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ABSTRACT

Type 1 interferonopathies are rare genetic disorders characterized by abnormal type 1 interferon (IFN) signaling. They cause chronic inflammation
and multisystemic symptoms typically present in early childhood. Neurological, dermatological, and musculoskeletal features are common and
often resistant to conventional therapies. Mutations in genes involved in nucleic acid sensing, degradation, proteasome function, and IFN signaling
lead to the accumulation of self-deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) in the cytoplasm and a sustained type 1 IFN response,
causing tissue damage and autoimmunity. This group includes various syndromes, such as Aicardi-Goutieres syndrome (AGS), STING-associated
vasculopathy (SAVI), and COPA syndrome. Diagnosis involves clinical evaluation, IFN signature analysis, and genetic testing. Treatment aims to
modulate the IFN response by using JAK inhibitors, anti-IFN antibodies, and reverse transcriptase inhibitors. However, these therapies are not
curative and have limited efficacy. Further research is needed to develop targeted treatments and improve outcomes, and a multidisciplinary
management approach is essential because of the complexity and rarity of these disorders.
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INTRODUCTION

Type linterferonopathiesare anew group of rare and severe
multisystemic disorders characterized by abnormal and
uncontrolled activation of type 1 interferon (IFNs) sighaling
pathways caused by specific genetic mutations in the
immune system.? The basic mechanism underlying these
diseases is that the immune system mistakenly recognizes
its own deoxyribonucleic acid (DNA) or ribonucleic acid
(RNA) as a pathogen.? This leads to chronic inflammation,
resulting in persistently high levels of cytokines, especially
IFN-a and IFN-B, and the emergence of autoimmune and
autoinflammatory responses.'*

IFNs play a key role in the immune system’s defense
against viral, bacterial, and tumoral pathogens. Type |
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IFNs (particularly IFN-a and IFN-B) are produced by almost
every nucleated cell, forming the first line of defense in
innate immunity and providing a rapid antiviral response.?
These increase pathogen resistance by regulating cellular
functions. Type Il IFNs are composed solely of IFN-y and
are secreted by T cells and natural killer cells, supporting
adaptive immunity.®> IFN-y activates macrophages and
potentiates the cytotoxic T-cell response. Type Il IFNs
(IFN-A) act at the entry points of infection and induce a
localized antiviral response in the respiratory and digestive
epithelia.* Although IFNs have positive effects on the
human body, prolonged IFN exposure in animal models
has been linked to growth retardation and organ damage.
Interferonopathies often affect the central nervous
system, skin, and joint tissues, presenting symptoms from
neurological dysfunction to skin lesions.?
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Type 1 interferonopathies typically begin in early childhood,
but the onset age varies depending on the specific disease
and genetic mutations.® Aicardi-Goutiéres syndrome (AGS),
the first identified Mendelian type | interferonopathy,
is a multisystem disorder with neurological symptoms
resembling congenital viral infections.** In AGS, symptoms
usually appear in infancy, whereas other interferonopathies
may not show symptoms until childhood or, rarely,
adolescence.?

In recent years, interferonopathies have taken place in
modern medicine as rare genetic diseases due to reports
of similar cases and an understanding of new genetic
mutations and disease mechanisms.® This review aims to
provide an overview of this rare and current disease group.

PATHOGENESIS

Type 1 interferonopathies occur when endogenous
nucleic acids accumulate in the cytoplasm, usually as a
result of cellular stress, infections, or genetic mutations.?
In this process, intracellular DNA and RNA in particular
activate cyclic guanosine monophosphate-adenosine
monophosphate synthase (cGAS) and stimulator of
interferon genes (STING) molecules, which act as nucleic
acid sensors, leading to excessive production of type 1
IFN.® While the cGAS-STING pathway initiates the immune
system’s natural response to infections and cellular
damage, uncontrolled activation of this mechanism leads
to chronic production of type 1 IFNs and perpetuation of
the inflammatory response.® Furthermore, cGAS sensing
of mitochondrial DNA and other nucleic acids released
from damaged cells promotes sustained activation of
the interferon response through STING.! Defects in the
proteasome and autophagy systems further exacerbate
the pathogenesis by increasing the accumulation of these
nucleic acids in the cytoplasm. We tried to summarize the
overall process of the type I IFN response in Figure 1.

