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Introduction

Type I interferonopathies are a heterogeneous group of autoinflammatory and auto-
immune diseases characterized by distinct genetic and phenotypic features and hall-
marked by activation of type I interferon (IFN) pathway [1]. IFNs have been first
described in 1957 by Isaacs and Lindenmann as soluble factors that “interfere” with
viral replication in host cells [2, 3]. IFNs are classified into three subgroups, known
as types I, II, and III, based on their structure, chromosomal location, and receptor
specificity. In particular, type I interferons consist of 13 functional a-genes and
single genes for interferon-p, interferon-g, interferon-x, and interferon-m [4].

In 1979, it has been first reported that circulating IFN levels are increased in
patients with several autoimmune diseases including systemic lupus erythematosus
(SLE), Sjogren’s syndrome and systemic sclerosis [5], a finding extensively repli-
cated during the last decades [6-9]. An interesting early observation reported by
Gresser et al. on experimental models implied a putatively harmful role of type I
IFNs in developing embryos, which resulted in growth retardation, several organ
damage, and necrosis [10]. Subsequently, it has been recognized a subset of patients
presenting with progressive neurological problems resembling transplacental infec-
tions in the absence of an infectious agent. These abnormalities were transmit-
ted following an autosomal recessive Mendelian pattern [11]. Of interest, serum and
cerebrospinal fluid (CSF) of these patients suffering from the so-called Aicardi-
Goutieres syndrome (AGS) demonstrated increased IFN« activity [12]. In 2003, the
shared phenotypes between AGS, SLE and the utero-human immunodeficiency
virus (HIV) infection, led Crow and colleagues to support type I IFN upregulation
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as a common denominator in these distinct clinical entities [13]. However,
whether deregulation of type I IFN system is directly related to clinical manifesta-
tions remains to be further explored. Nevertheless, experimental and clinical evi-
dence supports neurotoxic effects of IFNs in mice models and associations with
thrombotic microangiopathy [14—16].

Over the past decade, it has been increasingly appreciated that certain clinical
entities occurring early in life were characterized by a constellation of clinical fea-
tures including chilblain-like skin lesions, lung inflammation, and intracranial cal-
cifications together with overexpression of IFN-related genes. The latter has been
shown to occur as a result of genetic aberrations of key molecules of the type I IFN
pathway. Despite the fact that type I IFN activation is a common denominator in
these disorders — the so-called interferonopathies — several differences in both clini-
cal expression and underlying genetic background have been recognized. It seems
that the observed variability relates to the presence of multiple biological effects of
the type I IFN pathway molecules, the timing of IFN-related effects, as well as the
impact of environmental stressors, such as cold or infections [1].

As mentioned above, interferonopathies are characterized by a mixture of autoin-
flammatory and autoimmune characteristics. Upregulation of type I IFNs results not
only in the mobilization of innate immunity mechanisms, but also in chemokine expres-
sion and loss of self-tolerance, which ultimately leads to activation of autoreactive B
and T cells and autoantibody production. Thus according to Crow and colleagues, type
I interferonopathies can be considered “as autoinflammatory in origin with spill over
into autoimmunity” [1], especially when there is a phenotypic overlap to SLE.

Nowadays, the current understanding of the mechanism contributing to the activa-
tion of innate immunity system against viral invasion, along with the identification of
specific genetic aberrations leading to type I IFN activation, highlights the pivotal con-
tribution of nucleic acid metabolism and signaling to type I IFN overexpression.

Type I IFN Pathway Signaling

Type I IFNs activate intracellular antimicrobial programs and influence the develop-
ment of both innate and adaptive immune responses [17]. They are polypeptides
that are secreted by infected cells, and their role can be summarized in three basic
functions:

1. Limitation of the spread of microbial insults and especially viral pathogens by
inducing an “antiviral state” in infected and neighboring cells.

2. Modulation of innate immune responses such as enhancement of antigen presen-
tation and natural killer cell function together with restraining pro-inflammatory
pathways.

3. Activation of the adaptive immune system, thus promoting the development of
high-affinity antigen-specific T- and B-cell responses and immunological mem-
ory [17].
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Canonical type I IFN signaling activates the Janus kinase (JAK)-signal transducer
and activator of transcription (STAT) pathway, leading to transcription of IFN-
stimulated genes (ISGs) [17]. More specifically, IFN acts as a ligand and binds a
heterodimeric transmembrane protein receptor called IFNa/f receptor (IFNAR)
which is composed of IFNAR1 and IFNAR?2 subunits [17]. Recent data indicate
that the signal can be transmitted through IFNARI1 alone, through specific binding
of IFNp to IFNARI, which is independent of IFNAR?2 [18]. In the canonical type I
IFN pathway, IFN binding to its receptor activates the receptor-associated protein
tyrosine kinases JAK1 and tyrosine kinase 2 (TYK2), which in turn phosphorylate
the cytoplasmic transcription factors signal transducer and activator of transcription
1 (STAT1) and STAT2. The latter subsequently dimerize and translocate to the
nucleus, where they associate with IFN-regulatory factor 9 (IRF9). As a result, they
form a complex called IFN-stimulated gene factor 3 (ISGF3), which binds to its
cognate DNA sequences, the IFN-stimulated response elements (ISREs), part of
the IFN-stimulated genes (ISGs), and directs transcription of ISGs [19-22]
(Fig. 10.1).

