trials).

Conclusions
Autoinflammatory disorders are ultimately caused by un-
checked activation of the innate immune system. They rep-
resent a challenging clinical entity, especially in the adult 
population, due to the pleiotropy of their clinical phenotypes 
and the high rate of misdiagnosis. This review presents an 
overview of the clinical features, diagnosis, and treatment 
of the most important to-be-known AIDs. Dampening the 

inflammatory response represents the mainstay of treatment 
of AIDs. The clinical benefits of targeting hyperinflammation 
extends way beyond the treatment of autoinflammatory dis-
eases: growing clinical evidence suggests a future critical role 
for therapies blocking the inflammasome and its products in 
non-immune-mediated diseases.

Acknowledgements
None.

Funding
None.

Conflict of interests
S.R., I.N., M.F.: none. C.S.: consulting and speaker (AbbVie, 
Amgen, Alfa-Wassermann, Biogen, Celgene, Eli-Lilly, Gilead, 
Janssen, MSD, Novartis, Pfizer, Sanofi-Genzyme, Swedish 
Orphan Biovitrum); research support (AbbVie, Amgen, 
Janssen, Pfizer, Swedish Orphan Biovitrum); travel support 
(AbbVie, Amgen, Celgene, Eli-Lilly, Jannsen, Novartis, Pfizer). 
E.B.: none.

Author contributions
Conceptualization, investigation, writing—original draft, 
methodology, review, and editing: S.R.; investigation, 
writing—original draft: I.N.; conceptualization, writing—
original draft, review, and editing, supervision: M.F.; concep-
tualization, writing, review, and editing; conceptualization, 
writing—review and editing, methodology, supervision: C.S.; 
conceptualization, writing, review, and editing; conceptual-
ization, writing—review and editing, methodology, supervi-
sion: E.B.

Data availability
This article does not present new data.

References
1. McDermott MF, Aksentjievich I, Galon J, McDermott EM, 

Ogunkolade BW, Centola M, et al. Germline mutations in the 
extracellular domains of the 55  kDa TNF receptor, TNFR1, de-
fine a family of dominantly inherited autoinflammatory syndromes. 
Cell 1999, 97(1), 133–44. doi:10.1016/S0092-8674(00)80721-7.

2. Muscari I, Iacoponi F, Cantarini L, Lucherini OM, Simonini G, 
Brizi MG, et al. The diagnostic evaluation of patients with po-
tential adult-onset autoinflammatory disorders: Our experience 
and review of the literature. Autoimmun Rev 2012, 12(1), 10–3. 
doi:10.1016/j.autrev.2012.07.015.

3. Gourbal B, Pinaud S, Beckers GJM, Van Der Meer JWM, Conrath 
U, Netea MG, et al. Innate immune memory: an evolutionary 
perspective. Immunol Rev 2018, 283(1), 21–40. doi:10.1111/
imr.12647.

4. Martinon F, Burns K, Tschopp J. The inflammasome: a molecular 
platform triggering activation of inflammatory caspases and 
processing of proIL-β. Mol Cell 2002, 10(2), 417–26. doi:10.1016/
S1097-2765(02)00599-3.

5. Rathinam VAK, Vanaja SK, Fitzgerald KA. Regulation of 
inflammasome signaling. Nat Immunol 2012, 13(4), 333–42. 
doi:10.1038/ni.2237.

https://doi.org/10.1016/S0092-8674(00)80721-7
https://doi.org/10.1016/j.autrev.2012.07.015
https://doi.org/10.1111/imr.12647
https://doi.org/10.1111/imr.12647
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1038/ni.2237


305Clinical and Experimental Immunology, 2022, Vol. 210, No. 3

6. Zheng D, Liwinski T, Elinav E. Inflammasome activation and regu-
lation: toward a better understanding of complex mechanisms. Cell 
Discov 2020, 6, 36.

7. Liston A, Masters SL. Homeostasis-altering molecular processes as 
mechanisms of inflammasome activation. Nat Rev Immunol 2017, 
17, 208–14. doi:10.1038/nri.2016.151.

8. von Moltke J, Ayres JS, Kofoed EM, Chavarría-Smith J, Vance RE. 
Recognition of bacteria by inflammasomes. Annu Rev Immunol 
2013, 31, 73–106. doi:10.1146/annurev-immunol-032712-095944.

9. Mantovani A, Dinarello CA, Molgora M, Garlanda C. Inter-
leukin-1 and related cytokines in the regulation of inflammation 
and immunity. Immunity 2019, 50(4), 778–95. doi:10.1016/j.
immuni.2019.03.012.

10. Rider P, Carmi Y, Guttman O, Braiman A, Cohen I, Vonorov E, 
et al. IL-1α and IL-1β recruit different myeloid cells and promote 
different stages of sterile inflammation. J Immunol 2011, 187(9), 
4835–43. doi:10.4049/jimmunol.1102048.

11. Dinarello CA. Interleukin-1. Cytokine Growth Factor Rev 1997, 8, 
253–65. doi:10.1016/s1359-6101(97)00023-3.

12. Joosten LAB, Netea MG, Fantuzzi G, Koenders MI, Helsen MM, 
Sparrer H, et al. Inflammatory arthritis in caspase 1 gene-deficient 
mice: contribution of proteinase 3 to caspase 1-independent pro-
duction of bioactive interleukin-1β. Arthritis Rheum 2009, 60(12), 
3651–62. doi:10.1002/art.25006.

13. Cavalli G, Dinarello CA. Anakinra therapy for non-cancer inflam-
matory diseases. Front Pharmacol 2018, 9, 1157. doi:10.3389/
fphar.2018.01157.

14. Real de Asua D, Costa R, Galván JM, Filigheddu MT, Trujillo 
D, Cadiñanos J, et al. Systemic AA amyloidosis: epidemiology, 
diagnosis, and management. Clin. Epidemiol 2014, 6, 369–77. 
doi:10.2147/clep.s39981.

15. Weiss ES, Girard-Guyonvarc'h C, Holzinger D, de Jesus AA, Tariq 
Z, Picarsic J, et al. Interleukin-18 diagnostically distinguishes and 
pathogenically promotes human and murine macrophage acti-
vation syndrome. Blood 2018, 131(13), 1442–55. doi:10.1182/
blood-2017-12-820852.