Deoxyribonucleic Acid (DNA) sensing

Normally, most DNA resides in the cell nucleus. The
immune system interprets DNA in the cytoplasm as a
potential viral or bacterial infection, signaling danger.’
Type 1 interferonopathies are disorders characterized by
excessive activation of the immune system, resulting from
viral infections or genetic mutations that cause cellular
misidentification of endogenous DNA, termed “self-DNA,”
as exogenous material.” Under normal physiological
conditions, exogenous DNA within the cellular environment
is eliminated by enzymatic processes, primarily through
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the action of cytosolic deoxyribonuclease | (DNase I) and
DNase Il. However, in case of loss of function of enzymes
such as Three Prime Repair Exonuclease 1 (TREX1), a
cytosolic DNase located in the nuclear membrane, the cell
accumulates its own DNA or damaged DNA.2

Proper processing of intracellular DNA is ensured by
proteins such as DNA Polymerase Alpha 1 (POL1A), Sterile
Alpha Motif, and Histidine-Aspartate Domain-Containing
Protein 1 (SAMHD1), as well as ribonucleotide scavenger
enzymes such as Ribonuclease H2 (RNASEH2) A, RNASEH2B,
and RNASEH2C.> SAMHD1 regulates deoxynucleotide
triphosphate (dNTP) levels, keeping DNA synthesis under
control and preventing self-DNA accumulation. However,
LSM11, U7 Small Nuclear RNA Associated (LSM11) and
RNA, U7 Small Nuclear 1(RNU7-1) mutations resulting from
defects in histone pre-mRNA processing can lead to leakage
of this DNA into the cytosol.® ATPase Family AAA Domain-
Containing Protein 3A (ATAD3A) mutations can also lead to
disruption of the integrity of the mitochondrial membrane
and escape of mitochondrial DNA into the cytoplasm.°

DNA passing into the cytosol is sensed by the enzyme
cGAS, and this sensing initiates the production of the
molecule cGAMP, which activates the STING protein in
the endoplasmic reticulum (ER).2**2 The STING protein
is located on intracellular membranes and is a critical
signaling pathway for initiating the immune response.*
Mutations in genes such as coatomer subunit alpha (COPA),
Transmembrane Protein 173 (TMEM173), and TREX1 lead
to abnormal activation of the STING signaling pathway,
resulting in sustained and uncontrolled production of type
1IFN.*

Ribonucleic Acid (RNA) sensing

Detection of viral RNA in the cytoplasm signals danger to the
immune system and triggers an innate immune response.
This process involves two main RNA sensors: retinoic acid-
inducible gene-1 (RIG-1) and melanoma differentiation-
associated protein (MDA5). Both belong to the RIG-1-
like receptor (RLR) family and initiate IFN production by
recognizing viral RNA.*>* RIG-1 (encoded by DDX58) detects
short double-stranded RNA (dsRNA) and single-stranded
RNA (ssRNA) molecules with triphosphate groups at their
ends, whereas MDAS (encoded by /IFIH-1) binds to longer
dsRNA molecules. When both sensors are activated, they
transmit the signal to the mitochondrial antiviral signaling
protein (MAVS) adaptor protein located in the cytosol.'®’
MAVS is located on the mitochondrial outer membrane
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Figure 1. Pathogenesis of type 1 interferonopathies. (cGAS senses cellular and viral DNA and synthesizes cGAMP to activate STING1.
STING1 moves to the Golgi, activating IKKand TBK1, which enhances IFN production via NF-kB and IRF3. IFN signaling begins with IFNAR1
and IFNAR?2 receptors activating JAK1 and TYK2, continuing through STAT1, STAT2, and IRF9 transcription factor complexes. Enzymes
such as TREX1, RNASEH2A, RNASEH2B, and RNASEH2C maintain cellular DNA homeostasis. SAMHD1 regulates dNTP levels, and POL1A
synthesizes RNA-DNA primers. ATAD3A stabilizes mtDNA.RNAsensors RIG1 and MDA5 detect shortand longviral RNAs, respectively, and
this detection activates signaling pathways that trigger antiviral responses through MAVS. Regulation of short viral RNAsis carried out by
ADAR1, whereas the processing of long viral RNAs is mediated by SK/IV2L and ADAR1. Core histone stability is maintained by LSM11 and
RNU7-1. Clearance of aberrant DNAand RNA products is mediated by proteasome components (PSMA3, PSMB7, PSMBS, PSMBSY, POMP,
and PSMG2), while USP18 and COPA regulate the IFN response. Therolesof ADA2, C1g, and ACP5in IFN release are not fully understood).
(ACP5: Acid Phosphatase 5, Tartrate-Resistant, ADA2: Adenosine Deaminase 2, ADAR1: Adenosine Deaminase Acting on RNA
1, ATAD3A: ATPase Family AAA Domain-Containing Protein 3A, C1g: Complement Component 1q, cGAS: cyclic guanosine
monophosphate-adenosine monophosphate synthase, COPA: Coatomer Protein Complex Subunit Alpha, DNA: Deoxyribonucleic
Acid, DNase [: deoxyribonuclease |, DNase II: deoxyribonuclease 1, dNTP: Deoxynucleotide triphosphate, IFNAR1: Interferon Alpha/
Beta Receptor 1, IFNAR2: Interferon Alpha/Beta Receptor 2, IRF3: Interferon Regulatory Factor 3, IRF9: Interferon Regulatory Factor
9, JAK1: Janus Kinase 1, LSM11: LSM11, U7 Small Nuclear RNA Associated, MAVS: Mitochondrial antiviral signaling protein, MDA5:
Melanoma differentiation-associated protein, mtDNA: Mitochondrial DNA, NF-kB: Nuclear factor kB, POL1IA: DNA Polymerase Alpha
1, POMP: Proteasome Maturation Protein, PSMA3: Proteasome Subunit Alpha Type-3, PSMB7: Proteasome Subunit Beta Type-7,
PSMBS8: Proteasome Subunit Beta Type-8, PSMB9: Proteasome Subunit Beta Type-9, PSMG2: Proteasome Assembly Chaperone 2,
RNA: Ribonucleic Acid, RNASEH2A: Ribonuclease H2 Subunit A, RNASEH2B: Ribonuclease H2 Subunit B, RNASEH2C: Ribonuclease
H2 Subunit C, RIG1: Retinoic acid-inducible gene-1, RNU7-1: RNA, U7 Small Nuclear 1, SAMHD1: Sterile Alpha Motif, and Histidine-
Aspartate Domain-Containing Protein 1, SK/IV2L: Ski2 Like RNA Helicase, STAT1: Signal Transducer and Activator of Transcription 1,
STAT2: Signal Transducer and Activator of Transcription 1, STING: stimulator of interferon genes, IKK: Inhibitor of kB Kinase, TBK1:
TANK-binding kinase 1, IFN: Interferon, TREX1: Three Prime Repair Exonuclease 1, TYK2: Tyrosine Kinase 2, USP18: Ubiquitin-Specific
Peptidase 18).
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and interacts with TNF receptor-associated factors (TRAF)
proteins and activates downstream kinases.®