Recent evidence point toward the presence of a STAT2-/IRF9-dependent IFNa
but STAT1-independent signaling pathway [23]. In this case, STAT2 is capable of
forming stable homodimers, when phosphorylated in response to IFNa, and these
homodimers interact with IRF9 and can activate transcription of ISGs that carry
ISRE sequences [23, 24]. Beyond the canonical pathway, IFN stimulates other path-
ways as well, such as STAT3 (especially in the absence of STAT1), p38 and ERK,
PI-3K cascades, as well as the mTOR-Akt-S6K axis [19, 25].

Activation of Type I IFN Pathway: Role of Toll-Like
Receptors (TLRs) and Cytosolic Nucleic Acid Sensors

Activation of type I IFN system has been shown to occur either by sensing of
exogenous or endogenous nucleic acids that can be recognized by two distinct
categories of sensors: a. endosomal Toll-like receptors (TLRs) and b. cytosolic
nucleic acid sensors. It is important that the immune system can distinguish
between exogenous and self-nucleic acids in order to avoid unnecessary reactions
against self.

Toll-Like Receptors (TLRs)

The main TLRs identifying nucleic acids include TLR3 which recognizes dsRNA,
TLR7, and TLRS triggered by ssRNA and TLRO that senses unmethylated CpG
DNA sequences. It is of note that mutations of these molecules have not been so far
associated with type I interferonopathies [26—28].
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Fig. 10.1 Cytosolic nucleic acid sensing machinery resulting in type I IFN production (upper
panel). Molecules implicated in the pathogenesis of type I interferonopathies are depicted in red.
Lower panel: type I IFN signaling pathway following ligation of the type I IFN receptor leading to
transcription of IFN-stimulated genes through the JAK/STAT pathway. ADARI adenosine deami-
nase acting on RNA 1; cGAMP cyclic GMP-AMP; ¢GAS cyclic GMP-AMP synthase; /FN inter-
feron; IFNAR IFNa receptor; /KK IkB kinase; /RF3 IFN-regulatory factor 3; IRF9 IFN-regulatory

(continued)
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RNA Sensors

Three Toll-like receptors function in the endosomes to recognize pathogen-derived
RNA: TLR3, TLR7, and TLR8 [29, 30]. TLR3 activates TIR-domain-containing
adapter-inducing IFNf (TRIF), whereas TLR7 and TLRS activate MyD88. Both
adaptor proteins lead to the activation of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB), whereas IFN-regulatory factor 3 (IRF3) is activated by
the TRIF pathway and IRF7 by the MyD88 pathway [31].

DNA Sensors

CpG DNA was initially found to be able to induce type I IFNs through TLR9 liga-
tion in plasmacytoid dendritic cells (pDCs) [30]. TLRO activates MyD88, which in
turn leads to the activation of NF-kB and IRF7 in pDCs [31]. Nevertheless, cyto-
plasmic DNA of many other cell types that do not express TLR9 can also robustly
produce type I IFNs [30] and will be discussed below.

Cytosolic Sensors

RNA Sensors

Cytosolic viral RNA is identified by retinoic acid-inducible gene I (RIG-I) and its
homolog melanoma differentiation-associated gene 5 (MDAS) [30]. RIG-I is the
founding member of the RIG-I-like receptor (RLR) family of cytosolic RNA sen-
sors. The other two members are MDAS and laboratory of genetics and physiology
2 (LGP2) [32]. Downstream of RIG-1, the adaptor protein mitochondrial antiviral
signaling (MAVS) induces the cytosolic kinases IkB kinase (IKK) and TANK-
binding kinase 1 (TBK1) which, in turn, activate the NF-xB, IRF3, and IRF7 path-
ways to induce type I IFNs [33]. Before the discovery of RLRs, two other proteins
were implicated in the recognition of viral RNA: a. the IFN-inducible 2'-5'-oli-
goadenylate synthetase (OAS), an activator of the ribonuclease RNAse L [34] which
degrades viral RNA inducing type I IFN production through the RIG-I pathway [30]

factor 9; ISG IFN-stimulated gene; ISG15 interferon-stimulated gene 15; ISGF3 IFN-stimulated
gene factor 3; ISRE IFN-stimulated response element; JAK Janus kinase; MAVS mitochondrial
antiviral signaling; MDA5 melanoma differentiation-associated gene 5; NF-«kB nuclear factor
kappa-light-chain-enhancer of activated B cells; POLAI polymerase-al; RIG-I retinoic acid-
inducible gene I; RNAse H2, RNase H2A, RNase H2B, and RNase H2C ribonuclease H2 subunits
A, B, and C; SAMHDI deoxynucleoside triphosphate triphosphohydrolase and ribonuclease SAM
domain and HD domain 1;S7AT signal transducer and activator of transcription; STING stimulator
of IFN genes; TBK1 TANK-binding kinase 1; TREX] three prime (3’) repair exonuclease 1; TYK2
tyrosine kinase 2; USP18 ubiquitin-specific peptidase 18
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and b. the dsSRNA-dependent protein kinase R (PKR) which suppresses translation
initiation and also induces type I IFN production as a response to dsSRNA in some
cell types [35].

