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Notable advances in gene sequencing methods in recent years have permitted enormous progress in the phenotypic and genotypic characterization of autoinflammatory syndromes. Interferonopathies are a recent group of inherited autoinflammatory diseases, characterized by a dysregulation of the interferon pathway, leading to constitutive upregulation of its activation mechanisms or downregulation of negative regulatory systems. They are clinically heterogeneous, but some peculiar clinical features may lead to suspicion: a familial “idiopathic” juvenile arthritis resistant to conventional treatments, an early necrotizing vasculitis, a non-infectious interstitial lung disease, and a panniculitis associated or not with a lipodystrophy may represent the “interferon alarm bells.” The awareness of this group of diseases represents a challenge for pediatricians because, despite being rare, a differential diagnosis with the most common childhood rheumatological and immunological disorders is mandatory. Furthermore, the characterization of interferonopathy molecular pathogenetic mechanisms is allowing important steps forward in other immune dysregulation diseases, such as systemic lupus erythematosus and inflammatory myositis, implementing the opportunity of a more effective target therapy.
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BACKGROUND

In the last 20 years, remarkable progress has been made on the phenotypic and genotypic characterization of autoinflammatory disorders (1, 2). The onset of an autoinflammatory phenotype early in infancy is often linked to a monogenic autoinflammatory syndrome, whose diagnosis is currently a challenge for pediatricians (2). Interferonopathies represent the most recent and increasingly featured chapter among these pathologies. The term “interferonopathy” first appeared in 2003, when some authors identified phenotypic overlaps between Aicardi–Goutieres syndrome (AGS) encephalopathy, viral congenital infections, and some autoimmune diseases such as systemic lupus erythematosus (SLE), postulating a common pathological feature as an upregulation of interferon (IFN) α activity (3). Indeed, AGS was originally defined as pseudo-TORCH (toxoplasmosis, rubella, cytomegalovirus, and herpes) syndrome, identifying a group of serologically negative disorders that mimic congenital TORCH infections, suggesting a similar pathogenetic mechanism (3, 4). In the first decade of the 2000s, the genes underlying AGS and monogenic forms of SLE were partially identified and in both cases were associated with type I IFN signaling, confirming the involvement of a common pathway (4–7). In the meantime, the role of nucleic acids and the activation of intracellular receptors for the production of type I IFN by virus-infected cells was identified (4). These considerations led to the definition of a new group of mendelian disorders, characterized by the mutation of single genes involved in the type I IFN signaling: the interferonopathies (8). Further genetic analysis of these patients showed mutations in genes involved in several overlapping pathways: the pathogenesis, still largely to be characterized, lies in alterated response to nucleic acid stimuli or defective regulation of downstream effector molecules (8–10). Despite clinical heterogeneity, some phenotypic characteristics in this group of diseases are shared: early onset of the skin vasculopathy with chilblains, livedo reticularis and panniculitis, involvement of central nervous system (CNS), and interstitial lung disease are the most represented (2, 4, 11). These clinical manifestations represent the “clinical IFN signature.”



TYPE I INTERFERON SIGNALING: REGULATION AND DYSREGULATION

In 1957, Isaacs and Lindenmann described a soluble factor in supernatant of cells incubated with influenza virus, able to “interfere” with cell viral infection in vitro; they called this factor “interferon” (12). IFN was subsequently isolated and characterized, showing important biological properties such as inhibition of viral growth and cell multiplication and many immunomodulatory activities (2, 4, 13). Three types of IFNs are described: type I IFN primarily participates in the innate immune system response to viral antigens; type II or IFN-gamma mainly activates Th1 and B lymphocyte adaptive system response; and type III or IFN-lambda has antiviral and modulating properties (13, 14). Precisely, type I IFNs are powerful inflammatory polypeptides, ubiquitously expressed by immune and non-immune cells, including macrophages, lymphocytes, dendritic cells, fibroblasts, and hematopoietic plasmacytoid dendritic cells. This family of cytokines are all induced by microbial and viral nucleic acids, and it consists of the predominantly produced interferon-α (13 variants) and interferon-β and other less frequent variants such as IFN-ε, -κ, -τ, and -ζ (14–20). Indeed, virus infection leads to an intracytoplasmic accumulation of viral double-stranded (ds) RNA or DNA. This surplus of nucleic acids exceeded the activation threshold and is sensed in the cytoplasm or endosomes by different pattern recognition receptors as Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), and other cytoplasmic DNA receptors such as the cyclic GMP-AMP synthase (cGAS) (16–21). In particular, intracellular dsDNA interacts with the enzyme cGAS, activating the production of cyclic 2′3′GMP-AMP (cGAMP). In the endoplasmic reticulum (ER), cGAMP binds and activates the STimulator of INterferon Genes (STING), which translocates into the Golgi apparatus. Here, STING C-terminal tail (CTT) recruits TANK-binding kinase 1 (TBK1), which phosphorylates serine 365 of CTT. Phospho-S365 induces the coupling and the subsequent phosphorylation by TBK1 of IFN regulatory factors 3 (IRF3), which translocates to the nucleus and induces the transcription of IFN-β and of IFN regulatory factors 7 (IRF7), which is responsible for IFN-α secretion and autocrine signaling amplification (22).