16. Liu X, Jones GW, Choy EH, Jones SA. The biology behind inter-
leukin-6 targeted interventions. Curr Opin Rheumatol 2016, 28(2), 
152–60. doi:10.1097/BOR.0000000000000255.

17. Komander D, Rape M. The ubiquitin code. Annu Rev Biochem 
2012, 81, 203–29. doi:10.1146/annurev-biochem-060310-170328.

18. Yunbing W, Jingjing K, Zhang L, Zhaofeng L, Xudong T, Yongmin 
Y, et al. Ubiquitination regulation of inflammatory responses 
through NF-κB pathway. Am J Transl Res 2018, 10, 881–91.

19. Kattah MG, Malynn BA, Ma A. Ubiquitin-modifying enzymes and 
regulation of the inflammasome. J Mol Biol 2017, 429, 3471–85. 
doi:10.1016/j.jmb.2017.10.001.

20. Aksentijevich I, Zhou Q. NF-κB pathway in autoinflammatory 
diseases: dysregulation of protein modifications by ubiquitin 
defines a new category of autoinflammatory diseases. Front 
Immunol 2017, 8, 399.

21. Negishi H, Taniguchi T, Yanai H. The interferon (IFN) class of 
cytokines and the IFN regulatory factor (IRF) transcription factor 
family. Cold Spring Harb. Perspect. Biol 2018, 10, 11.

22. Ivashkiv LB, Donlin LT. Regulation of type I interferon responses. 
Nat Rev Immunol 2014, 14, 36–49. doi:10.1038/nri3581.

23. Picard C, Bobby Gaspar H, Al-Herz W, Bousfiha A, Casanova J-L, 
Chatila T, et al. International Union of Immunological Societies: 
2017 Primary Immunodeficiency Diseases Committee Report on 
Inborn Errors of Immunity. J Clin Immunol 2018, 38, 96–128. 
doi:10.1007/s10875-017-0464-9.

24. Di Donato G, D’angelo DM, Breda L, Chiarelli F. Monogenic 
autoinflammatory diseases: state of the art and future perspectives. 
Int J Mol Sci  2021, 22(12), 6360.

25. Heilig R, Broz P. Function and mechanism of the pyrin inflammasome. 
Eur J Immunol 2018, 48(2), 230–38. doi:10.1002/eji.201746947.

26. Ben-Chetrit E, Levy M. Familial Mediterranean fever. Lancet 1998, 
351, 659–64. doi:10.1016/S0140-6736(97)09408-7.

27. Nobakht H, Zamani F, Ajdarkosh H, Mohamadzadeh Z, 
Fereshtehnejad S, N. M. Adult-onset familial mediterranean fever 
in northwestern Iran; clinical feature and treatment outcome. 
Middle East J Dig 2011, 3, 50–55.

28. Livneh A, Langevitz P, Zemer D, Zaks N, Kees S, Lidar T, et al. 
Criteria for the diagnosis of familial Mediterranean fever. Arthritis 
Rheum 1997, 40, 1879–85. doi:10.1002/art.1780401023.

29. Milhavet F, Cuisset L, Hoffman HM, Slim R, El-Shanti H, 
Aksentijevich I, et al. The infevers autoinflammatory mutation on-
line registry: update with new genes and functions. Hum Mutat 
2008, 29, 803–8. doi:10.1002/humu.20720.

30. Onen F. Familial Mediterranean fever. Rheumatol Int 2006, 26, 
489–96.

31. Havnaer A, Han G. Autoinflammatory disorders: a review and up-
date on pathogenesis and treatment. Am J Clin Dermatol 2019, 20, 
539–64. doi:10.1007/s40257-019-00440-y.

32. Gaggiano C, Vitale A, Obici L, Merlini G, Soriano A, Viapiana O, 
et al. Clinical features at onset and genetic characterization of pe-
diatric and adult patients with TNF-α receptor-associated periodic 
syndrome (TRAPS): a series of 80 cases from the AIDA network. 
Mediators Inflamm 2020, 2020.

33. Ravet N, Rouaghe S, Dodé C, Bienvenu J, Stirnemann J, Lévy P, 
et al. Clinical significance of P46L and R92Q substitutions in the 
tumour necrosis factor superfamily 1A gene. Ann Rheum Dis 2006, 
65, 1158–62. doi:10.1136/ard.2005.048611.

34. Sag E, Bilginer Y, Ozen S. Autoinflammatory diseases with periodic 
fevers. Curr Rheumatol Rep 2017, 19(7), 41.

35. Cantarini L, Lucherini OM, Vitale A, Sabadini L, Brizi MG, Frediani 
B, et al. Expanding spectrum of TNFRSF1A gene mutations among 
patients with idiopathic recurrent acute pericarditis. Intern Med J 
2013, 43, 725–7. doi:10.1111/imj.12163.

36. Pelagatti MA, Meini A, Caorsi R, Cattalini M, Federici S, Zulian F, 
et al. Long-term clinical profile of children with the low-penetrance 
R92Q mutation of the TNFRSF1A gene. Arthritis Rheum 2011, 
63, 1141–50. doi:10.1002/art.30237.

37. Gattorno M, Pelagatti MA, Meini A, Obici L, Barcellona R, 
Federici S, et al. Persistent efficacy of anakinra in patients with 
tumor necrosis factor receptor-associated periodic syndrome. Ar-
thritis Rheum 2008, 58(5), 1516–20. doi:10.1002/art.23475.

38. Hoffman HM, Mueller JL, Broide DH, Wanderer AA, Kolodner 
RD. Mutation of a new gene encoding a putative pyrin-like 
protein causes familial cold autoinflammatory syndrome 
and Muckle-Wells syndrome. Nat Genet 2001, 29, 301–5. 
doi:10.1038/ng756.

39. Rowczenio DM, Gomes SM, Arostegui JI, Mensa-Vilaro A, 
Omoyinmi E, Trojer H, et al. Late-onset cryopyrin-associated pe-
riodic syndromes caused by somatic NLRP3 Mosaicism-UK single 
center experience. Front Immunol 2017, 8, 1410.