DNA Sensors

The mechanisms through which the immune system senses DNA were not eluci-
dated until recent years. The activated pathway in this case is the RNA polymerase
III/RIG-I pathway. More specifically, double-stranded poly(dA-dT) DNA is con-
verted by the DNA-dependent enzyme RNA polymerase III (Pol III) to an RNA
species in the cytosol that bears 5’-triphosphate and forms a double-stranded RNA
[36]. This form of RNA acts as a ligand for RIG-I which triggers type I IFN pro-
duction through MAVS [30, 36]. The strict dependence of Pol III on AT-rich
sequence as well as the DNA-induced IFN production in a sequence-independent
manner pointed toward the presence of another more general cytoplasmic DNA-
sensing pathway [30]. In 2008, a molecule was identified as a crucial signaling
adaptor for type I IFN induction and was named stimulator of IFN genes (STING)
[37]. STING [also known as transmembrane protein 173 (TMEM173)] is a pre-
dominantly endoplasmic reticulum-localized protein which when stimulated with
dsDNA relocalizes to Golgi apparatus and assembles into punctate structures that
contain the kinase TBK1 [38]. Subsequently, the C-terminal tail (CTT) of the car-
boxy-terminal domain of STING provides a scaffold to bring IRF3 in close prox-
imity to TBKI, leading to TBK1-dependent phosphorylation and activation of
IRF3, which can subsequently induce the expression of type I IFN genes [28, 38].
Upstream activators of STING include pathogen-derived nucleotides [cyclic (3'—
5') diguanylate (c-di-GMP) and cyclic (3'-5") diadenylate (c-di-AMP)] [39, 40] as
well as second messengers (cyclic GMP-AMP or cGAMP) produced by the enzyme
cyclic GMP-AMP synthase (cGAS) through an enzymatic degradation of cytosolic
DNA [30, 41-43]. Additionally, genetic variants of DNAse II — an endonuclease
located in lysosomes and expressed in a variety of cells — and three prime (3")
repair exonuclease 1 (TREX1), the most abundant 3’=>5" DNA exonuclease in
cells, have been both shown to promote autoimmune responses by inability of
degrading cytoplasmic DNA [30, 44, 45]. TREX1 specifically targets and digests
DNA reverse-transcribed from endogenous retroelements or replication debris [30,
44]. If not degraded, these endogenous DNA substrates further activate the STING-
dependent cytosolic DNA-sensing pathway, triggering type I IFN-dependent auto-
immune diseases [30].

Finally, the presence of DNA in the cytosol of macrophages can activate the
inflammasome, a multiprotein complex that activates the proteolytic enzyme cas-
pase-1 and leads to the maturation of IL-1f [30]. The receptor for cytosolic DNA in
the inflammasome pathway is the protein absent in melanoma 2 (AIM2) [46].
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Type I Interferonopathies: Genetic Defects and Clinical
Phenotypes

A growing body of evidence points toward an activated type I IFN pathway in sev-
eral autoimmune diseases, possibly as a result of inappropriate immune reactions
against endogenous nucleic acids. Overproduction of type I IFN can be attributed to
three main events [47] including (a) increased availability of endogenous nucleic
acids as a result of defective clearance or impaired silencing mechanisms, (b)
enhanced activation or sensitivity of an innate immune sensor or adaptive molecule,
and (c) dysregulation of type I IFN response negative feedback loops. Inappropriate
expression of endogenous nucleic acids as a result of defective epigenetic silencing
such as methylation has been shown to be able to induce type I IFNs in both SLE
and Sjogren’s syndrome [48, 49] through TLR-dependent and TLR-independent
pathways. More specifically, it has been suggested that L1 RNA can transduce the
signal through both endosomal TLRs and the RIG-I and MDAS pathways [49].

Next, we wished to present genetic, clinical, and laboratory characteristics of the
main type I interferonopathies. Mutations in genes mainly affecting the recognition
of DNA and RNA by cytosolic sensors as well as deregulation of type I IFN produc-
tion seem to be causally linked with the so far recognized type I interferonopathies
(Table 10.1, Figs. 10.1 and 10.2).

