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®
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Purpose of the Review This review aims at presenting the most significant data obtained in the field of the genetics of

autoinflammatory disorders (AID) over the last past 5 years.

Recent Findings More than 15 genes have been implicated in AID since 2014, unveiling new pathogenic pathways. Recent data
have revealed atypical modes of transmission in several inherited AID, such as somatic mosaicism and digenism. First pieces of
evidence showing an involvement of epigenetic modifications in the pathogenesis of AID have also been brought to light. Novel
genetic data have been obtained on the molecular bases of genetically complex AID.

Summary The development of next-generation sequencing in routine clinical practice has led to an explosion in the identification
of new AID genes. Advances in the knowledge of AID further blur the limits between monogenic and multifactorial forms of
these syndromes, and between autoinflammatory and autoimmune conditions.

Keywords Autoinflammatory diseases - Genetics - Gene - Mosaicism - Digenism - Epigenetics

Introduction

The concept of autoinflammatory diseases (AID) was initially
proposed, as opposed to autoimmune diseases, with the rec-
ognition of Mendelian disorders characterized by seemingly
unprovoked inflammatory episodes without the high-titer au-
toantibodies or antigen-specific T cells seen in classic autoim-
mune diseases. AID are hyperinflammatory, immune-
dysregulatory conditions that typically present during child-
hood with recurrent episodes of fever, rashes, and disease
specific patterns of sterile organ inflammation.

At the beginning of the 2000s, the discovery of most
AID genes benefited from the study of large familial
forms and were the result of either positional cloning
and/or candidate gene approaches. At that time, a huge
load of studies revealed the first links bridging AID to a
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dysfunction of the innate immune system. One of the
main discoveries was that of the inflammasome, a mac-
romolecular pro-inflammatory complex, which is consti-
tutively activated in some AID associated with marked
interleukin (IL)-1{3 secretion. Many advances in the
knowledge of disease mechanisms and treatments cen-
tered on IL-1f3, leading some experts to propose a new
definition of AID saying that they are IL-1-mediated
diseases responding to anti-IL-1 therapies. More recent-
ly, the increasing use of next-generation sequencing
(NGS) in routine clinical practice has led to an expo-
nential increase in the number of genes implicated in
AID. Atypical modes of inheritance and contribution
of epigenetic factors, which will be presented in this
review, have also been brought to light. Concomitantly,
it has progressively become clear that autoinflammation
can be due to a wide range of molecular defects affect-
ing a variety of innate immune pathways, thereby pav-
ing the way to personalized medicine.

Expanding the Spectrum of Monogenic AID
The development of NGS has led to an explosion in the dis-

covery of genes responsible for monogenic AID. This under-
lines the importance of genetic tests to reach a definitive
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diagnosis, since AID are genetically diverse and display over-
lapping phenotypes. In this regard, Table 1 presents the chro-
nology of the identification of genes responsible for
Mendelian AID. The time required for in-depth functional
and mechanistic analyses of variants found in novel genes is
usually long, and it can take numerous years to fully under-
stand the involvement of a gene in pathophysiological pro-
cesses. Although knowledge of AID pathogenic mechanisms
remains incomplete, it is now clear that, apart from IL-1f3
signaling, other cellular processes are implicated (Fig. 1).
Several examples of new disease-causing genes, identified
within the last past 5 years and classified according to the
associated dysregulated pathway, are presented below.

Inflammasome and Interleukin-1 (IL-1) Mediated
Diseases

IL-1p is a potent endogenous pyrogen, which amplifies the
inflammatory response by recruiting several immune cell
types and by activating the expression of numerous pro-
inflammatory genes. Many AID are due to variants ultimately
leading to increased IL-1f3 release. Among them, several
disease-causing genes play a role in sensing danger-
associated molecular pattern or pathogen-associated molecu-
lar pattern and trigger the formation of pro-inflammatory mac-
romolecular complexes, such as inflammasomes.