40. Doeglas HMG, Bleumink E. Familial cold urticaria: clinical 
findings. Arch Dermatol 1974, 110(3), 382–8. doi:10.1001/archd
erm.1974.01630090020005.

41. Glaser RL, Goldbach-Mansky R. The spectrum of monogenic 
autoinflammatory syndromes: understanding disease mechanisms 
and use of targeted therapies. Curr Allergy Asthma Rep 2008, 8, 
288–98. doi:10.1007/s11882-008-0047-1.

42. Kullenberg T, Löfqvist M, Leinonen M, Goldbach-Mansky R, 
Olivecrona H. Long-term safety profile of anakinra in patients with 
severe cryopyrin-associated periodic syndromes. Rheumatology 
(United Kingdom) 2016, 55(8), 1499–506. doi:10.1093/rheuma-
tology/kew208.

43. Zhou Q, Wang H, Schwartz DM, Stoffels M, Park YH, Zhang 
Y, et al. Loss-of-function mutations in TNFAIP3 leading to A20 
haploinsufficiency cause an early-onset autoinflammatory disease. 
Nat Genet 2016, 48, 67–73. doi:10.1038/ng.3459.

44. Yu MP, Xu XS, Zhou Q, Deuitch N, Lu MP. Haploinsufficiency 
of A20 (HA20): updates on the genetics, phenotype, pathogenesis 
and treatment. World J. Pediatr 2020, 16, 575–84. doi:10.1007/
s12519-019-00288-6.

https://doi.org/10.1038/nri.2016.151
https://doi.org/10.1146/annurev-immunol-032712-095944
https://doi.org/10.1016/j.immuni.2019.03.012
https://doi.org/10.1016/j.immuni.2019.03.012
https://doi.org/10.4049/jimmunol.1102048
https://doi.org/10.1016/s1359-6101(97)00023-3
https://doi.org/10.1002/art.25006
https://doi.org/10.3389/fphar.2018.01157
https://doi.org/10.3389/fphar.2018.01157
https://doi.org/10.2147/clep.s39981
https://doi.org/10.1182/blood-2017-12-820852
https://doi.org/10.1182/blood-2017-12-820852
https://doi.org/10.1097/BOR.0000000000000255
https://doi.org/10.1146/annurev-biochem-060310-170328
https://doi.org/10.1016/j.jmb.2017.10.001
https://doi.org/10.1038/nri3581
https://doi.org/10.1007/s10875-017-0464-9
https://doi.org/10.1002/eji.201746947
https://doi.org/10.1016/S0140-6736(97)09408-7
https://doi.org/10.1002/art.1780401023
https://doi.org/10.1002/humu.20720
https://doi.org/10.1007/s40257-019-00440-y
https://doi.org/10.1136/ard.2005.048611
https://doi.org/10.1111/imj.12163
https://doi.org/10.1002/art.30237
https://doi.org/10.1002/art.23475
https://doi.org/10.1038/ng756
https://doi.org/10.1001/archderm.1974.01630090020005
https://doi.org/10.1001/archderm.1974.01630090020005
https://doi.org/10.1007/s11882-008-0047-1
https://doi.org/10.1093/rheumatology/kew208
https://doi.org/10.1093/rheumatology/kew208
https://doi.org/10.1038/ng.3459
https://doi.org/10.1007/s12519-019-00288-6
https://doi.org/10.1007/s12519-019-00288-6


306 Rodolfi et al.

45. Tian Y, Wu B, Peng L, Wang J, Shen M. Three Chinese pedigrees of 
A20 haploinsufficiency: clinical, cytokine and molecular character-
ization. Front Immunol 2022, 13, 955079.

46. Kadowaki T, Kadowaki S, Ohnishi H. A20 Haploinsufficiency in 
East Asia. Front Immunol 2021, 12, 780689.

47. Drenth JPH, Cuisset L, Grateau G, Vasseur C, van de Velde-Visser 
SD, de Jong JG, et al. Mutations in the gene encoding mevalonate 
kinase cause hyper-IgD and periodic fever syndrome. Nat Genet 
1999, 22, 178–81.

48. Frenkel J, Rijkers GT, Mandey SH, Buurman SW, Houten SM, 
Wanders RJ, et al. Lack of isoprenoid products raises ex vivo 
interleukin-1β secretion in hyperimmunoglobulinemia D and pe-
riodic fever syndrome. Arthritis Rheum 2002, 46(10), 2749–03. 
doi:10.1002/art.10550.

49. Drenth JPH, Göertz J, Daha MR, Van Der Meer JWM. Immuno-
globulin D enhances the release of tumour necrosis factor-α, and 
interleukin-1β as well as interleukin-1 receptor antagonist from 
human mononuclear cells. Immunology 1996, 88(3), 355–62. 
doi:10.1046/j.1365-2567.1996.d01-672.x.

50. Durel CA, Aouba A, Bienvenu B, Deshayes S, Coppéré B, Gombert 
B, et al. Observational study of a French and Belgian multicenter 
cohort of 23 patients diagnosed in adulthood with mevalonate ki-
nase deficiency. Medicine (Baltim) 2016, 95(11), e3027.

51. Haas D, Hoffmann GF. Mevalonate kinase deficiencies: from 
mevalonic aciduria to hyperimmunoglobulinemia D syndrome. 
Orphanet J Rare Dis 2006, 1, 13.

52. Chae JJ, Aksentijevich I, Kastner DL. Advances in the under-
standing of familial Mediterranean fever and possibilities for 
targeted therapy. Br J Haematol 2009, 146, 467–78. doi:10.1111/
j.1365-2141.2009.07733.x.

53. Bodar EJ, Kuijk LM, Drenth JPH, van der Meer JWM, Simon A, 
Frenkel J. On-demand anakinra treatment is effective in mevalonate 
kinase deficiency. Ann Rheum Dis 2011, 70, 2155–8. doi:10.1136/
ard.2011.149922.

54. Beck DB, Ferrada MA, Sikora KA, Ombrello AK, Collins JC, 
Pei W, et al. Somatic mutations in UBA1 and severe adult-onset 
autoinflammatory disease. N Engl J Med 2020, 383(27), 2628–38. 
doi:10.1056/nejmoa2026834.