Common pathway in nucleic acid sensing

Stimulation of the STING pathway by DNA or the MAVS
pathway by RNA initiates immune signaling. STING activity
is inhibited by enzymes such as cGAMP phosphodiesterase
(cGAMP-PDE), while the MAVS signaling pathway is
repressed by RNF125 ubiquitin ligase.’® A defect in the
function of these regulatory proteins leads to over-
activation of the STING and MAVS signaling pathways,
activating the TANK-binding kinase 1 (TBK1) inhibitor and
IKKe kinase complex. TBK1 activates IFN regulatory factor
3 (IRF3). Activation of IKKe leads to the activation of the
nuclear factor kB (NF-kB) transcription factor.?’

Proteasomes in this context

Proteasomes maintain intracellular protein balance,
clear misfolded proteins, and support immune responses
by promoting antigen presentation.?’ Mutations in
proteasome-related genes such as PSMA3, PSMB7, PSMBS,
PSMB9, POMP, and PSMG2 disrupt the function of the
proteasome complex, leading to an uncontrolled type 1
IFN response.?? This dysfunction causes ER accumulation
of misfolded proteins and activates the ER membrane
protein Inositol-Requiring Enzyme 1 (IRE1). Activated IRE1
stimulates transcription factors such as IRF3 and NF-kB,
triggering the production of proinflammatory cytokines
and IFNs.?

Nuclear response

The nuclear response begins with the recognition of
cytosolic DNA or RNA in immune cells. It proceeds when
transcription factors are phosphorylated and transported
to the nucleus to initiate the expression of type 1 IFN
and proinflammatory cytokines.?* Factors such as IRF3,
IFN regulatory factor 7 (IRF7), and NF-kB play key roles in
this process. The cGAS-STING pathway activates IRF3 in
response to DNA, while the MAVS pathway activates IRF7
and NF-kB in response to RNA.* IRF3 is phosphorylated
and transported to the nucleus via TBK1 kinase to initiate
the transcription of type 1 IFN and interferon-stimulated
gene (ISG). NF-kB enhances inflammatory cytokine
production, leading to migration of immune cells to the
site of infection.”® Furthermore, Signal Transducer and
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Activator of Transcription (STAT) 1 and STAT2 sustain the
antiviral response by activating the Janus kinase (JAK) -
STAT pathway and potentiate the expression of antiviral
proteins such as Interferon-Stimulated Gene 15 (ISG15)
and Myxovirus Resistance Protein 1 (MX1). Since excessive
nuclear response can trigger autoimmune responses,
proteins such as Suppressor of Cytokine Signaling (SOCS)
1 and SOCS3 limit the response by inhibiting the JAK-
STAT pathway; Protein Inhibitor of Activated STAT (PIAS)
1 and PIAS3 control STAT1 and STAT3 activity.?® Ubiquitin-
Specific Peptidase 18 (USP18), stabilized by ISG15, plays a
negative regulatory role in ISG transcription, optimizing the
antibacterial response against mycobacteria.?’” Osteopontin
(OPN) promotes type | IFN production, whereas this effect
is limited by tartrate-resistant acid phosphatase (ACP5).%®
Complement proteins such as Clg also contribute to
immune balance by inhibiting ISG transcription.