As a first example, heterozygous gain-of-function variants
in NLRC4 have been shown to cause NLRC4-macrophage
activation syndrome [34, 35]. Patients present infantile entero-
colitis, recurrent febrile episodes, urticaria-like rash, and an
increased risk of macrophage activation syndrome, which
can be triggered by infections or physical stress. The NLRC4
gene, which encodes a member of the Nod-like receptor
(NLR) family, is an intracellular innate immune receptor that
senses bacterial flagellin and induces the formation of an
NLRC4-mediated inflammasome.

NLRPI germline pathogenic variants are responsible for a
wide spectrum of autosomal dominant disorders characterized
by dyskeratosis, which may or not be associated with
autoinflammatory and autoimmune features [44—46].
NLRP1 is a member of the Ced-4 family of apoptosis proteins
and a member of the NLR family, which plays a major role in
inflammatory and innate immune signaling pathways. These
NLRP1-associated syndromes mainly result from the exacer-
bated activation of the NLRP1 inflammasome in
keratinocytes.

Loss-of-function variants in WDR! are responsible for the
autosomal recessive Periodic Fever, Immunodeficiency and
Thrombocytopenia (PFIT) syndrome [49]. Patients experi-
ence recurrent infections, neutropenia, impaired wound
healing, and severe stomatitis. WDRI encodes the actin-
interacting protein 1 (AIP1), which regulates the actin
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cytosqueleton and, when mutated, activates the pyrin
inflammasome.

Type-l IFN Mediated Diseases

Type-I interferons (IFNs) have potent immune-modulating
functions. Similar to IL-1[3, [FNs induce their own amplifica-
tion loop and anti-IFN treatments are emerging as effective
treatments in some patients with AID. Type-I
interferonopathies are Mendelian diseases characterized by a
specific signature given by the upregulated expression of
genes induced by IFN. The number of type-I
interferonopathies is growing rapidly, since IFN signatures
are frequently recognized in patients with various types of
autoinflammatory/autoimmune disorders. All type-I
interferonopathies are not presented in this report, but other
recent reviews are available [51]. The recent identification of
gain-of-function variants in TMEM 173 causing SAVI
(STING-associated vasculopathy with onset in infancy) con-
stitutes a good example of an AID with a type-I IFN signature
[33]. The SAVI syndrome is characterized by small vessel
vasculitis in cold-sensitive areas, and progressive interstitial
lung disease. TMEM173 encodes a transmembrane protein,
called STING (stimulator of interferon genes), which is a pat-
tern recognition receptor that detects cytosolic double-strand
DNA and transmits signals that activate type-I IFN responses.

Ubiquitination Disorders

Ubiquitination is a process that marks proteins post-
translationally for degradation, leading to their clearance by
the 20S proteasome. The immunoproteasome resembles the
20S-classical proteasome in structure, except that three (3 sub-
units of the catalytic 20S core are replaced by three different
immunoproteasome (31 subunits, all of which are inducible by
IFN-y stimulation or by oxidative stress.

Proteasome-associated autoinflammatory syndromes
(PRASS) are caused by biallelic or digenic variants in the
proteasome subunits PSMBS, PSMB9, PSMA3, and
PSMB4 [40+]. A heterozygous variant has also been found
in the proteasome assembly molecule POMP [40¢¢]. Patients
with PRAAS present with recurrent fever, cutaneous manifes-
tations, lipodystrophy, arthralgia or arthritis, and myositis.
Very recently, biallelic variants have also been identified in
PSMG2, which encodes the proteasome assembly chaperone
2 [50].