Phenotypes Related to Aberrant Nucleic Acid Sensing

DNA Sensors
STING-Associated Vasculopathy, Infantile Onset (SAVI)

STING-associated vasculopathy with onset in infancy (SAVI) is a monogenic auto-
inflammatory disorder with an autosomal dominant type of inheritance, due to de
novo, heterozygous gain-of-function mutations in TMEM 173 gene. Of note, newly
recognized mutations in exons 6 and 7 of TMEM 173 have recently been reported
[50]. As a result, activation of type I IFN pathway occurs, through cGAS-STING-
TBKI1-IRF3 pathway. In a recent experimental model, it was shown that upregula-
tion of IFN-related genes in the context of SAVI occurs independently of IRF3
stimulation [51].

Similarly to other interferonopathies such as AGS, TREX1-related familial chil-
blain lupus, and CANDLE syndrome, the main clinical manifestations — which
occur in early childhood — include vasculitic skin manifestations. These are mainly
manifested as ulcerating acral skin lesions in fingers, toes, ears, and nose following
cold exposure. SAVI patients frequently present with pulmonary involvement as
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Table 10.1 Classification of type I interferonopathies according to the underlying genetic
abnormality and pathophysiology

Responsible Type of
gene/protein Protein function Phenotypes | Pathway activation | inheritance
Nucleic acid sensors
DNA
TREXI (TREX1) | Cytosolic DNAse AGS, RVCL, | cGAS-STING- Autosomal
FCL, SLE TBK1-IRF3 dominant or
recessive
RNA
RIG-1 (RIG-1) dsRNA sensor Atypical MAVS Autosomal
SMS dominant (gain of
function)
IFIHI (MDADS) dsRNA sensor AGS, SP, MAVS Autosomal
SMS dominant (gain of
function)
ADARI (ADARL1) | RNA editing AGS, DSH, |MAVS Autosomal
BSN, SP recessive/
dominant negative
DNA-RNA
SAMHD] dNTP AGS, FCL, |cGAS-STING- Autosomal
(SAMHD1) triphosphohydrolase | CVD TBKI1-IRF3 recessive
TMEM173 Pattern-recognition | SAVI, FCL | cGAS-STING- Autosomal
(STING) receptor TBKI1-IRF3 dominant (gain of
function)
POLAI (POLAT)  DNA polymerase XLPDR Reduced synthesis | X-linked
of inhibitory DNA/ | recessive
RNA cytosolic
hybrids
RNASE H2-A/B/C | Ribonuclease AGS cGAS-STING- Autosomal
(ribonuclease H2, TBK1-IRF3 recessive
subunit A, B,C)
Deregulation of type I IFN pathway
ACP5 (TRAP) Dephosphorylation | SPENCD Increased TLR9-/ | Autosomal
of osteopontin Myd88-mediated | recessive
IRF7 signaling
PSMBS8, PSMA3, | ATP-dependent CANDLE MAVS Autosomal
PSMB4, PSMB9, | protease syndrome recessive
POMP (20S core
proteasome)
USP18 (USP18) | ISGI15-specific USP18 High type I IFN Autosomal
protease deficiency production recessive
(pseudo-
TORCH)
ISG15 (ubiquitin- | Conjugation to ISG15 USP-18-mediated | Autosomal
like modifier) intracellular target | deficiency type I IFN recessive

proteins/negative
type I IFNs regulator

overexpression
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Fig. 10.2 Main organ systems affected in type I interferonopathies. Indicative manifestations are
displayed. (a;) Vasculitic-like cutaneous lesions in a patient with SAVI syndrome (Source:
Manoussakis et al. [101]). (a,) Face lipodystrophy in a patient with CANDLE syndrome (Source:
Torrelo A et al., J Am Acad Dermatol. 2010;62:489-95). (b) Cotton woollike spots in a patient with
RVCL syndrome (Source: Stam AH et al., BRAIN. 2016;139: 2909-22). (¢,) Growth retardation in
a patient suffering from CANDLE syndrome (Source: Torrelo A et al., J Am Acad Dermatol. 2010;
62: 489-95). (c,) Skeletal dysplasias in a patient with SPENCD syndrome (Source: Lausch et al.
[81]). (d) Calcifications in the left ventricle, aortic valve and ascending aorta, postmortem speci-
men in a patient with SMS syndrome (Source: Rutsch et al. [60]). (e) Interstitial lung disease-
honeycombing-ground gland opacities in a patient with SAVI syndrome (Source: Manoussakis
etal. [101]). (f) Cerebral calcifications within basal ganglia and the cerebral white matter (Source:
Lausch et al. [81]). AGS Aicardi-Goutieres syndrome, CANDLE chronic atypical neutrophilic der-
matosis with lipodystrophy and elevated temperature, CNS central nervous system, F'CL familial
chilblain lupus, ISG15 deficiency interferon-stimulated gene 15 deficiency, MSK musculoskeletal
system, PAN polyarteritis nodosa, RVCL retinal vasculopathy with cerebral leukodystrophy, SAVI
STING-associated vasculopathy, infantile onset, SMS Singleton-Merten syndrome, SPENCD
spondyloenchondrodysplasia, USPIS8 deficiency ubiquitin-specific peptidase 18 deficiency,
XLPDR X-linked reticulate pigmentary disorder
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well, mainly interstitial lung disease associated with fever attacks. Neurological
complications have not been observed so far. Transiently increased autoantibody
titers such as anti-neutrophil cytoplasmic antibody (ANCA) and anti-cardiolipin
have been reported. Extensive perivascular inflammation with IgM and C3 deposi-
tion is a common finding in skin tissues from these patients [52, 53]. SAVI has been
related to increased mortality rates due to pulmonary involvement in the context of
infections in the lower respiratory system [54].

