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Rheumatological manifestations in inborn errors of immunity

Sevgi Kostel Bal'*3, Julia Pazmandi'*3, Kaan Boztug'***°

and Seza Ozen®

Rare monogenetic diseases serve as natural models to dissect the molecular pathophysiology of the complex disease traits.
Rheumatologic disorders by their nature are considered complex diseases with partially genetic origin, as illustrated by their
heterogeneous genetic background and variable phenotypic presentation. Recent advances in genetic technologies have helped
uncover multiple variants associated with disease susceptibility; however, a precise understanding of genotype-phenotype
relationships is still missing. Inborn errors of immunity (IEls), in addition to recurrent infections, may also present with autoimmune
and autoinflammatory rheumatologic manifestations and have provided insights for understanding the underlying the principles of
immune system homeostasis and mechanisms of immune dysregulation. This review discusses the rheumatologic manifestations in
IEls with overlapping and differentiating features in immunodeficiencies and rheumatologic disorders.
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INTRODUCTION

Rheumatologic disorders, including juvenile idiopathic arthritis
(JIA), ankylosing spondylitis, systemic lupus erythematosus (SLE),
and psoriatic arthritis, are considered as complex heterogeneous
disorders where various genetic and environmental risk factors
influence disease onset.' Complex genetic inheritance patterns
are major aspects of rheumatic disorders, whereby combinations
of multiple variants influence disease susceptibility in addition to
the course or outcome, as well as response to therapy. The
heterogeneity of rheumatologic disorders in terms of presentation
and outcome is a significant challenge for rheumatologists during
clinical practice.'?

Advances in genetics technologies have provided an opportunity
to assess the impact of genetic aberrations on disease processes
via identification of genetic risk factors using genome-wide
association studies (GWAS). GWAS has been a powerful tool,
extensively exploited to discover the genetic susceptibility of
complex disease traits. A recent meta-analysis of collective data
from GWAS on 29,800 rheumatoid arthritis (RA) patients revealed
377 candidate genes on non-major histocompatibility complex
(non-MHC) loci. Ninety-eight of them were associated with two-fold
increase in the risk of RA development and 15 of those genes,
including AIRE, IL2RA, RAGI1/2, CD40, TYK2, and CASP8, were
previously identified to be causing inborn errors of immunity (IEl)
particularly enriched in diseases of immune dysregulation.® Similar
attempts have been made for the pediatric cohort, for the disease
groups including systemic JIA, revealing overlaps with [EL*®
Although GWAS have been useful for revealing genetic risk
variants for complex disorders, linking those variants associated with
disease susceptibility to disease pathogenesis has remained a
challenge. Despite all efforts and recent advances, the
genotype-phenotype links are still missing for many of the
significant GWAS loci” For this reason, during the post-GWAS

period, the research focus has shifted to localizing the genetic signal
from GWAS to delineate which target gene may be affected, in order
to validate the risk variants and refine the causative biological
mechanism(s) underlying the disease.”®

The past decade has witnessed an increase in research into the
single-gene causes of the rheumatologic diseases, resulting in
identification of several genetic mutations that underlie immune
dysregulation and subsequently rheumatological manifestations.?
A high degree of overlap exists between autoimmune diseases
and I[El in terms of genetic associations and causes (Fig. 1a, b). The
2017 analysis of French registry for IEls revealed that there is a
significant increase in the autoimmune and autoinflammatory
complications in IEl patients, especially in common variable
immunodeficiency (CVID) and combined immunodeficiency
(CID). The overall survival time was also shorter for the patients
having those complications.’

IEls are genetically heterogeneous often single-gene disorders
affecting development, maturation, or function of cells essential
for immune system. Owing to their monogenic nature, IEls
serve as “experiments of nature.” They provide essential insights
into the functioning of the immune system and contribute to
the identification of the effectors of infection immunity and the
checkpoints of self-reactivity. Affected individuals are prone to
infections and often develop autoimmune disorders, allergies,
lymphoproliferative disorders, and malignancies. IEls are now
known to be associated with a spectrum of rheumatologic
diseases, including inflammatory arthritis, vasculitis, SLE, and
SLE-like disorders (Fig. 1c). Investigating the consequences of
genetic aberrations in patients with monogenic defects caus-
ing IEls, allows for a mechanistic understanding of fundamental
biological processes underlying these heterogenous diseases.