Otulipenia is an autosomal recessive disorder due to
variants in the OTULIN gene [47, 48]. The associated
disease is characterized by recurrent fevers, panniculitis,
lipodystrophy, diarrhea, and arthritis. OTULIN encodes a
ubiquitin isopeptidase, which removes certain types of
ubiquitin chains from proteins, thereby regulating the
NF-kB signaling pathway.
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§ = = % % Sﬁ) ; ‘?i). HOIL-1 and HOIP are both involved in two types of auto-
:f SE) 1 :RS E’OZ% 8 somal recessive AID characterized by multiorgan
SR Lo gé % &3 autoinflammation, immunodeficiency, and amylopectinosis.
& %-,: %D% g HOIL1 and HOIP are two major components of the linear
= ‘%i Jg = g ubiquitination chain assembly complex (LUBAC), and vari-
jE 8 8 : %’ g g ants in the corresponding genes destabilize the whole
5 & 25850 complex.
E § % § § % ;"‘ é g gé Heterozygous loss-of-function variants in TNFAIP3 cause
% g é ; £ A20 haploinsufficiency. Most variants identified in TNFAIP3
g3 G ‘g(‘i leads to a Behget-like autoinflammatory phenotype, when
£ ¢ 2 8 % others have been implicated in an autoimmune lymphoprolif-
g § r% % Q erative syndrome [41, 42]. The protein encoded by this gene,
§ 29 < g A20, displays both ubiquitin ligase and deubiquitinase. act.1v-
o 8 é § § = ‘g ities. Cells from patients exhibit persistent polyubiquitination
é g gb—g % E g of proteins such as TRAF6, RIP1, and NEMO, which are
SE1|2 - © gg = g essential components of the NF-kB signaling pathway.
% % % % E Nevertheless, the precise molecular mechanism by which
83¢8 . . . .
é é 2 % g A20 interferes with NF-kB remains to be clarified.
S E 2
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23 g%‘g Lg £ %3 § Regulators of Various Types
£E238 s SE2<%
o % % g & E § :é é z Loss-of-function variants in ADAZ2 cause the autosomal reces-
% = 2 = é‘ SEZF % ; sive DADAZ2 syndrome, which classically presents with recur-
g g § E”% é % S E g rent fevers, early-onset strokes, vasculopathy, gastrointestinal
% oL g% E E; E g aa manifestations, and various types of immunologic and hema-
5 E El E 2 5 % B gg tologic signs [31, 32]. The ADA2 protein is one of two aden-
g §§ | g E 2 2w T:) osine deaminases which regulate levels of adenosine. ADA2
TEE g é E % bt :g é £ acts as a growth factor for endothelial cells, explaining vascu-
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éﬂ"qg’ ; T“S E! E g o g g_; anti-inflammatory M2 macrophages. Measurement of ADA2
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A = osa ;; REE® I encoded by this gene is a member of the TNF-receptor super-
£ & J:%”f B § family. This receptor induces the activation of NF-kB and
é é %. % % g MAPKS/INK signaling pathways. It is an important regulator
S a % g E ; of the interaction between T cells and dendritic cells, and this
:» -_%D & % &2 '«g receptor is also an essential mediator for osteoclast and lymph
% 8 g A _‘E- ;5*0 node development. Variants in this gene have also been asso-
g % g % ;E 8 ciated with familial expansile osteolysis, autosomal recessive
Té N :2 g E % osteopetrosis, and Paget disease of bone.
= = & _ § 4 é § B § Loss-of-function variants in ADGRE? are responsible for a
% % [E_; R} E Eg = E g vibratory urticaria associating localized hives and systemic
& “ SRS S E 5 % 2 E manifestations in response to dermal vibration, with coinci-
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SHNG = SEF SE2g2EL tion-induced degranulation.
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Loss-of-function variants in TRNT/ cause an autosomal
recessive multisystem AID with wide phenotypic heterogene-
ity called sideroblastic anemia with B cell immunodeficiency,
periodic fever, and developmental delay syndrome (SIFD)
[36]. TRNT1 is an essential enzyme, which catalyzes the ad-
dition of the CCA nucleotide triplet to the 3’ terminus of all
tRNA molecules, a critical step in the maturation of both cy-
tosolic and mitochondrial tRNA. TRNTI also participates in
the tRNA quality control process and in cellular stress re-
sponse. The pathophysiological mechanisms involved in
SIFD remain to be clarified.