Type | IFN activity

During infection, recognition of viral RNA and DNA in the
cell cytoplasm initiates type | IFN production via RLRs and
CcGAS-STING, activating transcription factors such as IRF3
and NF-kB.? This, in turn, leads to the production of IFN-a
and IFN-B, resulting in the secretion of these molecules.
IFN-a and IFN-B bind to IFN-alpha/beta receptors (IFNAR)
consisting of IFNAR1 and IFNAR2 subunits on the cell
surface by autocrine or paracrine action.*® This binding
activates the JAK-STAT pathway; IFNAR-bound Tyrosine
Kinase 2 (TYK2) and JAK1 kinases are activated through
phosphorylation and subsequent phosphorylation of STAT1
and STAT2 proteins.®' Phosphorylated STAT1 and STAT2
combine with IRF9 to form the Interferon-Stimulated Gene
Factor 3 (ISGF3) complex. The ISGF3 complex then enters
the nucleus and initiates ISG transcription. ISGs encode
proteins that inhibit viral replication and exert antiviral
effects. Antiviral proteins, such as Protein Kinase R (PKR),
2’-5’-Oligoadenylate Synthetase (OAS), and Myxovirus
Resistance Protein A (MxA), stop virus replication in infected
cells, limiting the spread of infection. Thus, the type | IFN
signaling pathway provides the immune system’s initial
response by creating a strong antiviral environment in both
infected cells and surrounding cells.?> Negative regulatory
proteins such as SOCS1 and SOCS3 fail to inhibit the JAK-
STAT pathway, and proteins such as USP18 fail to suppress
the sustained activation of IFNAR, resulting in prolonged
type | IFN activation and tissue damage.>*
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CLINICAL FEATURES

Type 1 interferonopathies are autoinflammatory and
autoimmune disorders characterized by onset in early
childhood due to genetic alterations. Neurological
manifestations include microcephaly, seizures, spasticity,

and intracranial calcification, while dermatological findings
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encompass livedo reticularis, lupus-like rashes, and
ulceration. Additional common features include retinal
vasculopathy, acrocyanosis, finger necrosis, interstitial
lung diseases (ILD), bone marrow depression, growth
retardation, hepatosplenomegaly, and arthritis.%* The
general genetic and clinical features of these diseases are
summarized in Table 1.

Table 1. Summary of Inheritance, Genetic, and Clinical Characteristics of Type | Interferonopathies
Inheritance | Gene Clinical Features
AGS AR/AD SAMHD1, ADAR1, RNASEH2A, | mental-motor retardation, developmental delay, spasticity, dystonia, ataxia,
RNASEH2B, RNASEH2C, peripheral neuropathy, epilepsy, brain atrophy (cortical and subcortical),
TREX1, IFIH1 leukodystrophy, intracranial calcification, anemia, thrombocytopenia, chilblain,
livedo, HSM
COPA AD COPA peripheral arthritis, interstitial lung disease, diffuse alveolar hemorrhage,
glomerulonephritis, oral ulcer, livedo
DADA2 | AR ADA2/CECR1 Growth retardation, recurrent fever, livedo, digital gangrene, stroke, epilepsy,
peripheral neuropathy, pancytopenia, hemolytic anemia, mesenteric ischemia
FCL AD TREX1, SAMHD1 Early-onset, cold-induced chilblains in acral sites, arthralgia, lymphopenia,
myalgia, conjunctivitis
FSLE AR/AD TREX1, SAMHD1, ACP5, Arthritis, lupus nephritis, malar rash, discoid rash, photosensitivity,
DNASE1, DNASE1L3, PRKCD, | chilblain, pancytopenia, pericarditis, myocarditis, intracranial calcification,
C1Q/R/S, C2, C3, C4 leukodystrophy, vision loss, stroke, seizure, psychosis
1ISG15 AR ISG15 increased susceptibility to bacterial and viral infections, mycobacterial
infections, seizures, developmental delay, muscle weakness, skin rash
PRAAS | AR PSMA3, PSMB7, PSMBS, recurrent episodes of fever from infancy, neutrophilic dermatosis,
PSMB9, POMP, PSMG2 lipodystrophy, bone tenderness, muscle weakness
SAVI AD TMEM173/STING1 cold-induced livedo, ulceration, necrosis of fingertips, short fingers, interstitial
lung disease, arthritis, fever, myalgia
SMS AD IFIH1, DDX58 early tooth loss starting in childhood, enamel hypoplasia, skeletal dysplasia,
deformity of the hands and feet, calcification and bone hardening, vascular
calcification
SPENCD | AR ACP5 developmental defects in the spine (spondylo-) and long bones
(endochondro-), growth retardation, short stature, muscle weakness,
spasticity, autoimmune thyroid diseases
THES AR SKIV2L, TTC37 severe and treatment-resistant diarrhea, malabsorption, growth
retardation, hepatosplenomegaly, cirrhosis, trichorexis nodosa, dry skin, skin
hyperpigmentation, eczematous rash, pancytopenia
USP18 |AD USP18 severe skin rashes, fever, muscle weakness, respiratory distress, seizures,
starting in the neonatal period
RVCL AD TREX1 retinal vasculopathy, cerebral leukoencephalopathy, hypertension, renal
failure, difficulty speaking and walking
XLRPD |AR POLA1 reticular hyperpigmentation, photophobia, corneal opacity, recurrent
pneumonia, nephritis, renal failure