We herein review selected IEls presenting within a spectrum of
rheumatologic manifestations and how detailed studies on the
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Immunological Societies (IUIS) phenotypic classification of IELZ® ¢ Mechanisms involved in the pathogenesis of IEI presenting with
rheumatologic manifestations. The gene list shown here displays selected examples for the respective subgroups

their molecular pathophysiology has contributed to our under-
standing of immune homeostasis.

DEFECTS OF LYMPHOCYTE DEVELOPMENT AND TOLERANCE
The adaptive immune system is orchestrated by the crosstalk of T
and B lymphocytes, which express immune receptors, immuno-
globulins (Igs), and T cell receptors (TCRs), all showing an immense
diversity of antigen repertoire to discriminate between self and
non-self. Genetic aberrations impairing lymphocyte development,
selection, activation, and differentiation can lead to immune
signaling disturbances, resulting in IEls presenting with auto-
immunity and autoinflammation.'® "

Severe combined immunodeficiencies (SCIDs) are a prototypic
group of disorders of the adaptive immune system in which
both components, T and B cells, are lacking or functionally
impaired. Mutations in genes involved in T-cell development
can result in SCID. SCID patients have absent or very low numbers
of T cells and absent or non-functional B cells, predisposing
them to life-threatening bacterial, fungal, and viral infections.’
Hypomorphic mutations in SCID-causing genes may lead to
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residual or less functional protein production, which gives rise to a
spectrum of phenotypes, including susceptibility to infections
and dysregulated immunity. Consequently, all partial T-cell
disorders may present with autoimmune or autoinflammatory
manifestations."'

Receptor rearrangement with VDJ-recombination is crucial for
the development of lymphocytes. Together with other enzymes
and recombinases, RAG1 and RAG2 form a complex that initiates
DNA cleavage and then repairs DNA breaks during VDJ-
recombination. Classical RAG deficiency leads to SCID with absent
T and B cells. Hypomorphic mutations of RAG have recently been
shown to underlie a broader spectrum of clinical phenotypes
including CID with granulomatous reactions or CD4-lymphopenia,
CVID, or even hyper-lgM syndromes.”>'* A recent review of
patient databases showed that 67% of the patients with RAG
deficiency have documented autoimmune/autoinflammatory
complications, such as autoimmune cytopenia, granuloma,
vasculitis and neuropathies. Notably, in these patients, vasculitis
occurred early in the disease course and was often complicated by
significant end-organ involvement and, in most cases, was not
responsive to first- or second-line therapy but required
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hematopoietic stem cell transplantation (HSCT) for definitive
management.'”

RAG1/2 mutations are the most common cause of Omenn
syndrome—a defect in the activation and/or regulation of T-cell
proliferation presenting with erythroderma, eosinophilia, hepa-
tosplenomegaly, lymphadenopathy, and elevated serum IgE
levels. Mutations in DCLRE1C, encoding Artemis, another protein
involved in VDJ-recombination, can also cause Omenn syndrome.
Similarly, hypomorphic mutations of DCLRETC have been reported
to be presenting as patients having CVID with autoimmune
manifestations, including Hashimoto thyroiditis and JIA.'

Adenosine deaminase deficiency (ADA) is one of the common
forms of SCID that accounts for 15-20% of all cases.'” Metabolic
deficiency of the ADA enzyme results in the accumulation of toxic
substrates, such as adenosine, 2’-deoxyadenosine, and deoxyr-
ibonucleotides, subsequently leading to severe lymphopenia
(affecting T, B, and natural killer (NK) cells). Immune dysregulation
in ADA deficiency may disrupt adaptive and innate immune
pathways that normally lead to the development of tolerance.'” A
wide spectrum of autoimmune manifestations have been
documented (i.e., hemolytic anemia and immune thrombocyto-
penia) particularly in delayed and late-onset forms of ADA
deficiency.!”