Loss-of-function variants in LACCI have been shown to
cause an autosomal recessive form of systemic juvenile idio-
pathic arthritis associating fever, cutaneous rashes, and chron-
ic polyarthritis [39]. The fatty acid metabolic-immune nexus
(FAMIN) protein encoded by this gene is an oxidoreductase
that promotes fatty acid oxidation, with concomitant mito-
chondrial reactive oxygen species production and cytokine
secretion.

AP1S3-mediated psoriasis (APMS) is an autosomal
dominant disorder due to variants in APIS3 [30]. The
disease is mainly characterized by generalized or
palmoplantar pustular psoriasis with nail dystrophy.
API1S3 encodes the olC adaptor protein complex 1
(AP-1) subunit involved in clathrin-mediated vesicular
transport from the Golgi or endosomes. In AP/S3-defi-
cient keratinocytes, autophagy is disrupted, causing ab-
normal accumulation of p62, a protein involved in
NF-kB signaling. As a consequence, upregulation of

IL-1 signaling and overexpression of IL-36c have been
observed. The key role of IL-36 in psoriasis is also
underlined by the previous identification of loss-of-
function variants in /L36RN, in another form of psoria-
sis, called DITRA (deficiency of IL-36 receptor
antagonist).

Novelty on the Inheritance Modes of AID

Although most AID are autosomal recessive or autosomal
dominant, recent advances have shown atypical inheritance
modes in several clinical entities. A global overview of the
transmission mode associated with each AID is presented in
Fig. 2.

Old Genes with New Inheritance Modes

Over the last past few years, some genes previously identified
in a given monogenic AID have been shown to be responsible
for another clinical entity with a different inheritance mode.
As a first example, MEFV is the gene responsible for
the most frequent monogenic AID called familial
Mediterranean fever (FMF), an autosomal recessive con-
dition. Recently, this gene has been shown to be also
responsible for a dominantly inherited chronic neutro-
philic dermatosis named PAAND (pyrin-associated
autoinflammation with neutrophilic dermatosis). On the
one hand, FMF is characterized by short episodes of

Inflammasome /
pyroptosome

Defect in lipid
metabolism

activation

Pro- / anti-inflammatory
cytokine dysregulation

Increased activity of
immune / inflammatory
cell receptors

NF-xB signaling
dysregulation

Increased
intracellular stress

Increase in oxidative
stress

Modification of
ubiquitination processes

Fig. 1 Cellular processes involved in the pathogenesis of AID.
Schematically, AID can be seen as disorders due to a defect in one of
the three general cellular processes: increase in the activity of cell
receptors triggering inflammatory/immune responses, increased
intracellular stress, and lack of negative regulators of the inflammatory

Induction of
endoplasmic reticulum

. stress
Lack of negative

regulators

Alteration of IFN
signaling

Alteration of proteasome
assembly and function

response. When considering pathophysiological pathways in more detail,
each AID can combine several of the alterations depicted in the gray ring.
All cellular dysfunctions underlying each form of AID are far from being
elucidated. AID autoinflammatory disease, /FN interferon
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Autosomal dominant

APLAID, AMPS, Blau, CAMPS,
CAPS, Cherubism, DSAP,
FCAS2, HA20, NAIAD, NLRC4-
MAS, PAAND, PAPA, PRAID,
SAVI, TRAPS, TRAPS11,
vibratory urticaria

Mosaicism

Blau, CAPS, NLRC4-MAS,
SAVI, TRAPS

Autosomal recessive

CANDLE, DADA2, DIRA, DITRA,
FMF, Hydatidiform mole,
Histiocytosis-lympadenopathy
plus syndrome, HOIL-1 deficiency,
HOIP deficiency, IL-10D, Majeed,
MKD, ORAS, PFIT, PRASS, SIFD,
sJIA (monogenic forms), VEOIBD

Digenic
PRASS

Multigenic / multifactorial

Behget disease, sporadic CNO, Crohn disease, gout, MAS, PFAPA, Schnitzler
syndrome, adult-onset Still disease, sJIA, ...