AD: autosomal dominant; AGS: Aicardi-Goutiéres syndrome; AR: autosomal recessive; DADA2: adenosine deaminase 2 deficiency; FCL: familial chilblain
lupus; FSLE: familial systemic lupus erythematosus; HSM: hepatosplenomegaly; ISG15: interferon-stimulated gene 15 deficiency; PRAAS: proteasome-
associated autoinflammatory syndrome; SAVI: STING-associated vasculopathy with onset in infancy; SLE: systemic lupus erythematosus; SMS: singleton—
Merten syndrome; SPENCD: spondyloenchondrodysplasia; THES: trichohepatoenteric syndrome; USP18: ubiquitin-specific protease 18 deficiency; RVCL:
retinal vasculopathy with cerebral leukodystrophy; XLRPD: X-linked reticulate pigmentary disorder.
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Aicardi-Goutiéres Syndrome (AGS)

AGS is a rare autoinflammatory disease in patients
with type 1 interferonopathies and is characterized by
neurological symptoms in early childhood. Mutations in
genes such as TREX1, RNASEH2A, RNASEH2B, RNASEH2C,
SAMHDI1, ADAR1, and IFIH1 lead to the accumulation of
DNA or RNA in the cytoplasm, triggering the continuous
production of type 1 IFN and causing the body to attack its
own tissues.>>*

In the neonatal period, AGS presents clinical features
resembling congenital infections, including TORCH. During
this period, cerebral calcifications, particularly in the basal
ganglia and other cerebral regions, are often accompanied
by microcephalyand are crucial for diagnosing the condition.
Cerebral white matter damage and encephalopathy
symptoms resulting from elevated type 1 IFN levels are also
characteristic findings. Furthermore, hepatosplenomegaly,
increased leukocyte levels, and febrile episodes frequently
accompany the disease presentation.®

The most prominent findings that shape the clinical picture
of AGS in the infantile period include developmental
delay, spasticity, increased muscle tone, and seizures.
In addition to severe motor and mental retardation,
significant neurologic symptoms, such as limitation of limb
movements and inadequate head control, are observed in
children during this period. Magnetic resonance imaging
(MRI) findings reveal basal ganglia calcifications and white
matter damage.® In addition, livedo reticularis, lace-like
bruises on the skin such as acrocyanosis and hair loss, are
among the autoinflammatory manifestations specific to
the infantile phase of AGS.*

In late childhood, AGS is characterized by marked
autoimmune and neurological disorders, as well as
exacerbated autoinflammatory symptoms. Later in
life, sustained immune system activation may cause
autoimmune responses such as lupus-like skin lesions, lace-
like rashes, and arthritis. Some patients develop permanent
neurological damage, such as intellectual disability, vision,
and hearing loss.*® Especially in those with /FIH1 mutation,
autoimmune findings are more prominent, and clinical
features such as skin atrophy and hair loss are frequently
seen during this period.*
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STING-Associated Vasculopathy with Onset in Infancy
(SAVI)

Gain-of-function (GOF) mutations in STING1, which
encodes a protein called STING, underlie the disease.
These mutations lead to sustained activation of STING and
consequent chronic stimulation of type 1 IFN production.®
SAVI causes severe inflammation of the skin, lungs, and
vascular system, usually starting in childhood, and can lead
to permanent tissue damage.3®

The most characteristic findings of SAVI include livedo
reticularis, ulcerations, and necrosis of the fingertips,
which are particularly severe in cold weather. These
findings usually begin shortly after birth and can lead to
tissue loss, shortening, and deformation of the fingers.?” A
large proportion of patients develop ILD, which can lead to
severe respiratory failure and a marked decrease in quality
of life. Early onset of pulmonary involvement is a factor that
adversely affects the prognosis of the disease; therefore,
close monitoring of pulmonary findings is important.?”
Fever, musculoskeletal pain, arthritis, anorexia, growth,
and developmental delay may also be observed.*?¢ Rare
cases of alopecia, short stature, epilepsy, intracranial
calcification, pulmonary hypertension, and spastic diplegia
have also been reported.?”