55. Stubbins RJ, McGinnis E, Johal B, Chen LY, Wilson L, Cardona 
DO, et al. VEXAS syndrome in a female patient with constitutional 
45,X (Turner syndrome). Haematologica 2022, 107, 1011–3. 
doi:10.3324/haematol.2021.280238.

56. Poulter J, UKGCA/VEXAS Consortium, Morgan A, Cargo C, Savic 
S. A high-throughput amplicon screen for somatic UBA1 variants 
in cytopenic and giant cell arteritis cohorts. J Clin Immunol 2022, 
42(5), 947–951. doi:10.1007/S10875-022-01258-W.

57. Bourbon E, Heiblig M, Gerfaud Valentin M, Barba T, Durel C-A, 
Lega JC, et al. Therapeutic options in VEXAS syndrome: insights 
from a retrospective series. Blood 2021, 137, 3682–4. doi:10.1182/
blood.2020010177.

58. Grayson PC, Patel BA, Young NS. VEXAS syndrome. Blood 2021, 
137, 3591–4. doi:10.1182/blood.2021011455.

59. van der Made, C. I., Potjewijd J, Hoogstins A, Willems H 
P J, Kwakernaak A J, de Sevaux R G L, et al. Adult-onset 
autoinflammation caused by somatic mutations in UBA1: a Dutch 
case series of patients with VEXAS. J. Allergy Clin. Immunol. 2022, 
149, 432–439.e4. doi:10.1016/j.jaci.2021.05.014

60. Comont T, Heiblig M, Rivière E, Terriou L, Rossignol J, Bouscary 
D, et al.; French VEXAS study group, Groupe Francophone 
des Myélodysplasies (GFM) and MedecineINterne, HEmato 
et ONco (MINHEMON) group. Azacitidine for patients with 
vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic 
syndrome (VEXAS) and myelodysplastic syndrome: data from 
the French VEXAS registry. Br J Haematol 2022, 196, 969–74. 
doi:10.1111/bjh.17893.

61. Gerfaud-Valentin M, Jamilloux Y, Iwaz J, Sève P. Adult-onset Still’s 
disease. Autoimmun Rev 2014, 13(7), 708–22. doi:10.1016/j.
autrev.2014.01.058.

62. Castañeda S, Martinez-Quintanilla D, Martin-Varillas JL, Garcia-
Castañeda N, Atienza-Mateo B, Gonzalez-Gay MA. Tocilizumab 
for the treatment of adult-onset Still’s disease. Expert Opin Biol 
Ther 2019, 19(4), 273–86. doi:10.1080/14712598.2019.1590334.

63. Hsieh CW, Chen YM, Lin CC, Tang KT, Chen HH, Hung WT, et 
al. Elevated expression of the NLRP3 inflammasome and its corre-
lation with disease activity in adult-onset still disease. J Rheumatol 
2017, 44(8), 11–42. doi:10.3899/jrheum.161354.

64. Fitzgerald AA, LeClercq SA, Yan A, Homik JE, Dinarello CA. 
Rapid responses to anakinra in patients with refractory adult-onset 
Still’s disease. Arthritis Rheum 2005, 52, 1794–803. doi:10.1002/
art.21061.

65. Kedor C, Listing J, Zernicke J, Weiß A, Behrens F, Blank N, et 
al. Canakinumab for Treatment of Adult-Onset Still’s Disease to 
Achieve Reduction of Arthritic Manifestation (CONSIDER): phase 
II, randomised, double-blind, placebo-controlled, multicentre, 
investigator-initiated trial. Ann Rheum Dis 2020, 79(8), 1090–97. 
doi:10.1136/annrheumdis-2020-217155.

66. Cavagna L, Caporali R, Epis O, Bobbio-Pallavicini F, Montecucco 
C. Infliximab in the treatment of adult Still’s disease refractory 
to conventional therapy. Clin Exp Rheumatol 2001, 19(3),  
329–32.

67. Gabay C, Fautrel B, Rech J, Spertini F, Feist E, Kötter I, et al. 
Open-label, multicentre, dose-escalating phase II clinical trial on 
the safety and efficacy of tadekinig alfa (IL-18BP) in adult-onset 
Still’s disease. Ann Rheum Dis 2018, 77, 840–7. doi:10.1136/
annrheumdis-2017-212608.

68. Gillard L, Pouchot J, Cohen-Aubart F, Koné-Paut I, Mouterde G, 
Michaud M, et al. JAK inhibitors in difficult-to-treat adult-onset 
Still’s disease and systemic-onset juvenile idiopathic arthritis. 
Rheumatology (Oxford) 2022, keac440. doi:10.1093/RHEUMA-
TOLOGY/KEAC440.

69. Dingli D, Camilleri M. Schnitzler syndrome: clinical features and 
histopathology. Pathol. Lab. Med. Int 2015, 7, 39–46. doi:10.2147/
plmi.s69414.

70. De Koning HD. Schnitzler’s syndrome: lessons from 281 cases. 
Clinical and Translational Allergy 2014, 4, 41. doi:10.1186/2045-
7022-4-41.

71. Simon A, Asli B, Braun-Falco M, De Koning H, Fermand J-P, 
Grattan C, et al. Schnitzler’s syndrome: diagnosis, treatment, and 
follow-up. Allergy 2013, 68, 562–8. doi:10.1111/all.12129.

72. De Koning HD, Schalkwijk J, Van Der Meer JWM, Simon A. Suc-
cessful canakinumab treatment identifies IL-1β as a pivotal medi-
ator in Schnitzler syndrome. J Allergy Clin Immunol 2011, 128(6), 
1352–4. doi:10.1016/j.jaci.2011.05.023.

73. Remmers EF, Cosan F, Kirino Y, Ombrello MJ, Abaci N, Satorius 
C, et al. Genome-wide association study identifies variants in the 
MHC class I, IL10, and IL23R-IL12RB2 regions associated with 
Behçet’s disease. Nat Genet 2010, 42, 698–702. doi:10.1038/
ng.625.

74. Li C, Li L, Wu X, Shi J, Liu J, Zhou J, et al. Clinical manifestations 
of Behçet’s disease in a large cohort of Chinese patients: gender- 
and age-related differences. Clin Rheumatol 2020, 39, 3449–54. 
doi:10.1007/s10067-020-05026-2.