Fig. 2 Modes of inheritance in AID. The scheme presents the different
modes of transmission observed in AID. Most AID have classical
transmission modes: autosomal recessive or autosomal dominant.
Recently, a few cases of mosaicism and digenism have been reported
and the spectrum of multifactorial AID is expanding over time.
Disorders: APLAID autoinflammatory PLCvy2-associated antibody
deficiency and immune dysregulation; AMPS AP1S3-mediated
psoriasis; CAMPS CARD-14 mediated psoriasis; CANDLE chronic
atypical neutrophilic dermatosis with lipodystrophy and elevated
temperature; CAPS cryopyrin-associated periodic syndrome; CNO
chronic non-bacterial osteomyelitis; DADA2 deficiency of adenosine
deaminase 2; DIRA deficiency of IL-1 receptor antagonist; DITRA
deficiency of IL-36 receptor antagonist; DSAP disseminated superficial
actinic porokeratosis; FACS?2 familial cold autoinflammatory syndrome 2;
FMF familial Mediterranean fever; HA20 A20 haploinsufficiency; /L-
10D IL-10 deficiency; MAS macrophage activation syndrome; MKD

high fever accompanied by severe abdominal and chest
pain, pleurisy, arthralgia or arthritis, and myalgia, some-
times accompanied by erysipeloid erythema and renal
amyloidosis. On the other hand, the PAAND syndrome
associates long-lasting fever episodes, arthralgia, myal-
gia or myositis, and different types of neutrophilic der-
matosis (severe acne, sterile skin abscesses, pyoderma
gangrenosum, small vessel vasculitis). MEFV encodes
the pyrin protein. Variants responsible for PAAND are
located in a particular domain of pyrin, allowing pyrin
binding with 14.3.3 regulatory partners. These PAAND-
associated variants, which disrupt pyrin phosphorylation,
induce 14.3.3 release and the subsequent activation of a
pyrin-mediated inflammasome [3ee, 52].

A similar observation was previously made with the MVK
gene. This gene was involved in the autosomal recessive
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mevalonate kinase deficiency; NA/AD NLRPI-associated
autoinflammation with arthritis and dyskeratosis; NLRC4-MAS NLRC4-
macrophage activation syndrome; ORAS otulin-related autoinflammatory
syndrome; PAAND pyrin-associated autoinflammation with neutrophilic
dermatosis; PAPA pyogenic arthritis, pyoderma gangrenosum and acne;
PFAPA periodic fever with aphtous stomatitis, pharyngitis, and cervical
adenitis; PFIT periodic fever, immunodeficiency, and thrombocytopenia;
PRAID POMP-related autoinflammation and immune dysregulation
disease; PRASS proteasome-associated autoinflammatory syndromes;
SAVI STING-associated vasculopathy with onset in infancy; SIFD
sideroblastic anemia with B cell immunodeficiency, fevers, and
developmental delay; sJIA monogenic form of systemic juvenile
idiopathic arthritis; TRAPS TNFRSF1A-associated periodic syndrome;
TRAPS11 TNFRSF11A-associated periodic syndrome; VEOIBD very
early-onset inflammatory bowel disease

mevalonate kinase deficiency syndrome in 1999, and 13 years
later in an autosomal dominant form of porokeratosis [5—7].

Digenism

In 2010, variants in PSMBS8, which encodes the inducible
immunoproteasome 351 subunit, have been shown to be re-
sponsible for an autosomal recessive immune-dysregulatory
disease called CANDLE (chronic atypical neutrophilic derma-
tosis with lipodystrophy and elevated temperature), which is
classified as a proteasome-associated autoinflammatory syn-
drome (PRAAS). More recently, the disease has been found to
be digenic in several patients with double heterozygotes car-
rying one variant in an inducible proteasome component
(PSMBS8 or PSMBY) and one variant in a constitutive protea-
some component (PSMB4 or PSMA3) [40e¢]. As mentioned
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previously, these variants alter proteasome activity leading to
increased type-I IFN production.