COPA syndrome

Heterozygous mutations in the COPA gene constitute
the basic mechanism of the disease by disrupting the
function of the COPA protein, which regulates intracellular
protein transport and the return of proteins between the
endoplasmic reticulum and the Golgi body. This dysfunction
leads to intracellular accumulation of misfolded or mutated
proteins, resulting in increased production of type 1 IFN.3®

COPA syndrome is one of the most common diseases with
lung involvement and is characterized by inflammatory
conditions, particularly ILD, and alveolitis. These patients
usually present with symptoms such as shortness of breath,
cough, and breathing difficulties, which usually begin at
an early age.* It is characterized by joint involvement,
usually presenting as symmetrical polyarthritis and
morning stiffness. In some cases, signs of vasculitis, such
as lupus-like skin rashes, livedo reticularis, and ulceration,
have also been reported.?® Fever, growth retardation, and
glomerulonephritis may also be seen.*®
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Familial Systemic Lupus Erythematosus (SLE)

Familial SLE is an autoimmune disease that affects multiple
family members owing to a genetic predisposition,
with early onset and severe progression. Key mutations
increasing SLE susceptibility are found in TREX1, DNASE1L3,
BLK, IRAK1, SAMHD1, ACP5, DNasel, protein kinase C 6
(PRKCD), and early complement proteins (C1qg/r/s, C2, C3,
and C4).%%1 Specifically, TREX1 and DNASE1L3 mutations
lead to DNA accumulation in the cytosol, stimulating
type 1 IFN production and causing skin, joint, and kidney
damage.** Skin manifestations include malar rash and
chilblain lesions, worsened by sun exposure.*’ Joint
symptoms include symmetrical pain, morning stiffness,
and arthritis, impacting quality of life despite not causing
permanent deformity. Lupus nephritis, which is common
in early-onset familial SLE, can result in permanent kidney
damage.** Rarely, retinal vasculopathy, leukodystrophy,
vision loss, stroke, and mental retardation may occur. It
is highly resistant to standard SLE treatments due to the
constant activation of the immune system.*

Familial Chilblain Lupus (FCL)

FCL is caused by heterozygous mutations in TREX1 or
SAMHDI1, resulting in intracellular DNA accumulation.*® The
hallmark of FCL is red-purple skin lesions on the fingertips,
hands, feet, nose, and ears, which typically intensify in
cold weather. These painful lesions can result in ulceration,
necrosis, and tissue loss after prolonged exposure to cold.®
Phenotypic diversity should be indicated in FCL patients
since patients with the same mutations may result in
different severities of clinical features.** Arthralgia and
myalgia may also be seen but are usually less severe than
skin symptoms. Lymphopenia and anti-nuclear antibody
(ANA) positivity have been observed in some cases.?

Spondyloenchondrodysplasia (SPENCD)

SPENCD is a clinical entity characterized by autoimmune
disorders and skeletal dysplasia caused by mutations
in ACP5. This gene encodes tartrate-resistant acid
phosphatase (TRAP), which is found in osteoclasts and is
crucial for bone metabolism and immunity. Reduced TRAP
activity impairs osteoclast function, affecting bone growth
and the immune response.®* Short bones, metaphyseal
dysplasia, platyspondyly, and developmental defects of the
spine and long bones can be seen and can cause growth
retardation and short stature.***> The disease is often
linked to autoimmune conditions such as autoimmune
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thyroid diseases, SLE, Sjogren’s syndrome, and vasculitis.
Headaches, spasticity, muscle weakness, and motor
disorders may also occur.”®

Deficiency of Adenosine Deaminase 2 (DADA2)

The literature does not definitively classify DADA2 as a
type 1 interferonopathy, but it is believed to trigger a
type 1 IFN response via STING, sustaining the immune
response.*® DADA2 is an autosomal recessive (AR) inherited
immunodeficiency syndrome caused by mutations in the
ADA2 or CECR1 gene.’

One of the most characteristic features of DADA2 is
the presence of vasculitis affecting small- and medium-
sized vessels. This can lead to the development of livedo
reticularis of the skin, ulceration, and gangrene of the
fingers and toes. If vascular inflammation involves brain
vessels, recurrent episodes of ischemic stroke may occur.
Stroke, especially in childhood, is one of the remarkable
clinical manifestations of DADA2.4

The inflammatory response triggered by ADA2 deficiency
can lead to the development of hematologic abnormalities
such as autoimmune hemolytic anemia, thrombocytopenia,
and neutropenia. Systemic manifestations such as
pancreatitis, hepatosplenomegaly, and arthritis are also
included in the clinical spectrum of the disease.*®* MRI
findings of our patient with DADA2 are shown in Figure 2.