Another pathway for IFN activation includes three cytosolic RNA helicases: the RIG-I-like helicases (RLHs), the retinoic acid inducible gene-I (RIG-I), and the melanoma differentiation-associated gene 5 (MDA5), which recognize viral dsRNA in the cytoplasm. RIG-I and MDA5 activate downstream IKK epsilon and TBK1, which phosphorylate and activate IRF3 and IRF7, allowing IFNα and β gene transcription (23). Therefore, type I IFNs, produced by the infected cells and released in the extracellular environment, perform an autocrine and paracrine action binding to the heterodimeric interferon receptors (IFNRs), which are constituted by the subunits IFN-α receptor 1 (IFNAR1) and IFNAR2. IFN bound to its receptor induces dimerization of these two subunits, which recruit JAK1 (Janus kinase 1) and TyK2 (tyrosine kinase 2) proteins. This activation further promotes the STAT1–STAT2 dimerization and the recruitment of IFN regulatory factors 9 (IRF9) to assemble the heterotrimeric transcription complex interferon-stimulated gene factor 3 (ISGF3). In the nucleus, ISGF3 binds to IFN-stimulated response elements (ISRE) promoting the expression of interferon-stimulated genes (ISGs) (14, 20, 24). ISG expression controls chemotaxis, cell migration, apoptosis, and cell proliferation, and it regulates immune detection and defense against infections (20). Moreover, a negative feedback mechanism finely regulates signal transduction through the IFN receptor: the ubiquitin-specific peptidase 18 (USP18)–interferon-stimulated gene 15 (ISG15) system. The USP18 binds the IFNAR2 subunit, decoupling it from JAK1 and inhibiting the propagation of the next signal. These events induce a refractory state in the cells with reduced sensitivity to further stimulation. ISG15 is an IFN-induced protein that extracellularly stimulates the production of type II IFN, and intracellularly it binds lysine residues of proteins (ISGylation); this process can be reversed by USP18. In addition, the unconjugated ISG15 form prevents the degradation of UBS18 by the S-phase kinase-associated protein 2 (SPK2), activating a negative regulation of the IFNR signaling (25, 26). Moreover, IFNR activation stimulates the transcription of the suppressor of cytokine signaling 1 (SOCS1), activating another negative feedback mechanism. Indeed, SOCs 1 binds TyK2, reducing IFN signal transduction and, simultaneously, the surface expression of IFNR1, which is stabilized by Tyk2 (27). The IFN pathway described above is illustrated in Figure 1.
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FIGURE 1. Type I IFN signaling: the intracytoplasmatic accumulation of viral (or endogenous due to loss of function of the enzymes responsible for degradation) nucleic acids is sensed by two systems: (1) the cytoplasmic DNA receptors cyclic GMP-AMP synthase cGAS: intracellular dsDNA activate cGAS, leading to the production of cGAMP. cGAMP binds and activates STING in ER, which translocates into the Golgi apparatus. Here, the STING C-terminal tail recruits TBK1. TBK1 induces the coupling and the phosphorylation of IFR3 and, consequently, IFR7. (2) The cytosolic RNA helicases RIG-I–MDA5 system: intracellular dsRNA activates MDA5 and RIG I, which bind and activate MAVS in the mitochondrial membrane, forming the MAVS signaling complex. MAVS triggers downstream TBK1, than activating IRF3 and IRF7. Finally, IRF3 and IRF7 translocate to the nucleus and induce the transcription of IFN-β and IFN-α, respectively. Type I IFNs, through autocrine and paracrine action, bind to IFN receptors. The IFNR dimerization recruits JAK1 and TyK2 proteins. This activation promotes the STAT1–STAT2 dimerization and the binding of IRF9 to assemble the heterotrimeric transcription complex ISGF3. In the nucleus, ISGF3 binds to IFN-stimulated response elements (ISRE), promoting the expression of interferon-stimulated genes (ISGs). At the same time, IFN signaling is regulated by a negative feedback mechanism by the USP18–ISG15 system. The USP18 binds the IFNAR2 subunit, decoupling it from JAK1 and inhibiting the propagation of the next signal. ISG15 prevents the degradation of UBS18 by SPK2. TREX1, DNA 3′–repair exonuclease 1; RNASEH2, ribonuclease H2; POLA1, polymerase-α; cGAS, GMP-AMP synthase; cGAMP, 2′3′GMP-AMP; STING, STimulator of INterferon Genes; TBK1, TANK-binding kinase 1; MAVS, mitochondrial antiviral-signaling protein; IRF3, IFN regulatory factors 3; IRF7, IFN regulatory factors; RIG-I, retinoic acid-inducible gene-I; MDA5, melanoma differentiation-associated gene 5; JAK1, Janus kinase 1; TyK2, tyrosine kinase 2; IRF9, IFN regulatory factors 9; ISGF3, interferon-stimulated gene factor 3; USP18, ubiquitin-specific peptidase 18; ISG15, interferon-stimulated gene 15; SPK2, S-phase kinase-associated protein 2.