Mosaicism

Over the past few years, a growing number of studies demon-
strated a role of somatic mosaicism in the pathogenesis of
several monogenic AID. Mosaicism is defined by the pres-
ence of two or more populations of cells with different genetic
contents in one individual [53]. This is the consequence of a
mutational event that occurs post-zygotically, either during
embryonic development or later, after birth. This post-
zygotic mutation is a so-called de novo variant since it is
absent in the patient’s parents. Its body distribution directly
depends on the precise time when the post-zygotic mutational
event took place. When the mutational event is restricted to
somatic cells, the phenomenon is called somatic mosaicism.
When it is restricted to the gonadal tissue, it is named gonadal
mosaicism. The term gonosomal mosaicism is used when a
post-zygotic variant is present both in gonadal and extra-
gonadal tissue. The variant can be missed when using
Sanger sequencing, due to its low frequency in cells used for
DNA extraction and its detection usually requires the use of
NGS.

The first case of mosaicism in the field of AID was reported
in 2005 in a patient with cryopyrin-associated periodic syn-
dromes (CAPS) and carrying a pathogenic variant in the
NLRP3 gene [54¢¢]. To date, most cases of somatic mosaicism
are related to the NLRP3 gene, with more than 10 independent
reports [54ee, 55-59]. Although the frequency of NLRP3 mu-
tant cells is usually similar in all analyzed tissues, several
cases of somatic NLRP3 mosaicism restricted to the myeloid
lineage have recently been reported [60—-62]. These patients
present with a late-onset CAPS, as compared to patients with
germline variants or patients with extended somatic NLRP3
mosaicism, who usually develop symptoms during childhood.
Also, in several cases of myeloid-restricted NLRP3 mosai-
cism, the diagnosis was made in patients with a clinical diag-
nosis of Schnitzler syndrome, an AID characterized by a neu-
trophilic urticarial skin rash, monoclonal gammopathy, and
positive response to anti-IL1 therapies [60].

Now, several dozen patients have been identified with so-
matic mosaicism in different genes implicated in monogenic
AID. In 2014, Liu et al. have demonstrated somatic mosaicism
for the TMEM173 gene in the autosomal dominant stimulator
of interferon genes (STING)-associated vasculopathy with on-
set in infancy (SAVI) [33]. Another example has been found
in a case of Blau syndrome, which is due to gain-of-function
variants in NOD2 [63]. In 2017, somatic mosaicism in
NLRC4, the gene responsible for NLRC4-associated macro-
phage activation syndrome, has been reported in a patient
initially referred for CAPS [64].

Gonosomal mosaicism has also been reported in several
AID, including CAPS, TRAPS, Blau syndrome, and
haploinsufficiency of A20 [65-68].

Complex AID

The study of genetically complex AID has benefited from the
use of genome-wide association studies. One of the first com-
plex AID to be well studied at the genetic level was Behget
disease. This disorder is mainly characterized by recurrent oral
and genital ulcers, skin lesions, and uveitis. HLA-B*51 is the
strongest genetic susceptibility factor in this entity, and an
epistatic interaction with the endoplasmic reticulum-
associated aminopeptidase 1 (ERAPI1) determines its patho-
genic role [69]. More recently, non-HLA susceptibility genes
have been shown to contribute to the disease susceptibility by
affecting the host sensitivity to microbial exposure and envi-
ronmental triggers [70]. Genetic susceptibility factors in-
volved in other AID have been identified over the last past
5 years. As an example, HLA-DRB1*11 and variants of the
MHC class II locus have been shown to be strong risk factors
for systemic juvenile idiopathic arthritis [71].

Epigenetics

Epigenetic modifications, which mainly involve DNA meth-
ylation and histone modification, play an important role in the
regulation of gene expression [72]. Recent advances have
shed light on the first pieces of evidence showing an involve-
ment of epigenetic modifications in the pathogenesis of AID.