75. Karincaoglu Y, Borlu M, Toker SC, Akman A, Onder M, Gunasti S, 
et al. Demographic and clinical properties of juvenile-onset Behçet’s 
disease: a controlled multicenter study. J Am Acad Dermatol 2008, 
58, 579–84. doi:10.1016/j.jaad.2007.10.452.

76. Zeidan MJ, Saadoun D, Garrido M, Klatzmann D, Six A, Cacoub 
P, et al. Behçet’s disease physiopathology: a contemporary review. 
Autoimmun. Highlights 2016, 7, 1–12.

77. Vitale A, Emmi G, Lopalco G, Fabiani C, Gentileschi S, Silvestri E, 
et al. Long-term efficacy and safety of golimumab in the treatment 
of multirefractory Behçet’s disease. Clin Rheumatol 2017, 36(9), 
2063–69. doi:10.1007/s10067-017-3627-4.

78. Vitale A, Rigante D, Lopalco G, Selmi C, Galeazzi M, Iannone F, 
et al. Interleukin-1 inhibition in Behçet’s disease. Isr Med Assoc J 
2016, 18(3-4), 171–6.

https://doi.org/10.1002/art.10550
https://doi.org/10.1046/j.1365-2567.1996.d01-672.x
https://doi.org/10.1111/j.1365-2141.2009.07733.x
https://doi.org/10.1111/j.1365-2141.2009.07733.x
https://doi.org/10.1136/ard.2011.149922
https://doi.org/10.1136/ard.2011.149922
https://doi.org/10.1056/nejmoa2026834
https://doi.org/10.3324/haematol.2021.280238
https://doi.org/10.1007/S10875-022-01258-W
https://doi.org/10.1182/blood.2020010177
https://doi.org/10.1182/blood.2020010177
https://doi.org/10.1182/blood.2021011455
https://doi.org/10.1016/j.jaci.2021.05.014
https://doi.org/10.1111/bjh.17893
https://doi.org/10.1016/j.autrev.2014.01.058
https://doi.org/10.1016/j.autrev.2014.01.058
https://doi.org/10.1080/14712598.2019.1590334
https://doi.org/10.3899/jrheum.161354
https://doi.org/10.1002/art.21061
https://doi.org/10.1002/art.21061
https://doi.org/10.1136/annrheumdis-2020-217155
https://doi.org/10.1136/annrheumdis-2017-212608
https://doi.org/10.1136/annrheumdis-2017-212608
https://doi.org/10.1093/RHEUMATOLOGY/KEAC440
https://doi.org/10.1093/RHEUMATOLOGY/KEAC440
https://doi.org/10.2147/plmi.s69414
https://doi.org/10.2147/plmi.s69414
https://doi.org/10.1186/2045-7022-4-41
https://doi.org/10.1186/2045-7022-4-41
https://doi.org/10.1111/all.12129
https://doi.org/10.1016/j.jaci.2011.05.023
https://doi.org/10.1038/ng.625
https://doi.org/10.1038/ng.625
https://doi.org/10.1007/s10067-020-05026-2
https://doi.org/10.1016/j.jaad.2007.10.452
https://doi.org/10.1007/s10067-017-3627-4


307Clinical and Experimental Immunology, 2022, Vol. 210, No. 3

79. Tugal-Tutkun I, Kadayifcilar S, Khairallah M, Lee SC, Ozdal P, 
Özyazgan Y, et al. Safety and efficacy of gevokizumab in patients 
with Behçet’s disease Uveitis: results of an exploratory phase 2 
study. Ocul Immunol Inflamm 2017, 25(1), 62–70. doi:10.3109/09
273948.2015.1092558.

80. Valenzuela PM, Majerson D, Tapia JL, Talesnik E. Syndrome of pe-
riodic fever, aphthous stomatitis, pharyngitis, and adenitis (PFAPA) 
in siblings. Clin Rheumatol 2009, 28(10), 1235–7. doi:10.1007/
s10067-009-1222-z.

81. Stojanov S, Hoffmann F, Kéry A, Renner ED, Hartl D, Lohse P, et 
al. Cytokine profile in PFAPA syndrome suggests continuous in-
flammation and reduced anti-inflammatory response. Eur Cytokine 
Netw 2006, 17, 90–7.

82. Padeh S, Stoffman N, Berkun Y. Periodic fever accompanied by 
aphthous stomatitis phayngitis and cervical adenitis syndrome 
(PFAPA syndrome) in adults. Isr Med Assoc J 2008, 10(5), 358–60. 
doi:10.1186/1546-0096-6-s1-p183.

83. Thomas KT, Feder HM, Lawton AR, Edwards KM. Periodic fever 
syndrome in children. J Pediatr 1999, 135(1), 15–21. doi:10.1016/
S0022-3476(99)70321-5. 

84. Cantarini L, Vitale A, Sicignano LL, Emmi G, Verrecchia E, Patisso 
I. et al. Diagnostic criteria for adult-onset periodic fever, aphthous 
stomatitis, pharyngitis, and cervical adenitis (PFAPA) syndrome. 
Front Immunol 2017, 8, 1018. doi:10.3389/fimmu.2017.01018.

85. Cantarini L, Vitale A, Galeazzi M, Frediani B. A case of resistant 
adult-onset periodic fever, aphtous stomatitis, pharyngitis and cer-
vical adenitis (PFAPA) syndrome responsive to anakinra. Clin Exp 
Rheumatol 2012, 30.

86. Berthelot JM, Corvec S, Hayem G. SAPHO, autophagy, IL-1, 
FoxO1, and Propionibacterium (Cutibacterium) acnes. Joint Bone 
Spine 2018, 85, 171–6. doi:10.1016/j.jbspin.2017.04.010.

87. Cassel SL, Janczy JR, Bing X, Wilson SP, Olivier AK, Otero JE, et 
al. Inflammasome-independent IL-1β mediates autoinflammatory 
disease in Pstpip2-deficient mice. Proc Natl Acad Sci USA 2014, 
111(3), 1072–7. doi:10.1073/pnas.1318685111.