In conclusion, dysregulation of type I IFN signaling can occur through at least five mechanisms: (I) cytosolic accumulation of endogenous nucleic acids by loss-of-function mutations of genes that encode for enzymes responsible for DNA or DNA–RNA hybrid molecule degradation; (II) intracytosolic nucleic acid sensor alteration and following activation of the signal below the threshold; (III) gain-of-function mutations of positive IFN signaling regulators, leading to constitutive activation of the IFN pathway; (IV) loss-of-function mutations of negative IFN signaling regulators; (V) proteasomal dysfunction leading to increased IFN signaling through a mechanism being defined (2, 4). The role of mutations of genes encoding osteopontin activity proteins (TRAP/ACP5) and complement factors in interferonopathies is still not yet clarified (2). These mechanisms are summarized in Figure 2. Very recently, biallelic mutations of two components of the histone pre-mRNA processing complex were implicated: the U7 snRNA-associated Sm-like protein (LSM11) and the RNA U7 Small Nuclear 1 (RNU7-1). Such gene alterations are responsible for a modified stoichiometric conformation of the histones and an altered chromatin formation, with dysregulation of the cGAS-STING activity. These findings highlight further pathways of constitutive activation of IFN, which need to be investigated (28). The main genes involved and their role in the pathogenesis of interferonopathies are summarized in Table 1.
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FIGURE 2. Schematic representation of genetic mechanisms and clinical manifestations in main interferonopathies (see in the text).



Table 1. Mutated gene and corresponding locus, protein function, pattern of inheritance, and common symptoms of main type I interferonopathies.
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TYPE I IFN AND BRAIN

Neurological involvement is a prominent feature of most interferonopathies, especially with specific mutations (Table 1) (29, 30). Recent studies showed that IFN type I is implicated in regulating microglial function, both during development and in response to neuroinflammation, ischemia, and neurodegeneration (30, 31). The microglia is the local component of the CNS innate immune system, and it plays a central role in the modulation of CNS inflammatory homeostasis. Microglia, indeed, is essential in phagocytizing myelin debris and providing support to oligodendrocytes and axons, also during synaptogenesis. Disruption in microglial activation may result in detrimental effects within white matter (30–32). Therefore, a disruption in the fine balance between required clearance and excessive phagocytosis is the basis of neurodegenerative pathologies. Type I IFN plays a significant role in regulating this balance.