TCR maturation and integrity is essential for the development
and regulatory functions of T lymphocytes. The strength of TCR
signaling plays a critical role in governing positive and negative
selection in the thymus as well as responses of effector and
regulatory T (Treg) cells in the periphery. In contrast to other TCR
components where the mutations result in T-B+NK+ SCID, CD3y
deficiency causes a milder phenotype mainly presenting with
autoimmunity. Clinical manifestations may extend from autoim-
mune thyroiditis and autoimmune hepatitis to ANA+ arthritis and
nephrotic syndrome.'®'?

ZAP70 is a protein found on the surface membrane of
lymphocytes and essential for TCR signaling. ZAP70 deficiency
leads to a SCID form in which CD8 T cells are absent and CD4
T cells are present but defective in function. Although disruption
in thymic stromal cells of ZAP70-deficient individuals implicated a
defect in T-cell tolerance, clinical evidence was not available for
autoimmunity in these patients.”® More recently, a combination of
hypomorphic and hyperactivating compound heterozygous muta-
tions in ZAP70 have been reported to be causing a CID having
autoimmune phenotype with therapy-resistant bullous pemphi-
goid, nephrotic syndrome, and inflammatory colitis documenting
evidence for systemic autoimmunity.?'

DISEASES OF IMMUNE DYSREGULATION

Immunodeficiencies with immune dysregulation arise from
abrogation of signaling pathways involved in development and
maintenance of immune tolerance mechanisms, conventionally
categorized under central and peripheral tolerance. Central
tolerance occurs in the thymus and involves maturation and
selection of T cells for developing antigenic repertoire to
differentiate between self and non-self. Loss of central tolerance
due to mutations in AIRE leads to autoimmune polyendocrino-
pathy, candidiasis, and ectodermal dystrophy (APECED). AIRE
mediates the promiscuous gene expression of a large number of
tissue-specific antigens and is involved in the negative selection of
autoreactive T cells.?? APECED patients present with a character-
istic combination of chronic mucocutaneous candidiasis and
autoimmunity that affects several endocrine and non-endocrine
tissues. Non-endocrine autoimmune complications have recently
been recognized as common disease manifestations, such as
urticarial eruptions, Sjogren-like syndrome, autoimmune gastritis,
hepatitis, pneumonitis, and tubulointerstitial nephritis.> These
manifestations develop in patients depending on the combinator-
ial disruption of tissue-specific antigenic repertoire.
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A small percentage of lymphocytes that emigrate from the
thymus develop into CD47CD25% Treg cells and express the
transcription factor forkhead box protein P3 (FOXP3). These cells
become the key regulators of peripheral immune tolerance
mechanisms with the suppressive effect that is exerted at the
level of the tissues and peripheral lymphoid organs. Mutations in
the FOXP3 gene cause immune dysregulation, polyendocrino-
pathy, enteropathy, X-linked (IPEX) syndrome, an inherited
disorder of systemic autoimmunity that is characterized by defec-
tive peripheral immune tolerance. The most common initial
presentation of patients is a classical triad of enteropathy,
eczematous dermatitis, and endocrinopathy (type-l diabetes or
thyroiditis). Over the course of the disease, additional symptoms
of systemic autoimmunity including cytopenias, nephropathy,
hepatitis, arthritis, and alopecia have been documented.?*?*

CD25 is a surface receptor constitutively expressed at high
levels by Treg cells, enables them to be the first responders to
interleukin (IL)-2 during an immune response, and promotes the
transcription of FOXP3.® (D25 deficiency is an autosomal-
recessive disorder manifesting with severe autoimmune enteritis,
viral infections, and lymphoproliferation. Similar to IPEX, over the
disease course, additional autoimmune symptoms such as arthritis
and alopecia can be observed.?’” The signaling through CD25 has
also been exploited for therapeutic approach to restore Treg
function in autoimmune diseases including SLE and steroid
refractory chronic graft versus host disease.”®*