Trichohepatoenteric Syndrome (THES)

THES is a rare AR disease that occurs in early childhood
and affects multiple organs, including the digestive system,
liver, and skin.*® Mutations in the SKIV2L and TTC37 genes
disrupt proteins that regulate intracellular mRNA turnover,
causing multisystemic symptoms.>® Key characteristics
of THES include severe, treatment-resistant diarrhea,
malabsorption, and growth retardation, accompanied
by nutritional deficiencies that manifest from infancy.
Many patients also exhibit liver dysfunction, characterized
by hepatomegaly, elevated liver enzyme levels, and, in
some cases, cirrhosis-related splenomegaly. A hallmark
feature of the syndrome is thin, brittle, and slow-growing
hair, often associated with trichorexis nodosa, along
with dry skin, eczematous rashes, and a texture prone to
bruising. Recurrent infections due to immunodeficiency
are common, while bone marrow suppression frequently
results in anemia, thrombocytopenia, and leukopenia,
further contributing to the clinical complexity of the
disorder.*
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Figure 2. Edematous changes in the skin, subcutaneous tissue, and muscle tissues at both cruris on Magnetic Resonance Imaging of
a 9-year-old boy with Deficiency of Adenosine Deaminase 2

Singleton-Merten Syndrome (SMS)

SMS is usually associated with GOF mutations in IFIH1.
However, an atypical form caused by the DDX58 mutation
has also been described.>! Characteristic features of SMS
include dental abnormalities such as early tooth loss and
enamel hypoplasia, which may provide important clues to
the diagnosis. In addition, skeletal dysplasia, osteoporosis,
and growth abnormalities in long bones have been
observed in patients. Calcifications are common, especially
in the hands and feet, and can lead to severe finger and
spinal deformities.>? One of the hallmarks of SMS is vascular
calcifications that progress with age. These calcifications,
especially in the aorta and other heart valves, are common
and often lead to serious cardiovascular complications.! In
addition, symptoms such as myalgia, skin rashes, growth
retardation, and glaucoma have also been reported in
cases.>?

Interferon-Stimulated Gene 15 (ISIG15) Deficiency

ISG15 deficiency is an AR disorder caused by mutations
in ISG15. This leads to impaired production of ISG15, a
ubiquitin-like protein. I1SG15 is an important molecule
that enhances the immune response to viral infections
through post-translational modification of intracellular
proteins.>® Symptoms usually appear in the newborn or

8

early childhood, including clinical signs such as fever, skin
rashes, and recurrent lung infections. Patients become
more susceptible to mycobacterial infections, especially
tuberculosis.?’” Seizures, psychomotor retardation, and
developmental delays may also occur.>

Ubiquitin-Specific Protease 18 (USP18) Deficiency

USP18 deficiency results from heterozygous GOF mutations
in the USP18 gene.>® The USP18 protein, in conjunction
with ISG15, negatively regulates the type 1 IFN response.’
This condition typically manifests in the neonatal period,
with symptoms such as severe skin rashes, fever, muscle
weakness, and respiratoryissues. Chronic CNS inflammation
can lead to severe neurological symptoms, including
seizures and developmental delays.? It is termed “pseudo-
TORCH syndrome” due to features like microcephaly,
ventriculomegaly, and intracranial calcification without
congenital infection.>?

Retinal Vasculopathy with Cerebral Leukodystrophy
(RVCL)

RVCLis an autosomal dominant (AD) disorder resulting from
mutations in the TREX1 gene. This mutation results in the
loss of function of the TREX1 protein, which is responsible
for DNA fragmentation.>®> Consequently, this leads to
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intracellular DNA accumulation and chronic inflammation,
thereby triggering an autoimmune response that damages
vascular and nerve tissues. Symptoms typically appear
between the ages of 30 and 50 and include blurred vision,
vision loss, cognitive impairment, headaches, seizures, and
progressive dementia.’® Hypertension and renal failure
have also been reported.*®

X-linked Reticulate Pigmentary Disorder (XLRPD)

XLRPD occurs due to mutations in the POLA1 gene.”’
Patients with XLRPD often experience photophobia and
sometimes corneal opacities. Corneal thickening and
reduced transparency may progress to the point where
vision loss may occur. These symptoms usually appear
early and may progress over time.>® One of the hallmarks
of the disease is diffuse reticular hyperpigmentation
that begins shortly after birth and affects the trunk,
extremities, and face. Patients may also experience dry
skin and eczematous rashes. Males with XLRPD often have
additional manifestations such as recurrent respiratory
and gastrointestinal infections, facial dysmorphia, corneal
dyskeratosis, and hypohidrosis. Female carriers usually only
exhibit cutaneous manifestations.®

Proteasome-associated Autoinflammatory Syndromes
(PRAAS)/Chronic Atypical Neutrophilic Dermatosis with
Lipodystrophy and Elevated Temperature (CANDLE)