The effects of IFN on CNS and microglia seem to be dual and opposite (31). Experimental murine models on multiple sclerosis (MS), autoimmune encephalomyelitis, and stroke demonstrated that IFNβ (produced by microglia) has local modulatory effects on myelin inflammation, by increasing phagocytosis (including T cells phagocytosis) and promoting the blood–brain barrier integrity. These data suggest a therapeutic role of IFN in these neurodegenerative diseases (33–35, 35, 36). On the other hand, it was demonstrated that a chronic upregulation of type I IFN signaling by microglia may be injurious and this effect may be greater in white matter (31). Dysregulation of the IFN pathway in mouse knockout for the USP18 gene led to a severe neurological phenotype with seizures, tremor(s), and early mortality (37, 38). Pathological brain evaluation highlighted hydrocephalus with basal ganglia calcifications and clusters of microglia in the white matter which strongly resembled the neuropathological pattern of several human microgliopathies (37, 38). The evaluation of USP18-deficient human patients confirmed the same neuroinflammatory phenotype, with the same astrocyte and microglial activation (25, 39). The susceptibility of nervous tissue to IFN insult seems to be prominent in the fetal CNS, when the process of neurogenesis, synaptogenesis, synaptic pruning, and myelization is paramount (30).

This condition reflects the very early onset of ganglion calcifications, epilepsy, and psychomotor retardation in some interferonopathies, such as AGS (29, 40). Moreover, recent studies suggest that many neuropathies, including Alzheimer's disease and MS, can be considered “microgliopathies,” and the microglia and the IFN signaling pathway may represent a promising therapeutic target (30, 41, 42).



MAIN CLINICAL SYNDROMES AND ASSOCIATED MOLECULAR DEFECTS

Genetic mutations and clinical syndromes associated with interferonopathies are continuously and rapidly evolving. The first diseases identified as type I interferonopathies were Aicardi–Goutières syndrome (AGS), the spondyloenchondrodysplasia (SPENCD), and the monogenic forms of systemic lupus erythematosus (SLE) (4). According to the 2017 classification of the International Union of Immunological Societies (IUIS), 13 type I interferonopathies were identified. In addition to those initially described, other monogenic syndromes were recognized, including proteasome-associated autoinflammatory syndromes (PRAAS), ISG15 deficiency, Singleton–Merten syndrome (SMS), and STING-associated vasculopathy with onset in infancy (SAVI) (43, 44). Clinical and pathogenetic characteristics of the main interferonopathies are described below.



AICARDI–GOUTIÈRES SYNDROME

AGS is a progressive encephalopathy with onset within the first year of life, characterized by basal ganglia calcifications, chronic cerebrospinal fluid (CSF) lymphocytosis, and elevated type I IFN levels in the CSF without evidence of any congenital infection (2, 45). The currently recognized genetic mutations associated with AGS are seven (Table 1), and they led to the identification of seven subgroups of the disease (AGS 1–7). The autosomal recessive forms are caused by mutations of genes encoding for intracellular nucleic acids degradation enzymes: 3′-5′ DNA exonuclease -TREX1 (AGS1), ribonucleases as the RNASEH2B (AGS2), RNASEH2C (AGS3), and RNASEH2A (AGS4), SAM and HD domain-containing deoxynucleoside triphosphate triphosphohydrolase 1-SAMHD1 (AGS5), and adenosine deaminase acting on RNA 1-ADAR1 (AGS6). The autosomal dominant forms are mainly caused by mutations of genes encoding for the intracellular RNA sensor IFN-induced helicase C domain-containing protein 1-IFIH1 (AGS7) (2, 5, 46–52). A less severe phenotype was reported in patients with ISG15 gene mutations (51).