88. Hayem G, Bouchaud-Chabot A, Benali K, Roux S, Palazzo E, 
Silbermann-Hoffman O, et al. SAPHO syndrome: a long-term 
follow-up study of 120 cases. Semin Arthritis Rheum 1999, 29, 
159–71. doi:10.1016/s0049-0172(99)80027-4.

89. Aljuhani F, Tournadre A, Tatar Z, Couderc M, Mathieu S, Malochet-
Guinamand S, et al. The SAPHO syndrome: a single-center study 
of 41 adult patients. J Rheumatol 2015, 42, 329–34. doi:10.3899/
jrheum.140342.

90. Nguyen MT, Borchers A, Selmi C, Naguwa SM, Cheema G, 
Gershwin ME, et al. The SAPHO syndrome. Semin Arthritis Rheum 
2012, 42(3), 254–65. doi:10.1016/j.semarthrit.2012.05.006.

91. Abdelghani KB, Dran DG, Gottenberg JE, Morel J, Sibilia J, 
Combe, et al. Tumor necrosis factor-α blockers in SAPHO 
syndrome. J Rheumatol 2010, 37(8), 1699–04. doi:10.3899/
jrheum.091086.

92. Wendling D, Prati C, Aubin F. Anakinra treatment of SAPHO syn-
drome: short-term results of an open study. Ann Rheum Dis 2012, 
71(6), 1098–100. doi:10.1136/annrheumdis-2011-200743.

93. Yao Q, Zhou L, Cusumano P, Bose N, Piliang M, Jayakar B, et al. A 
new category of autoinflammatory disease associated with NOD2 
gene mutations. Arthritis Res Ther 2011, 13, R148. doi:10.1186/
ar3462.

94. Yao Q, Shen M, McDonald C, Lacbawan F, Moran R, Shen B, et al. 
NOD2-associated autoinflammatory disease: a large cohort study. 
Rheumatology (United Kingdom) 2015, 54, 1904–12.

95. Matsuda T, Kambe N, Ueki Y, Kanazawa N, Izawa K, Honda Y, et 
al.; PIDJ members in the JSIAD. Clinical characteristics and treat-
ment of 50 cases of Blau syndrome in Japan confirmed by genetic 
analysis of the NOD2 mutation. Ann Rheum Dis 2020, 79, 1492–
9. doi:10.1136/annrheumdis-2020-217320.

96. Magnani JW, Dec GW. Myocarditis: current trends in diagnosis 
and treatment. Circulation 2006, 113(6), 876–90. doi:10.1161/
CIRCULATIONAHA.105.584532.

97. Caforio ALP, Pankuweit S, Arbustini E, Basso C, Gimeno-Blanes J, 
Felix SB, et al. Current state of knowledge on aetiology, diagnosis, 
management, and therapy of myocarditis: a position statement of 
the European Society of Cardiology Working Group on Myocar-
dial and Pericardial Diseases. Eur Heart J 2013, 34(33), 2636–48. 
doi:10.1093/eurheartj/eht210.

98. Bao J, Sun T, Yue Y, Xiong S. Macrophage NLRP3 inflammasome 
activated by CVB3 capsid proteins contributes to the develop-
ment of viral myocarditis. Mol Immunol 2019, 114, 41–48. 
doi:10.1016/j.molimm.2019.07.012.

99. Toldo S, Kannah H, Bussani R, Anzini M, Sonnino C, Sinagra G, 
et al. Formation of the inflammasome in acute myocarditis. Int J 
Cardiol 2014, 171(3), e119–21. doi:10.1016/j.ijcard.2013.12.137.

100. Shioi T, Matsumori A, Sasayama S. Persistent expression of cyto-
kine in the chronic stage of viral myocarditis in mice. Circulation 
1996, 94(11), 2930–7. doi:10.1161/01.CIR.94.11.2930.

101. Liu H, Hanawa H, Yoshida T, Elnaggar R, Hayashi M, Watanabe 
R, et al. Effect of hydrodynamics-based gene delivery of plasmid 
DNA encoding interleukin-1 receptor antagonist-Ig for treat-
ment of rat autoimmune myocarditis: Possible mechanism for 
lymphocytes and noncardiac cells. Circulation 2005, 111(13), 
1593–600. doi:10.1161/01.CIR.0000160348.75918.CA.

102. Cavalli G, Pappalardo F, Mangieri A, Dinarello CA, Dagna L, 
Tresoldi M, Treating life-threatening myocarditis by blocking 
interleukin-1. Crit Care Med 2016, 44(8), e751–4. doi:10.1097/
CCM.0000000000001654.

103. Aday AW, Ridker PM. Antiinflammatory therapy in clinical care: 
the CANTOS trial and beyond. Fron Cardiovasc Med 2018, 5, 52. 
doi:10.3389/fcvm.2018.00062.

104. Imazio M, Gaita F, LeWinter M. Evaluation and treatment of per-
icarditis: a systematic review. J Am Med Assoc. 2015, 314(14), 
1498–506. doi:10.1001/jama.2015.12763.

105. Mauro AG, Bonaventura A, Vecchié A, Mezzaroma E, Carbone 
S, Narayan P, et al. The role of NLRP3 inflammasome in pericar-
ditis. JACC Basic Transl. Sci. 2021, 6(2), 137–50. doi:10.1016/j.
jacbts.2020.11.016.

106. Imazio M, Andreis A, De Ferrari GM, Cremer PC, Mardigyan 
V, Maestroni S, et al. Anakinra for corticosteroid-dependent and 
colchicine-resistant pericarditis: The IRAP (International Registry 
of Anakinra for Pericarditis) study. Eur. J. Prev. Cardiol 2020, 
27(9), 956–64. doi:10.1177/2047487319879534.

107. Brucato A, Imazio M, Gattorno M, Lazaros G, Maestroni S, 
Carraro M, et al. Effect of anakinra on recurrent pericarditis 
among patients with colchicine resistance and corticosteroid 
dependence: the AIRTRIP randomized clinical trial. J Am Med 
Assoc. 2016, 316(18), 1906–12. doi:10.1001/jama.2016.15826.

108. Klein AL, Imazio M, Cremer P, Brucato A, Abbate A, Fang F, 
et al. Phase 3 trial of interleukin-1 trap rilonacept in recurrent 
pericarditis. N Engl J Med 2021, 384(1), 31–41. doi:10.1056/
nejmoa2027892.