A recent study has analyzed DNA methylation levels of
inflammasome-associated genes in patients with CAPS.
Monocytes from untreated patients display more efficient
DNA demethylation than those of healthy subjects.
Interestingly, patients with CAPS treated with anti-IL-1 drugs
display methylation levels similar to those of healthy controls,
suggesting that the drug is effective in preventing the exacer-
bated demethylation of inflammasome genes [73]. The study
of skin biopsies from patients with CAPS also reveals an
altered expression of numerous genes encoding enzymes as-
sociated with histone modification [74]. Another study has
revealed that expression of MEFV (the gene responsible for
FMF) is decreased in FMF patients as compared to healthy
controls, and this is associated with a slightly higher methyl-
ation level of MEFV exon 2 [75]. In mevalonate kinase defi-
ciency (MKD), which is caused by loss-of-function variants in
the MVK gene, monocytes of patients accumulate mevalonate,
which induces histone modifications in inflammatory path-
ways. Consistently, statins, which block mevalonate genera-
tion, prevent this phenomenon [76].

Epigenetic dysregulation also plays a role in complex AID.
Genome-wide DNA methylation analyses in monocytes and
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CD4+ cells of patients with Behcet disease show different
methylation levels, as compared to healthy controls.
Notably, patients in remission after treatment show a partial
restoration of the DNA methylation pattern [77]. Chronic non-
bacterial osteomyelitis (CNO) is a chronic autoinflammatory
syndrome that is characterized by multiple foci of painful
swelling of bones. It has been proposed that the repression
of IL-10 and IL-19, seen in this clinical entity, is due to an
altered histone phosphorylation profile in their promoter re-
gion (altered histone H3 phosphorylation at serine residue
10—H3S10p), together with a differential DNA methylation
in IL-10 intronic enhancer element [78]. Epigenetic alterations
have also been reported in Crohn’s disease (CD), one of the
most frequent types of inflammatory bowel disease. The
DNMT3A gene, encoding a DNA methyltransferase involved
in de novo methylation, has been identified by a genome-wide
association study as a susceptibility gene for CD [79]. The
study of genome-wide methylation profiles in peripheral
blood cells from CD patients has also revealed a specific
methylation pattern with modifications in several genes
playing a key role in host defense mechanisms [80].

Conclusions

What can we expect for the future? Despite all these advances
in the discovery of new disease-causing genes, the rate of
genetically unexplained forms of AID remains high. Within
the coming years, we can expect that the spectrum of AID will
continue to expand with the discovery of additional disease-
causing genes, associated with undisclosed pathogenic mech-
anisms. Nevertheless, since most large familial forms have
already been explored, new monogenic diseases will certainly
correspond to very rare clinical entities due to private muta-
tions. In this regard, the implication of new variants will re-
quire close collaborations between biologists and clinicians.

The use of NGS in routine clinical practice will certainly
allow the identification of mosaicism in a growing number of
clinical entities. This phenomenon expands the clinical spec-
trum associated with some AID towards milder phenotypes or
late-onset forms of the disease. Characterization of diseases
due to digenism in other entities than PRASS will represent an
important challenge. At the present time, we have no clue to
evaluate how frequent this mode of inheritance in AID is, and
if it could explain a significant part of the genetically unex-
plained forms of AID.

The growing number of observations showing a role of
epigenetic alterations in AID underlines that epigenetic mech-
anisms likely contribute to the pathophysiology of these dis-
orders. Nevertheless, further studies are needed to fully under-
stand the exact role of these epigenetic modifications in the
disease process and response to treatment.

@ Springer

Over the last past 5 years, the discovery of numerous AID
genes and associated pathways has improved our knowledge
of the pathophysiology of AID and has further blurred the
frontiers between autoinflammaory and autoimmune disor-
ders. All these novelties should also allow more targeted ther-
apies. As an example, the recent use of JAK inhibitors in
interferonopathies has shown promising effects.
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