AGS is a clinically heterogeneous disorder. Two forms of AGS were described: in the early-onset form, psychomotor development delay and liver abnormalities are evident from birth; in the later-onset AGS, after the first weeks or months of normal development, symptoms appear as a progressive decline in head growth, spasticity, and cognitive and developmental delay that range from moderate to severe. In addition, abnormal eye movements, nystagmus, glaucoma, and poor visual behavior are often associated (5, 47–52); a peculiar characteristic is a “startle reactions,” in response to even minimal sensory stimuli (53). Intracranial calcifications, white matter destruction, and brain atrophy are evident on neuroimaging, similar to radiological findings seen in congenital infections. Epileptic seizures are present in a variable percentage from 10–30% to 53–75%. In children with the late-onset form, as symptoms lessen, clinical manifestations stabilize with no further worsening of the disease (54). Stroke and cerebral aneurysms are common manifestations in patients affected by mutation of SAMHD1 gene (55). Extraneurological symptoms mainly involve the skin (35% of cases): chilblain-like lesions, characterized by areas of inflammation and necrosis secondary to peripheral inflammatory vasculopathy, are localized mainly in fingers and toes or in the auricles, mostly in the cold months. Other common alterations include thrombocytopenia, hepatosplenomegaly, elevated transaminases, psoriasis, interstitial lung disease, and intermittent fever, which erroneously cause a misdiagnosis with acute CNS infections (meningitis, encephalitis) (45, 46, 48, 50). An autoimmune SLE-like habitus associated with type 1 diabetes mellitus, hypothyroidism, polygammaglobulinemia, and hemolytic anemia has been often described (56). Furthermore, arthropathy with progressive contractures were reported only in children with SAMHD1 gene mutations (57).



SPONDYLOENCHONDRODYSPLASIA WITH IMMUNE DYSREGULATION

SPENCD is a rare autosomic recessive disorder characterized by multiple skeletal dysplasia, neurological involvement, and immune dysfunction with an increased IFN type I signature in peripheral blood and urine, due to mutations of tartrate-resistant acid phosphatase (TRAP) gene (ACP5) (58, 59). TRAP enzyme plays a role in inhibiting the activity of osteopontin (Opn), a protein involved in bone metabolism and immune system function modulation. Opn is expressed by osteoclasts and osteoblasts, and it stimulates bone remodeling and turnover. In addition, it has been shown that secreted Opn acts as a “cytokine” that polarizes lymphocytic differentiation in Th1, promoting macrophage production of IL12. ACP5 gene mutations impair or eliminate TRAP ability to inactivate Opn (58). The role of Opn in modulating type I IFN production is still being defined. Some studies showed that intracellular expression of Opn in plasmacytoid dendritic cells was required for TLR9-dependent expression of IFN-α and colocalization of Opn was essential for efficient nuclear translocation of IRF7 and associated IFNα gene expression. In addition, Opn-deficient mice developed impaired IFNα-dependent natural killer cell responses to tumors and reduced IFN-α responses after infection with herpes simplex virus 1 (HSV-1) (60). Consequently, bone dysplasias with enchondromatosis, platyspondyly and irregularity of vertebral endplates and short stature, brain calcifications with spasticity and autoimmune disorders, including SLE with malar rash, anti-phospholipid syndrome, and glomerulonephritis are the main clinical manifestations (58, 60, 61). Sjögren's syndrome, hemolytic anemia, thrombocytopenia, hypothyroidism, inflammatory myositis, Raynaud's disease, and vitiligo were also described (58, 59).



MONOGENIC SYSTEMIC LUPUS ERYTHEMATOSUS

Increased IFNα serum level in SLE patients was widely demonstrated (62–66). Moreover, increased damage or death of cells and defective nucleic acid metabolism and the consequent production of autoantibodies against nucleic acids are characteristic of SLE. Accordingly, accumulation of nucleic acids may activate the same pathways involved in interferonopathies with an overproduction of IFN, suggesting an overlap between type I interferonopathies and SLE (67, 68). Recently, childhood-onset SLE was linked to single-gene mutations, defining monogenic or familiar SLE. This evolving monogenic mutations can be grouped into four classes: (I) complement factors, (II) enzymes involved in the endogenous metabolism of nucleic acids (extracellular DNASE), (III) proteins directly involved in IFN type I pathway, and (IV) factors involved in the regulation of B and T lymphocyte self-tolerance (69–71). Main genes involved in these forms are summarized in Table 2.


Table 2. The main altered genes described in the monogenic forms of SLE and corresponding phenotype.
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Complement protein defects are responsible for autosomal recessive forms of juvenile onset-SLE. C1q deficiency is the strongest risk factor known for the development of SLE, followed by C4A defects. The link between complement protein deficiency and IFN type I upregulation is currently under investigation. A defect of the opsonization of apoptotic self-bodies and, therefore, of the cellular clearance and the “efferocytosis” is considered the main causative factor (69). In addition, it was demonstrated that C1q in vitro inhibits peripheral blood mononuclear cell (PBMCs) and plasmacytoid dendritic cell IFNα production, thus hypothesizing a direct C1q regulatory role (72). The clinical phenotype is represented by an early onset of SLE with frequent early renal glomerular involvement and increased susceptibility to pyogenic infections (especially upper and lower tract respiratory infections) (2, 69). In addition, complement 1r subcomponent (C1r) mutations were described, with a clinical phenotype characterized by prominent neurological involvement and lymphadenopathy (73).