Cytotoxic T lymphocyte-associated protein 4 (CTLA-4) is a
checkpoint inhibitor molecule constitutively expressed in Treg
cells, essential for their suppressive functions. CTLA-4, normally
located in intracellular vesicles, is transferred to membrane upon
T-cell activation. Competing with co-stimulatory molecule of
CD28, CTLA-4 captures the CD80/86 receptors expressed on
antigen-presenting cells and by means of transendocytosis and
inhibits the T-cell activation through restriction of activatory
costimulation. Patients with defects in CTLA-4 further show
autoantibody-mediated cytopenias, lymphoproliferation, hypo-
gammaglobulinemia, organ-specific autoimmunity, and lympho-
cytic infiltration of non-lymphoid organs. A recent publication on a
cohort of patients with CTLA4 haploinsufficiency described
hypogammaglobulinemia, lymphoproliferation, respiratory invol-
vement, gastrointestinal symptoms, and autoimmune cytopenia
as main features of the disease.3°732

Although homozygous mutations of CTLA4 have not been
reported in humans, homozygous mutations in LRBA phenocopy
CTLA4 haploinsufficiency. LRBA mutations have been linked to
defective vesicle trafficking including transendocytosis and turn-
over of CTLA-4.33 A decrease in LRBA protein function leads to the
diminished expression of CTLA-4 on the surface of Tregs.3?
Although features of CTLA-4 and LRBA deficiencies are similar, a
notable difference is the typically earlier age of onset of LRBA
deficiency. Furthermore, additional autoimmune features, includ-
ing type-l diabetes, autoimmune thyroiditis, arthritis, psoriasis or
other skin disorders, uveitis, and vitiligo, appear to be more
common in LRBA deficiency.>***

In order to restore the loss of function of CTLA-4 in patients with
LRBA and CTLA4 mutations, abatacept and belatacept CTLA-4-
fusion proteins have been used as a therapeutic approach. To
date, both molecules are under clinical trial for use in LRBA and
CTLA-4 deficiency with individual reports stating beneficial effects
on autoimmune and lymphoproliferative symptoms.3'33

Wiskott-Aldrich syndrome (WAS) is a primary immune defi-
ciency with an X-linked inheritance pattern, classically character-
ized by thrombocytopenia with small platelets, eczema, and
recurrent infections. WAS is caused by the mutations in the WAS
gene coding WAS protein (WASp). WASp is involved in cell
signaling and cytoskeleton reorganization through actin regula-
tion. Autoimmune manifestations are observed in 70% of WAS
patients and serve as a major complicating factor for HSCT
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outcome. Autoimmune cytopenias are most commonly reported
complications, followed by arthritis, vasculitis, inflammatory bowel
disease (IBD), and immune-mediated renal disease, including IgA-
nephropathy and IgA-vasculitis. Dysfunctional Tregs and expan-
sion in autoreactive B-cell population are the suggested mechan-
isms for autoimmunity in WAS patients.

More recently, mutations in another actin regulator, ARPC18B,
have been identified in a group of patients presenting with severe
recurrent infections, inflammation, and allergy, similar to WAS.
Although low platelets and recurrent infections were the initial
manifestations, cutaneous vasculitis was the characteristic symp-
tom. Leucocytoclastic vasculitis was documented in all cases
undergoing a skin biopsy. Defective Treg cell function has been
shown to be delineating the pathology seen in these patients.’