109. Adler Y, Charron P, Imazio M, Badano L, Baron-Esquivias G, 
Bogaert J, et al. ESC Guidelines for the diagnosis and manage-
ment of pericardial diseases. Eur Heart J 2015, 36(42), 2921–64. 
doi:10.1093/eurheartj/ehv318.

110. Joosten LAB, Netea MG, Mylona E, Koenders MI, Malireddi RK, 
Oosting M, et al. Engagement of fatty acids with toll-like receptor 
2 drives interleukin-1β production via the ASC/caspase 1 pathway 
in monosodium urate monohydrate crystal-induced gouty ar-
thritis. Arthritis Rheum 2010, 62(11), 3237–48. doi:10.1002/
art.27667.

111. McGonagle D, Tan AL, Shankaranarayana S, Madden J, 
Emery P, McDermott MF, et al. Management of treatment re-
sistant inflammation of acute on chronic tophaceous gout with 
anakinra. Ann Rheum Dis 2007, 66(12), 1683–4. doi:10.1136/
ard.2007.073759.

112. Rosenthal AK, Ryan LM, Campion EW. Calcium pyrophos-
phate deposition disease. N Engl J Med 2016, 374(26), 2575–84. 
doi:10.1056/NEJMra1511117.

https://doi.org/10.3109/09273948.2015.1092558
https://doi.org/10.3109/09273948.2015.1092558
https://doi.org/10.1007/s10067-009-1222-z
https://doi.org/10.1007/s10067-009-1222-z
https://doi.org/10.1186/1546-0096-6-s1-p183
https://doi.org/10.1016/S0022-3476(99)70321-5
https://doi.org/10.1016/S0022-3476(99)70321-5
https://doi.org/10.3389/fimmu.2017.01018
https://doi.org/10.1016/j.jbspin.2017.04.010
https://doi.org/10.1073/pnas.1318685111
https://doi.org/10.1016/s0049-0172(99)80027-4
https://doi.org/10.3899/jrheum.140342
https://doi.org/10.3899/jrheum.140342
https://doi.org/10.1016/j.semarthrit.2012.05.006
https://doi.org/10.3899/jrheum.091086
https://doi.org/10.3899/jrheum.091086
https://doi.org/10.1136/annrheumdis-2011-200743
https://doi.org/10.1186/ar3462
https://doi.org/10.1186/ar3462
https://doi.org/10.1136/annrheumdis-2020-217320
https://doi.org/10.1161/CIRCULATIONAHA.105.584532
https://doi.org/10.1161/CIRCULATIONAHA.105.584532
https://doi.org/10.1093/eurheartj/eht210
https://doi.org/10.1016/j.molimm.2019.07.012
https://doi.org/10.1016/j.ijcard.2013.12.137
https://doi.org/10.1161/01.CIR.94.11.2930
https://doi.org/10.1161/01.CIR.0000160348.75918.CA
https://doi.org/10.1097/CCM.0000000000001654
https://doi.org/10.1097/CCM.0000000000001654
https://doi.org/10.3389/fcvm.2018.00062
https://doi.org/10.1001/jama.2015.12763
https://doi.org/10.1016/j.jacbts.2020.11.016
https://doi.org/10.1016/j.jacbts.2020.11.016
https://doi.org/10.1177/2047487319879534
https://doi.org/10.1001/jama.2016.15826
https://doi.org/10.1056/nejmoa2027892
https://doi.org/10.1056/nejmoa2027892
https://doi.org/10.1093/eurheartj/ehv318
https://doi.org/10.1002/art.27667
https://doi.org/10.1002/art.27667
https://doi.org/10.1136/ard.2007.073759
https://doi.org/10.1136/ard.2007.073759
https://doi.org/10.1056/NEJMra1511117


308 Rodolfi et al.

113. Martinon F, Pétrilli V, Mayor A, Tardivel A, Tschopp J. Gout-
associated uric acid crystals activate the NALP3 inflammasome. 
Nature 2006, 440(7081), 237–41. doi:10.1038/nature04516.

114. Pang L, Hayes CP, Buac K, Yoo D, Rada B. Pseudogout-associated 
inflammatory calcium pyrophosphate dihydrate microcrystals in-
duce formation of neutrophil extracellular traps. J Immunol 2013, 
190(12), 6488–500. doi:10.4049/jimmunol.1203215.

115. Announ N, Palmer G, Guerne PA, Gabay C. Anakinra is a possible 
alternative in the treatment and prevention of acute attacks of 
pseudogout in end-stage renal failure. Jt. Bone Spine 2009, 76(4), 
424–6. doi:10.1016/j.jbspin.2009.01.001.

116. Mauro D, Thomas R, Guggino G, Lories R, Brown MA, Ciccia 
F. Ankylosing spondylitis: an autoimmune or autoinflammatory 
disease?. Nat Rev Rheumatol 2021, 17, 387–04. doi:10.1038/
s41584-021-00625-y.

117. Shen H, Goodall JC, Hill Gaston JS. Frequency and phenotype of 
peripheral blood Th17 cells in ankylosing spondylitis and rheuma-
toid arthritis. Arthritis Rheum 2009, 60, 1647–56. doi:10.1002/
art.24568.

118. Li Z, Akar S, Yarkan H, Lee SK, Çetin P, Can G, et al. Genome-
wide association study in Turkish and Iranian populations identify 
rare familial Mediterranean fever gene (MEFV) polymorphisms 
associated with ankylosing spondylitis. PLoS Genet 2019, 15, 
e1008038. doi:10.1371/journal.pgen.1008038.

119. Cortes A, Hadler J, Pointon JP, Robinson PC, Karaderi T, Leo P, et 
al.; International Genetics of Ankylosing Spondylitis Consortium 
(IGAS). Identification of multiple risk variants for ankylosing 
spondylitis through high-density genotyping of immune-related 
loci. Nat Genet 2013, 45, 730–8. doi:10.1038/ng.2667.

120. Guggino G, Mauro G, Rizzo A, Alessandro R, Raimondo S, Bergot 
AS, et al. Inflammasome activation in ankylosing spondylitis is as-
sociated with gut dysbiosis. Arthritis Rheumatol. (Hoboken, N.J.) 
2021, 73, 1189–99.