Retinal Vasculopathy with Cerebral Leukodystrophy (RVCL)

Retinal vasculopathy with cerebral leukodystrophy (RVCL) previously considered
to encompass distinct clinical entities, namely, cerebroretinal vasculopathy (CVR),
hereditary vascular retinopathy (HVR), and hereditary endotheliopathy, retinopathy,
nephropathy, and stroke (HERNS), has been shown to result from a common auto-
somal dominant-type heterozygous TREX1 mutation. The latter leads to C-terminal
truncation of TREX1, with preservation of the N-terminal DNAse domain resulting
in impaired DNA clearance.

The main characteristics of RVCL include the middle-age onset, the progressive
visual loss due to retinal vasculopathy (telangiectasias, microaneurysms, and retinal
capillary obliteration around the macula), and variable neurological manifestations
such as dementia or migraine. Neuroimaging studies demonstrate cerebral white
matter abnormalities, including small infarcts resembling pseudotumors, as well as
contrast-enhancing lesions similar to multiple sclerosis white matter alterations.
Raynaud’s phenomenon, micronodular cirrhosis, and glomerular dysfunction have
been also reported [55, 56].

RNA Sensors
Singleton-Merten Syndrome (SMS)

Singleton-Merten syndrome (SMS) — inherited in an autosomal dominant manner —
is caused by heterozygous gain-of-function mutations in interferon-induced heli-
case C domain-containing protein 1 (/[FIHI) encoding the cytosolic pattern
recognition receptors for dSRNA MDAS5 or RIG-I, resulting in constitutive type I
IFN activation [57-60].

Though there is extensive phenotypic variability, the core characteristics of the
syndrome include aortic and valvular calcifications, dental anomalies (early-onset
periodontitis and root resorption), abnormal ossification (mainly distal limbs), alve-
olar bone loss, skeletal abnormalities as well as osteoporosis, osteopenia, and acro-
osteolysis. Psoriasis, glaucoma, muscle weakness, abnormal ligaments of joints and
muscle, photosensitivity, recurrent respiratory infections and typical face features
can also frequently occur [57, 59, 60]. MDA-5 mutations have been particularly
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linked to Jaccoud’s arthropathy, also observed in patients with systemic lupus ery-
thematosus (SLE) [61].

DNA and RNA Sensors
Aicardi-Goutieres Syndrome (AGS)

Aicardi-Goutieres syndrome (AGS) is a hereditary neurodegenerative disorder of
inflammatory etiology, characterized by early-onset progressive encephalopathy
with increased levels of IFNa in the CSF. It is regarded as the prototypic disease in
the context of interferonopathies [59]. Clinical manifestations occur between 3 and
7 months of age and sometimes during the first week after birth. Especially, in cases
of intrauterine onset, newborns are presented with microcephaly.

The main symptoms observed are vomiting, irritability with feeding difficulties,
dystonia, epileptic seizures, fever episodes, and a rather subacute onset leading
gradually in motor and social skills retardation. With regard to extra-neurological
symptoms, patients may present with skin manifestations, like acral chilblain lesions
upon cold exposure, raised intraocular pressure and sometimes overlapping lupus-
like symptoms, such as hepatosplenomegaly, thrombocytopenia, lymphopenia, and
positive antinuclear antibodies (ANA) [62].

Given that mild fever attacks are frequently combined with neurological fea-
tures, AGS might be misdiagnosed as congenital encephalitis or meningitis caused
by TORCH (toxoplasma, other agents, rubella, cytomegalovirus, herpes simplex) or
HIV infection. It is estimated that about 25% of patients will die between 1 and
17 years [63].

MRI imaging findings mainly include basal ganglia calcification, white matter
abnormalities and brain atrophy, while CSF lymphocytosis and increased IFNo lev-
els are characteristic laboratory manifestations. Similarly to lupus and other autoim-
mune diseases [8, 64, 65], overexpression of IFN-related genes in peripheral blood
samples, known as interferon (IFN)-signature, has been detected in almost every
patient at any age [62].