Signal transducer and activator of transcription (STAT) mole-
cules are evolutionarily conserved transcription factors involved in
proliferation, differentiation, migration, apoptosis, and cell survi-
val. Autosomal-dominant STAT3-GOF mutations can cause early-
onset lymphoproliferation and autoimmunity.?® The most fre-
quent clinical manifestations are autoimmune cytopenias and
lymphoproliferation followed by enteropathy, interstitial lung
disease, thyroiditis, diabetes, and arthritis. Although there is no
standard of care therapy, the use of anti-IL-6 receptor and Janus-
activated kinase (JAK) inhibitors are promising strategies.*®

Similar to STAT3, STATI-GOF also present with multiple
autoimmunities. Impaired Ty17 cell differentiation and exagger-
ated responsiveness to type-l and -ll interferons (IFNs) manifest in
patients with chronic mucocutaneous candidiasis and autoimmu-
nity, including autoimmune cytopenias, enteropathy, type-I
diabetes, and SLE-like disease. Owing to the hyperinflammatory
state, allogeneic HSCT outcomes have been very poor. Treatment
of patients with ruxolitinib, JAK1/2 inhibitor, appear to be
beneficial in controlling autoimmunity in these patients.*%*'

PREDOMINANTLY ANTIBODY DISORDERS

CVID is the most common symptomatic group of PIDs with an
estimated prevalence of 1/25,000. Patients manifest with
recurrent sinopulmonary infections: autoimmune, inflammatory,
or neoplastic diseases. There is no single disease classification
for CVID due to the heterogeneous manifestations, therefore the
diagnostic approach is based on exclusion. The clinical
diagnostic criteria for CVID in ESID (European Society of Immune
Deficiencies) registry are (1) increased susceptibility to infec-
tions, autoimmunity, lymphoproliferation, and granulomatous
disease; (2) marked reduction of serum IgG, IgA, and/or IgM
levels two standard deviations below the mean; (3) impaired
vaccine responses or absent isohemagglutinins or low switched
memory B cells; (4) exclusion of other causes of hypogamma-
globulinemia; (5) exclusion of T-cell defects and (6) establish-
ment of diagnosis after the fourth year of life.*? The prevalence
of autoimmune disorders in CVID patients have been reported
to be 23% in the ESID registry.”> The most prevalent
autoimmune disorder in patients with CVID is autoimmune
cytopenia followed by systemic and organ-specific autoimmu-
nities.”> More recently, the analysis of the CVID cohort in
USIDNET registry revealed that 1/3 of the patients having
systemic autoimmunity presented with rheumatologic compli-
cations. CVID-associated rheumatologic diseases were reported
to be overlapping with other inflammatory CVID complications
in about one-third of the patients.** The tendency to develop
autoimmune manifestations can potentially be explained by
multiple defects, including the dysregulation of B cells, impaired
class-switch recombination and B cell receptor editing,
increased survival of autoreactive B cells, expansion of CD21low
B cells, impaired activation-induced cell death, decreased
clearance of apoptotic cells and immune complexes, and
persistent infections.*®

SPRINGERNATURE

During the past 10 years with the next-generation sequencing,
several novel genes have been identified to be causing CVID or
CVID-like diseases. Currently, approximately 10-15% of CVID
patients receive genetic diagnosis.*®

Identification of single-gene mutations in only a small group of
the CVID population led to the idea that CVID is rather a complex
disease not only inherited with classical Mendelian pattern. The
proposed complex picture of CVID immunopathogenesis involves
an interplay of genes, environmental factors, and dysregulation of
immune cells, where gut microbiota and gastrointestinal inflam-
mation can both be important contributors to the systemic
immune activation seen in CVID and epigenetic mechanisms may
be the undiscovered link between these contributors.*®

XLA (X-linked agammaglobulinemia) is one of the earliest
recognized primary immunodeficiencies, presenting with B-cell
maturation deficiency due to the mutations in the BTK gene. In a
recent multicentric study, IBD and arthritis were reported in 3.4%
and 7.9% of the patients, respectively.*® BTK has been identified as
a direct regulator of a key innate inflammatory pathway, the
nucleotide-binding oligomerization domain, leucine-rich repeat
and pyrin domain containing 3 (NLRP3) inflammasome and NK-
cell activation. Normal BTK function is essential for normal TLR-
induced IL-10 production in macrophages. The impact of BTK
deficiency is not fully defined, although patients exhibit higher
than expected rates of inflammatory diseases suggesting dysre-
gulation of the innate immune response.*®