121. Sims AM, Timms AE, Bruges-Armas J, Burgos-Vargas R, Chou 
C-T, Doan T, et al.; International Genetics of Ankylosing Spon-
dylitis. Prospective meta-analysis of interleukin 1 gene com-
plex polymorphisms confirms associations with ankylosing 
spondylitis. Ann Rheum Dis 2008, 67, 1305–9. doi:10.1136/
ard.2007.081364.

122. Wirestam L, Arve S, Linge P, Bengtsson AA. Neutrophils-
important communicators in systemic lupus erythematosus 
and antiphospholipid syndrome. Front Immunol 2019, 10, 
2734.

123. Haibel H, Rudwaleit M, Listing J, Sieper J. Open label trial of 
anakinra in active ankylosing spondylitis over 24 weeks. Ann 
Rheum Dis 2005, 64, 296–8. doi:10.1136/ard.2004.023176.

124. Skorpen CG, Hoeltzenbein M, Tincani A, Fischer-Betz R, Elefant 
E, Chambers C, et al. The EULAR points to consider for use of 
antirheumatic drugs before pregnancy, and during pregnancy and 
lactation. Ann Rheum Dis 2016, 75, 795–10.

125. ACTIV-3/TICO LY-CoV555 Study Group, Lundgren JD, Grund 
B, Barkauskas CE, Holland TL, et al. A neutralizing monoclonal 
antibody for hospitalized patients with Covid-19. N Engl J Med 
2021, 384(10), 905–14. doi:10.1056/nejmoa2033130.

126. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical 
and immunological features of severe and moderate coronavirus 
disease 2019. J Clin Invest 2020, 130(5), 2620–29. doi:10.1172/
JCI137244

127. Chen IY, Moriyama M, Chang MF, Ichinohe T. Severe acute res-
piratory syndrome coronavirus viroporin 3a activates the NLRP3 
inflammasome. Front Microbiol 2019, 10, 50. doi:10.3389/
fmicb.2019.00050.

128. Siu KL, Yuen KS, Castaño-Rodriguez C, Ye ZW, Yeung ML, 
Fung SY, et al. Severe acute respiratory syndrome Coronavirus 
ORF3a protein activates the NLRP3 inflammasome by promoting 
TRAF3-dependent ubiquitination of ASC. FASEB J 2019, 33(8), 
8865–77. doi:10.1096/fj.201802418R.

129. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical 
features of patients infected with 2019 novel coronavirus in 
Wuhan, China. Lancet 2020, 395(10223), 497–06. doi:10.1016/
S0140-6736(20)30183-5 

130. Chen X, Zhao B, Qu Y, Chen Y, Xiong J, Feng Y, et al. Detectable 
serum SARS-CoV-2 viral load (RNAaemia) is closely correlated 
with drastically elevated interleukin 6 (IL-6) level in critically 
ill COVID-19 patients. Clin Infect Dis 2020, 71(8), 1937–42. 
doi:10.1093/cid/ciaa449.

131. Recovery Collaborative Group, Horby P, Lim WS, Emberson JR, 
Mafham M, et al. Dexamethasone in Hospitalized Patients with 
Covid-19. N. Engl. J. Med. 2021, 384(8), 693–04. doi:10.1056/
nejmoa2021436

132. Shankar-Hari M, Vale CL, Godolphin PJ, Fisher D, Higgins 
JPT, Spiga F, et al. Association between administration of IL-6 
antagonists and mortality among patients hospitalized for 
COVID-19: a meta-analysis. J. Am. Med. Assoc 2021, 326(6), 
499–18. doi:10.1001/jama.2021.11330.

133. Kyriakoulis KG, Kollias A, Poulakou G, Kyriakoulis IG, Trontzas 
IP, Charpidou A, et al. The effect of anakinra in hospitalized 
patients with covid-19: an updated systematic review and 
meta-analysis. J Clin Med 2021, 10(19), 4462. doi:10.3390/
jcm10194462.

134. Kyriazopoulou E, Poulakou G, Milionis H, Metallidis S, Adamis 
G, Tsiakos K, et al. Early treatment of COVID-19 with anakinra 
guided by soluble urokinase plasminogen receptor plasma levels: 
a double-blind, randomized controlled phase 3 trial. Nat Med 
2021, 27(10), 1752–60. doi:10.1038/s41591-021-01499-z.

135. Saeedi-Boroujeni A, Mahmoudian-Sani M-R, Nashibi R, 
Houshmandfar S, Tahmaseby Gandomkari S, Khodadadi A. Tranilast: 
a potential anti-inflammatory and NLRP3 inflammasome inhibitor 
drug for COVID-19. Immunopharmacol Immunotoxicol 2021, 43, 
247–58. doi:10.1080/08923973.2021.1925293.

https://doi.org/10.1038/nature04516
https://doi.org/10.4049/jimmunol.1203215
https://doi.org/10.1016/j.jbspin.2009.01.001
https://doi.org/10.1038/s41584-021-00625-y
https://doi.org/10.1038/s41584-021-00625-y
https://doi.org/10.1002/art.24568
https://doi.org/10.1002/art.24568
https://doi.org/10.1371/journal.pgen.1008038
https://doi.org/10.1038/ng.2667
https://doi.org/10.1136/ard.2007.081364
https://doi.org/10.1136/ard.2007.081364
https://doi.org/10.1136/ard.2004.023176
https://doi.org/10.1056/nejmoa2033130
https://doi.org/10.1172/JCI137244
https://doi.org/10.1172/JCI137244
https://doi.org/10.3389/fmicb.2019.00050
https://doi.org/10.3389/fmicb.2019.00050
https://doi.org/10.1096/fj.201802418R
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1093/cid/ciaa449
https://doi.org/10.1056/nejmoa2021436
https://doi.org/10.1056/nejmoa2021436
https://doi.org/10.1001/jama.2021.11330
https://doi.org/10.3390/jcm10194462
https://doi.org/10.3390/jcm10194462
https://doi.org/10.1038/s41591-021-01499-z
https://doi.org/10.1080/08923973.2021.1925293