PRAAS/CANDLE is an AR disease caused by mutations in the
PSMBS8, PSMB4, PSMBS9, PSMB10, PSMA3, PSMB7, POMP,
and PSMG2 genes.”® Patients with CANDLE syndrome
frequently experience recurrent fevers from infancy,
accompanied by neutrophilic dermatitis, characterized by
purple plaques, swelling, painful rashes, and ulcerations
on the skin.®® They exhibit significant facial and arm
lipodystrophy, leading to both aesthetic and metabolic
issues.®® Musculoskeletal symptoms such as arthralgia
and muscle weakness are common.”® Due to chronic
inflammation, visceral functions are negatively affected in
these patients. Growth retardation, hepatosplenomegaly,
lymphadenopathy, and hematologic disorders may be
observed.®°

DIAGNOSIS

Due to their rarity, type 1 interferonopathies necessitate
thorough clinical evaluation, laboratory analysis, and
genetic testing.! A chronic and progressive inflammatory
presentation may indicate interferonopathies, typically
manifesting in childhood with unusual symptoms and
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resistance to conventional therapies.®* A wide range of
symptoms are observed, including skin rashes, neurological
findings due to central nervous system involvement,
pulmonary symptoms, and musculoskeletal problems.®
Symptoms such as vasculitic skin changes, panniculitis, ILD,
basal ganglia calcifications, neuromotor disorders, epilepsy,
and recurrent fever are particularly common in these
diseases.>* Since it has a Mendelian inheritance pattern, risk
factors such as family history and consanguineous marriage
are also taken into account in the diagnostic process.?

Diagnosing type 1 interferonopathies necessitates
demonstrating an elevated type 1 interferon response;
however, low blood levels present a challenge in
measurement.! The IFN signature method is an approach
to assess ISG expression. Increased expression of genes
such as IFIT1, IFI27, IFI44L, I1SG15, RSAD2, and SIGLEC1
are important biomarkers supporting interferonopathies.
Although a positive IFN signature is observed in most
patients, results may be negative in some cases, especially
AGS patients with RNASEH2B mutations.> Positive results
can also occur in viral infections or SLE, limiting specificity
and risking false positives.? Thus, combining the IFN
signature with clinical findings and genetic analysis
improves diagnostic accuracy.>®

Genetic analysis is crucial for confirming the diagnosis and
distinguishing interferonopathies from other diseases,
as most gene mutations affect the interferon pathways.
Identifying gene mutations like IFIH1, TREX1, TMEM173,
and ADAR1 clarifies the diagnosis.®> Next-generation
sequencing, such as whole-exome sequencing (WES) or
whole-genome sequencing (WGS), is recommended for
definitive diagnosis.5!

In which patients should we suspect Type |
interferonopathies?

Type | IFNs should be suspected in the presence of chronic
autoinflammatory or autoimmune diseases resistant to
conventional therapies, usually starting in early childhood,
especially in the presence of unexplained neurologic
or dermatologic symptoms.? Findings such as livedo
reticularis, ulceration or necrosis of the extremities,
basal ganglia calcifications, treatment-resistant seizures,
and unexplained musculoskeletal symptoms strongly
support the possibility of Type | IFNs.® In addition to these
symptoms, factors such as family history, consanguinity,
and genetic predisposition are also important clues that
increase suspicion for the diagnosis.?
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How should we approach the diagnosis in patients
suspected of having interferonopathies?

The diagnosis of type 1 IFN starts with a high clinical
suspicion, followed by a demonstration of an IFN response.!
For this, the IFN signature test is used, which measures
ISG expression in the peripheral blood. Although the IFN
signature is positive in most patients, it can be confused with
other diseases owing to its low specificity.> WES is preferred
to clarify the diagnosis; however, it has limitations, such
as its high cost and inability to detect intronic mutations.
The most accurate diagnosis is made using WGS; however,
it is rarely used because of its high cost.®* Therefore, an
accurate diagnosis requires a multidisciplinary approach
using clinical, laboratory, and genetic testing.

TREATMENT

Treating type 1 interferonopathies aims to alleviate
symptoms and modulate the interferon response.
Although no definitive cure exists, current strategies focus
on suppressing IFN signaling. JAK inhibitors (ruxolitinib,
tofacitinib, and baricitinib) block the JAK-STAT pathway,
reducing inflammation and symptoms in conditions such
as AGS. However, they are not fully curative and may not
reverse lung involvement.®? Side effects include BK virus
viremia and respiratory infections. Anti-inflammatory and
immunosuppressive drugs (corticosteroids, methotrexate,
mycophenolate mofetil) reduce general inflammation but
do not directly target interferon signaling, thus offering a
limited response.?

Anti-IFN  antibodies (sifalimumab and anifrolumab)
specifically neutralize interferon molecules and have shown
promisein phase 2-3 trials.®® Reverse transcriptase inhibitors
(abacavir, lamivudine, and zidovudine) provide short-term
improvement in some patients but lack long-term efficacy.®
Gene therapy may offer future solutions but remains in the
research phase.* Due to their experimental nature, these
treatments require monitoring by a multidisciplinary team

and an individualized approach.
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