Hyper-IgM syndrome denotes to a group of IEls characterized
by defective CD40 signaling in B cells, which subsequently affects
the class-switch recombination and somatic hypermutation. The
most common hyper-IgM syndrome is caused by mutations in
CD40L, which is expressed by activated CD4+ T cells.*” Four other
genes (CD40, AICDA, UNG, NEMO) expressed by B cells have been
associated with the hyper-IgM phenotype. In addition to the
susceptibility to recurrent and opportunistic infections, these
patients are also prone to autoimmune complications, especially
hematologic abnormalities, autoimmune thyroid disease, nephri-
tis, IBD, and RA. Moreover, organ-specific autoantibodies are
commonly found in hyper-IlgM patients.*®

PHAGOCYTIC DISORDERS
Chronic granulomatous disease (CGD) is an IEl caused by
mutations in one of the five subunits of NADPH oxidase complex,
leading to a profound defect in a burst of oxygen consumption
that normally accompanies phagocytosis in all myeloid cells.
Patients suffer from recurrent infections along with autoinflam-
matory and autoimmune disorders.”® Rheumatic manifestations
include antiphospholipid syndrome, recurrent pericardial effusion,
JIA, 1gA nephropathy, SLE, and autoimmune pulmonary disease.
Analysis of a French cohort of patients with CGD revealed that
17% of the patients develop autoimmune complications, the most
frequent being discoid lupus erythematosus.>

Several studies delineating the role of NADPH oxidase in CGD
illustrate that its effects extend beyond the predisposition to
infections. NADPH oxidase has been shown to be modulating
MHC-II presentation in B cells. Defects in oxidase activity may alter
the peptide repertoire displayed by MHC-I, which might
potentially be a mechanism contributing to the development of
autoimmunity in patients with CGD.>’

COMPLEMENT DEFICIENCIES

The complement pathway is a complex auto-regulated system
comprising of plasma proteins and cell surface receptors that react
with each other initiating a cascade to opsonize the pathogens
and generate small-molecule mediators to regulate both the
innate and adaptive immune system.>? As part of innate immune
system, complement components destroy pathogens and prevent
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autologous tissue damage by removing immunocomplexes and
apoptotic and tumoral cells. The complement pathway contri-
butes to adaptive immunity as well by enhancing antibody
generation through priming of B cells.>*

Complement deficiencies manifest with recurrent infections
with encapsulated bacteria and SLE. Despite being rare, deficien-
cies in the early components of the complement pathway are
strongly associated with SLE. In all, 93% of C1r- and C1s-deficient
patients, 75% of C4-deficient patients, and 57% of C1g-deficient
patients have SLE.>*

AUTOINFLAMMATORY DISORDERS

Autoinflammatory diseases represent a group of immunedysre-
gulatory disorders typically presenting in early childhood
with fever and features of clinical and laboratory inflammation.
Identification of disease-specific gene defects has contributed
substantially to elucidate the key mechanisms of pathogenesis,
including excessive IL-1 signaling, constitutive nuclear
factor kappa B (NF-kB) activation, and chronic type-l IFN
signaling.>®

Mutations in MEFV, a gene encoding the intracellular sensor
pyrin/marenostrin result in Familial Mediterranean Fever (FMF).
FMF is the most prevalent monogenic autoinflammatory disease,
particularly affecting the eastern Mediterranean population. FMF
classically presents with episodic flares, including fever, general-
ized peritonitis, and non-erosive oligoarthritis. Pleuritis, pericardi-
tis, scrotal pain might also develop. Although symptom-free
intervals are characteristic for FMF, the subclinical inflammation
leads to secondary amyloidosis and other sequelae in untreated
patients. Pyrin is an essential protein in the NLRP3 inflammasome
complex, where the mutations cause excess inflammation via
caspase-1 activation and IL-1b production.>>*® A critical role of
pyrin has been implicated in several important cellular functions,
such as the assembly of inflammasome, intracellular danger
signal sensing and activation of inflammation through inflamma-
some, resolution of inflammation by the autophagy of granulo-
cytes, and regulation of inflammation through cytoskeletal
rearrangements.>”*® More recently, pyrin has also been shown
to modulate inactivation of Rho-GTPases involved in actin
regulation in response to pathogen modifications.>® Elucidating
pathways where pyrin is involved has helped us understand the
efficacy of colchicine treatment, which has been the standard of
care for these patients.