Aberrations of a number of genes have been found to account for AGS. These
include TREX1, the three subunits of the ribonuclease H2 (RNAse H2), endonucle-
ase complex (RNase H2A, RNase H2B and RNase H2C), the deoxynucleoside tri-
phosphate triphosphohydrolase and ribonuclease SAM domain and HD domain 1
(SAMHD1), adenosine deaminase acting on RNA (ADAR; also known as DRADA),
and the double-stranded RNA (dsRNA) cytosolic sensor IFIH1, also known as
MDAS.

Biallelic loss-of-function mutations both for TREX1 and for each subunit of
RNAse H2 complex result in intracellular accumulation of endogenous nucleic acid
products, whose source is considered to be either chronic DNA damage, especially
during DNA replication, or human genome-derived retroelements [66]. Eventually,
single-stranded DNA (ssDNA) products trigger the activation of type I IFN axis
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through cGAS/TBK1/IRF3 pathway [67]. The latter has been also recently shown
to be the downstream pathway activated by RNase H2 sensors [68].

Furthermore, biallelic loss-of-function mutations of SAMHDI1 lead to chronic
DNA damage, activation of type I IFN pathway as well as cerebrovascular aneu-
rysms or stenosis, early-onset strokes and increased malignancy risk [69, 70],
through a so far unexplored mechanism. It is of note that SAMHD1 and TREX1
enzymes are implicated in long interspersed nuclear element-1 (LINE-1) retroele-
ments metabolism. Recent findings report activation of the cGAS/STING pathway
as the downstream effectors for type I IFN production [71].

With regard to ADAR enzyme, both biallelic and heterozygous mutations lead to
excessive recognition of endogenous double-stranded RNA (dsRNA) and to IFN
release, via defective editing of short interspersed element (SINES) retroelements,
which account for 10% of human genome [72, 73]. In particular, mutations of
ADARI are implicated in expression of neurological defects, such as bilateral stria-
tal necrosis (BSN) and spastic paraparesis (SP) as well. Additionally, they are related
to dyschromatosis symmetrica hereditaria (DSH), a rare autosomal dominant disor-
der, detected in East Asian population, characterized by mixed hyper- and
hypopigmented macules on the dorsal aspect of the hands and feet and freckle-like
macules on the face [74].

Lastly, gain-of-function mutations of IFIHI, which encodes the MDAS5 sensor,
have also an increased affinity to dsSRNA molecules and through MAVS activation
result eventually in IFN overexpression [75, 76]. Similar to ADAR1 and SAMHD1
mutations, patients demonstrate especially neurological complications, such as SP
[66].

Familial Chilblain Lupus (FCL)

Familial chilblain lupus (FCL) is a rare monogenic form of cutaneous lupus erythe-
matosus, which is inherited in an autosomal dominant way. It affects patients in
early childhood in a more rapidly progressive way compared to spontaneous lupus
erythematosus, which is presented in middle-aged women. Patients suffer from
partly ulcerating acral lesions or painful bluish-red papules located in the fingers,
toes, nose and ears. These lesions are exacerbated by cold exposure and usually
improve during summer. They can also be accompanied by arthralgias, affecting
mainly large joints, without evidence of true arthritis, photosensitivity, or mouth
ulcers.

Laboratory testing revealed slightly elevated antinuclear antibody (ANA) titers
and/or lymphopenia, without any other specific serological marker. Given that
nailbed alterations seem to be specific in a subset of FCL patients, capillaroscopy
may be a promising modality to be implemented. Histopathological findings in
affected skin tissues include perivascular inflammatory infiltrates with granular
deposits of immunoglobulins and complement along the basement membrane.

Several genetic defects have been so far related to FCL. Heterozygous TREX1
mutations (implicated in AGS and impairment of susceptibility to granzyme-A-
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mediated cell death) as well as of SAMHDI1 and STING molecules lead to FCL,
through activation of the known cGAS-cGAMP-STING-TBKI-IRF3 pathway
[77-79].

Type I IFN Deregulation
Spondyloenchondrodysplasia (SPENCD)

Spondyloenchondrodysplasia (SPENCD) is inherited in an autosomal recessive
manner and it is caused by biallelic mutations in acid phosphatase 5 (ACP5), encod-
ing tartrate-resistant acid phosphatase (TRAP) [80]. TRAP dephosphorylates and
inactivates the protein osteopontin (OPN) — a bone matrix protein which upon
dephosphorylation by TRAP leads a. to reduced osteoclast binding to different sub-
strates [81], and b. dampened IFNa production by plasmacytoid dendritic cells
(pDCs) through disruption of TLR-9/myeloid differentiation factor 88 (MyD88)
mediated IFN regulatory factor 7 (IRF-7) activation [82]. Patients with SPENCD
present constitutively activated osteopontin, which is probably responsible for
increased bone resorption and immune dysregulation that leads to overproduction
of type I IFN [59, 83].