Cryopyrin-associated periodic syndromes (CAPS) are another
classical example for disorders associated with excessive IL-1
signaling and thus respond to IL-1-inhibiting therapy. Autosomal-
dominant mutations in NLRP3, encoding cryopyrin have been
linked to CAPS. NLRP3 is a key protein of the NLRP3 inflamma-
some, activated by several stimuli and ultimately triggering
conversion of pro-IL-1 to mature IL-1 by caspase-1 activation.
Common clinical features of patients with CAPS are episodes of
fever, neutrophilic urticaria, conjunctivitis, arthralgia, and elevated
acute-phase reactants.>® Although in mild patients symptoms are
limited to cold-induced episodes of inflammation with mentioned
disease manifestations, most patients can develop permanent
hearing loss, and severe ones also develop joint and central
nervous system damage early in life. Despite this clinical
heterogeneity, IL-1 inhibition is the standard therapy recom-
mended for CAPS patients.®°

Mevalonate kinase deficiency (also called hyper-IgD syndrome)
is caused by homozygous mutations in the MVK gene. In addition
to elevated IgD, patients present with non-erosive arthritis of large
joints, cervical lymphadenopathy, abdominal pain, vomiting,
diarrhea, and variable skin lesions.®’®? Mutations in MVK cause
abrogation of geranylgeranyl pyrophosphate synthesis, which is
an intermediate for isoprenoid and substrate used for protein
prenylation. Attacks are likely caused by uncontrolled release of
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IL-1B as a consequence of insufficient geranylgeranyl pyropho-
sphate generation.®®

Autosomal-dominant mutations in tumor necrosis factor
receptor superfamily member 1A (TNFRSF1A), encoding the TNF
receptor TNFR1, have been linked to tumor necrosis factor
receptor-associated periodic fever syndrome (TRAPS). The
impaired clearance of TNFR1 aggregates leads to accumulation
in the cytoplasm and induction of NF-kB and triggers innate
immunity and excessive IL-1b secretion.?® Patients often present
with recurrent fever, abdominal pain, pleuritis, myalgias, arthral-
gias, periorbital edema, and conjunctivitis. Myalgias caused by a
monocytic fasciitis can also be present. Neurological manifesta-
tions include headaches and, rarely, aseptic meningitis, optic
neuritis, and behavioral alterations.*

Activating heterozygous mutations in NLRC4 cause a rare
disorder with recurrent fever and systemic inflammation reminis-
cent of macrophage activation syndrome. NLRC4 encodes a
nucleotide-binding oligomerization domain-like protein, which
oligomerizes upon activation of caspase 1. Gain-of-function
mutations cause hyperactivation of caspase 1, which induces the
excess production of IL-1 and IL-18, in due course leading to an
inflammatory cell death termed pyroptosis.®>%°

Autoinflammatory diseases were conventionally thought of as
disorders of IL-1 and related cytokines, without the presence of
autoantibodies. However, recent years have revealed a group of
autoinflammatory diseases due to an intrinsic IFN-alpha excess,
termed the ‘“interferonopathies.”®” The main diseases in these
group are the Aicardi Goutiéres Syndrome (AGS),%” chronic
atypical neutrophilic dermatosis with lipodystrophy and elevated
temperature syndrome,®® and STING-associated vasculopathy with
onset in infancy (SAVI).%

Abnormal nucleic acid generation is one of the consequences of
the viral replication and a major trigger for the antiviral response
of the host. Therefore, the accumulation of free DNA and RNA
nucleotides initiate an innate immune response activating the IFN
pathway. AGS has been the prototype for type-l interferonopa-
thies.%” There is ample evidence of pathogenesis due to mutations
in TREX1; however, the underlying mechanisms of other gene
defects are still unclear. Concisely, TREXT encodes for a DNA
exonuclease whose loss-of-function results in accumulation of
single-stranded DNA (ssDNA). The accumulated ssDNA in turn
activate DNA sensors to induce type-l IFN. Patients often present
with subacute encephalomyelitis resembling a viral infection in
very early infancy that causes demyelination and neurological
decline.”

De novo gain-of-function mutations in TMEM173 have been
reported in SAVI patients. TMEM173 encodes STING, an adaptor
protein located in endoplasmic reticulum (ER). Cytosolic cGAP
detects double-stranded DNA and activates to produce cGAMP, a
mediator inducing STING translocation from ER to the ER-Golgi
intermediate compartment.®® This translocation results in recruit-
ment of TANK-binding kinase 1 (TBK1) and IFN regulatory factor 3,
leading to induction of type-I IFN.%® Severe vasculopathy affecting
particularly distal extremities and often requiring amputation is a
characteristic disease manifestation.>®

Another group of autoinflammatory diseases have been
characterized by dysregulation in the NF-kB. NF-kB represents a
key node in propagation of cellular signals, driving cell fate
decisions toward proliferation, or apoptotic clearance.”® Loss-of-
function mutations in the NFKB1 gene have been depicted in
patients with CVID presenting with Epstein—Barr virus suscept-
ibility; on the other hand, activation of NF-kB occurs in many
autoinflammatory diseases. Here we will focus on recently
identified mutations of the NF-kB pathway.

TNFAIP3 encodes A20, a ubiquitin-removing enzyme involved in
NF-kB regulation. A20 expression is induced upon NF-kB activation
but acts then as a negative feedback regulator of the NF-kB signal
transduction. TNFAIP3 has been associated with multiple
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autoimmune diseases through GWAS studies, including SLE, type-|
diabetes, IBD, ankylosing arthritis, Sjogren’s syndrome, and RA.”""2
Heterozygous mutations in TNFAIP3 leading to A20 haploinsuffi-
ciency has been shown in patients presenting with Behget-like
disease, developing early-onset fevers, arthralgia, oral and genital
ulcers, and ocular inflammation.”

Similar to TNFAIP3, otulin is a deubiquitinase that negatively
regulates NF-kB signaling.”* Four families with homozygous
mutations of OTULIN have been described with autosomal-
recessive inflammatory disease with recurrent nodular panniculitis
with fever and neutrophil infiltration, lipodystrophy, diarrhea, joint
swelling, and failure to thrive. Recent reports have shown that
HSCT resolves the disease symptoms.”®

Mutations in CECRI1, encoding for ADA2 enzyme, have been
identified in a patient cohort with PAN-like systemic vasculitis.
ADA2 deficiency (DADA2) was first described as a vasculopathy
with early-onset strokes accompanied by mild immunodeficiency
mainly affecting B cells.”° ADA2 is expressed in the myeloid
lineage and, once secreted, induces differentiation of monocytes
into macrophages, possibly by binding proteoglycan-like struc-
tures on the cellular surface.”” The main clinical features are those
due to vasculitis and stroke, along with occasional hematologic
and immunologic dysregulation.”® Recent reports have extended
the clinical spectrum of DADA2 beyond the typical clinical picture
of systemic inflammation presented in the first papers. CECR1
mutations have been demonstrated in patients with autoimmu-
nity, lymphoproliferation, and a CID as well as patients presenting
primarily with CVID.”®

CONCLUSION

[Els present with inflammatory complications and autoimmunity
as well as severe, recurrent, or unusual infections. Autoimmunity
presenting within a multisystem disease spectrum as well as
therapy resistance may alert clinicians considering IEl as a possible
diagnosis. Understanding the involved pathways will provide
insights and influence decision making process during the daily
clinical practice of pediatricians. With the genomic precision
medicine approach leading to personalized treatments, better
outcomes and increase in quality of life of the patients are aimed.
Knowledge of IEl and the autoinflammatory disorders will enable a
better management of these patients.
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