Spondyloenchondrodysplasia (SPENCD) — first identified by Schorr et al. in
1976 — is a skeletal dysplasia characterized by enchondromatous radiolucent, irreg-
ular spondylar and metaphyseal lesions which represent islands of cartilage tissue
within bone leading to platyspondyly. The severity of the lesions varies, but slow
progression during childhood is most frequently observed, resulting in significantly
short stature. It appears that SPENCD is clinically heterogeneous, as some SPENCD
patients are neurologically intact, while others present with neurological dysfunc-
tion including spasticity, mental retardation and cerebral calcifications in different
combinations. In addition, signs of immune dysregulation and systemic autoimmu-
nity, such as arthritis, antinuclear antibodies and recurrent infections, are often
observed in patients with SPENCD [59, 80, 84-87].

Interferon-Stimulated Gene 15 Deficiency (ISG15 Deficiency)

Deficiency of the IFNy-inducing molecule named interferon-stimulated gene 15
(ISG15) leads to a clinical phenotype characterized by a prominent type I IFN sig-
nature in peripheral blood and increased susceptibility to mycobacterial disease
possibly as a result of dampened IFNy production. Absence of intracellular ISG15
prevents the accumulation of ubiquitin-specific peptidase 18 (USP18), a potent neg-
ative regulator of type I IFN signaling, resulting in the enhancement and amplifica-
tion of type I IFN responses [88]. ISG15 deficiency is inherited in an autosomal
recessive manner. Similarly to AGS and SPENCD, ISG15-deficient individuals also
display marked intracranial calcification [59, 88, 89].
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Ubiquitin-Specific Peptidase 18 Deficiency (USP18 Deficiency)

This disorder also known as pseudo-TORCH syndrome is caused by autosomal
recessive homozygous mutations of the gene USP1S§, encoding the protein ubiquitin-
specific protease 18, which cleaves the ubiquitin-like ISG15 protein from its conju-
gated proteins [59, 90]. Given the negative regulatory role of this molecule in type I
IFN activation, type I IFN overexpression occurs. The clinical spectrum resembling
a congenital infection but in the absence of an infectious agent includes micro-
cephaly, enlarged ventricles, and cerebral calcification.

Chronic Atypical Neutrophilic Dermatosis with Lipodystrophy
and Elevated Temperature (CANDLE)

CANDLE - a proteasome-associated autoinflammatory syndrome (PRAAS) — has
been shown to occur in the context of several defects in catalytic activity of
proteasome-immunoproteasome system related to mutations of genes encoding dis-
tinct protein subunits (p5i, p7, fli, a3) [59, 91, 92]. It is inherited in an autosomal
recessive pattern and characterized by enhanced peripheral blood ISG expression
and constitutive STAT1 phosphorylation [59]. The latter seems to be related to pre-
vious observations supporting that proteasome inhibition led to activation of type I
IFN pathway through enhancement of MAVS activity [93]. Recurrent fevers in the
first months of life, along with characteristic skin lesions, lipodystrophy, violaceous
swollen eyelids, arthralgias, extremity contractures, and delayed physical develop-
ment as well as systemic inflammation markers have been identified as CANDLE-
related clinical manifestations [92, 94]. CANDLE has been linked to early mortality
rates due to cardiomyopathy, infections, and cardiac arrhythmias [54].

X-Linked Reticulate Pigmentary Disorder (XLPDR)

XLPDR is caused by an intronic mutation of the POLA1 gene, which encodes the
catalytic subunit of DNA polymerase-a, an enzyme necessary for the synthesis of
RNA-DNA primers during DNA replication. Unexpectedly, it was found that
POLALI is required for the synthesis of cytosolic RNA-DNA hybrids as well, which
display an inhibitory action on type I IFN activation. In the setting of XLPDR, mis-
splicing and disruption of POLA1 expression occur, leading to heightened type I
IFN production through constitutive activation of IRF- and NF-kB-dependent genes
[95] and a constellation of clinical features distinct between male and female carri-
ers. Thus affected male individuals present with generalized hyperpigmentation
intermingled with small hypomelanotic macules during early childhood, a distinc-
tive face characterized by an upswept frontal hairline and arched eyebrows, as well
as severe photophobia, recurrent respiratory infections and severe gastrointestinal
disorders. In female carriers, the type and distribution of the pigmentation mimic
that of incontinentia pigmenti (patchy pigmentary skin lesions along the lines of
Blaschko), without any systemic manifestations [59, 96, 97].
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Childhood-Onset Polyarteritis Nodosa: ADA2 Deficiency

Childhood-onset polyarteritis nodosa (PAN) is an autosomal recessive systemic
vascular inflammatory disorder affecting mainly the brain and skin caused by bial-
lelic mutations of the cat eye syndrome chromosome region, candidate 1 (CECRI).
CECRI encodes the enzyme adenosine deaminase 2 (ADA2) which deaminates
adenosine to inosine. Patients with ADA?2 deficiency exhibit constitutive type I IFN
activation in blood, although the underlying mechanism is unclear [59, 98].

Fever, necrotizing vasculitis of the gastrointestinal tract, and renal aneurysms as
well as varying degrees of immunodeficiency and autoimmunity have been described
and related to this disorder. The ensuing tissue ischemia can affect any organ,
including the skin, musculoskeletal system, kidneys, gastrointestinal tract, and the
cardiovascular and nervous systems [59, 98].

Therapeutic Implications

The delineation of pathogenetic mechanisms, implicated in type I IFN-related dis-
eases, has provided promising prospects for the development of new therapeutic
strategies, given the relative ineffectiveness of conventional immunosuppressive
treatment. Since gene expression products of TREX1, SAMHD1, RNAse H2, and
ADAR are involved in metabolism of endogenous retrovirus-derived nucleic acids,
it has been postulated that the use of reverse transcriptase inhibitors might be effec-
tive in controlling inflammatory activity of the disease. In fact, the successful effect
of reverse transcriptase inhibitors in an experimental TREX1-deficient mouse
model has been reported [99], while a pilot phase II study is in progress, in pediatric
population, using as treatment modalities zidovudine, lamivudine, and abacavir
[NCT02363452].

In the context of interferonopathies, the common pathogenetic mechanism,
leading to ISGs upregulation, is the JAK/STAT activation through triggering of the
IFNAR receptor. Given the possibility of a potential therapeutic target, in 2016,
Fremond and his colleagues described three cases of children, carrying TMEM 173
mutations, who were successfully treated with Janus kinase 1/2 inhibitor ruxoli-
tinib [100]. Furthermore, another case of patient with TMEM173-related FCL was
treated with JAK (1/3) inhibitor tofacitinib for a very short period of time with
doubtful results [101] [102]. Moreover, JAK-inhibitor baricitinib, previously shown
to be successful in a case of CANDLE syndrome with alopecia areata [103], is cur-
rently tested in an ongoing clinical trial including patients with SAVI, juvenile
dermatomyositis, and  proteasome-related  autoinflammatory = syndrome
[NCT01724580].

In the same context, targeted therapies against IFNAR receptor (anifrolumab)
and IFNa itself (sifalimumab) — with promising so far results in lupus populations
though [104-106], as well as hydroxychloroquine recently shown to inhibit cGAS
stimulation by dsDNA molecules [107] — seem to be additional future options for
patients with interferonopathies.
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Conclusions

Type I interferonopathies is a recently discovered group of genetic disorders hall-
marked by activation of type I IFN pathway and a wide variety of clinical pheno-
types possibly related to tissue-specific gene or protein, together with the effects of
environmental triggers. Major issues to be resolved also include the underlying
mechanistic relationship between type I IFN pathway, tissue damage, and clinical
phenotype as well the specific molecules along the extended type I IFN pathway
that need to be targeted. To conclude, further investigations to better clarify the
underlying mechanisms on excessive activation of type I IFN system are required
leading to novel discoveries enabling more effective treatment strategies in the
future.

ADAR] adenosine deaminase acting on RNA 1; AGS Aicardi-Goutieres syn-
drome; BSN bilateral striatal necrosis; CANDLE chronic atypical neutrophilic der-
matosis with lipodystrophy and elevated temperature; cGAS cyclic GMP-AMP
synthase; CVD cerebrovascular disease; DSH dyschromatosis symmetrica heredi-
taria; FCL familial chilblain lupus; /FIH] interferon-induced helicase C domain-
containing protein 1; IFN type I interferon; /RF3 IFN-regulatory factor 3; IRF7
IFN-regulatory factor 7; ISG15 deficiency interferon-stimulated gene 15 defi-
ciency; ISG15 interferon-stimulated gene 15; MAVS mitochondrial antiviral sig-
naling; MDA5 melanoma differentiation-associated gene 5; POLA I polymerase-al;
RIG-I retinoic acid-inducible gene I; RNase H2A, RNase H2B, and RNase H2C
RNAse H2 ribonuclease H2 subunits A, B, and C; RVCL retinal vasculopathy with
cerebral leukodystrophy; SAMHDI deoxynucleoside triphosphate triphosphohy-
drolase and ribonuclease SAM domain and HD domain 1; SAVI STING-associated
vasculopathy, infantile onset; SLE systemic lupus erythematosus; SMS Singleton-
Merten syndrome; SP spastic paraparesis; SPENCD spondyloenchondrodysplasia;
STING stimulator of IFN genes; TBKI TANK-binding kinase 1; TLR Toll-like
receptor; TMEM173 transmembrane protein 173; TORCH toxoplasma, other
agents, rubella, cytomegalovirus, herpes simplex; TREX/ three prime (3’) repair
exonuclease 1; USPI8 deficiency ubiquitin-specific peptidase 18 deficiency;
USP18 ubiquitin-specific peptidase 18; XLPDR X-linked reticulate pigmentary
disorder
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