The role of endonuclease gene defects in the development of early SLE was demonstrated. In the early 2000s, some authors highlighted that reduced serum endonuclease DNASE1 activity was linked to the development of autoantibodies (especially anti-nucleosomal autoantibodies) and active SLE disease in patients and mice (74–76). The deficiency of DNASE1L3, a homolog of DNASE1, was first described in 2011 as a pediatric-onset SLE correlated with lupus nephritis (77). Recently, it was demonstrated that DNASE1L3 acts extracellularly and it plays a primary role in digesting genomic DNA circulating microparticles derived from apoptotic cells. Indeed, these DNA microparticles were targeted by autoantibodies in the serum of DNASE1L3-deficient mice and patients and the treatment with exogenous DNASE1L3 inhibited antibody binding. These findings suggest a central role of DNASI1L3 in immune tolerance regulation and in autoantibodies development in SLE (78, 79). Furthermore, the role of another endonuclease, DNAse 2, was recently described. Biallelic mutations in DNASE2 gene were associated with a clinical picture ranging from membrano-proliferative glomerulonephritis and liver fibrosis to severe neonatal anemia (80).

TREX1 is a genetic locus encoding for a form of 3′-5′ DNA exonuclease associated with monogenic SLE (81–85). Single-nucleotide polymorphisms (SNPs) in TREX1 were found associated with common forms of SLE (83–85). Early-onset familial chilblain lupus (FCL) is due to an autosomal dominant mutation of TREX1. It is a rare form of cutaneous SLE characterized by cold-induced severe vasculitic ulcerative lesions of (fingers, toes) and ears (81, 82). In addition, mutations in TREX1 with autosomal dominant inheritance were related to retinal vasculopathy with cerebral leukodystrophy (RVCL). Type I IFN signature was described in these patients. RVCL is characterized by middle-age onset of progressive visual loss due to retinal vasculopathy (telangiectasias, microaneurysms, retinal macular vascular obliteration) and neurologic manifestations including hemiparesis, facial paralysis, aphasia, and hemianopsia up to psychiatric disorders (86). Besides, a homozygous variant of this gene was identified in patients with an early-onset cerebral SLE (87). Also, mutations in SAMHD1 have been reported in patients affected by FCL, with and without vascular CNS involvement (88). Among monogenic SLE associated with mutations of genes involved in the IFN signal regulation, in addition to ISG15 and USP18 gene (discussed in other sections), it is important to mention the role of OTU domain-containing protein 1 (OTUD1). OTUD1 gene encodes for a deubiquitinase that interacts with IRF3, removing the poly-ubiquitin chains on IRF3 and suppressing IFN gene transcription. Patients with loss-of-function missense mutations in OTUD1 present with many different autoimmune disease, including early onset-SLE (71).



PROTEASOME-ASSOCIATED AUTOINFLAMMATORY SYNDROMES

PRAAS are a heterogeneous group of interferonopathies caused by inherited loss-of-function mutations in genes encoding proteasome subunits of 20S core particles such as PSMB8, PSMB9, PSMB7, and PSMA3 or proteasome chaperone factors such as POMP and PSMG2 (Table 1). These mutations lead to a failure of proteasome complex formation, causing an alteration of intracellular protein homeostasis and the accumulation of ubiquitinated proteins (2, 89–92). The underlying molecular mechanisms that link this alteration to the activation of the IFN pathway are not yet fully understood. Recently, new insights came from the unfolded protein response (UPR), which originated in response to an accumulation of misfolded proteins in the ER (ER stress). Indeed, defective proteasome compromises the ER-associated protein degradation, resulting in an accumulation of misfolded ER proteins in the lumen. This alteration is determined by three intra ER membrane-resident proteins, in particular the inositol-requiring enzyme 1α/β (IRE1), with subsequent activation of a signal pathway that allows NF-κB activation and IRF3 factor transcription, leading to a IFN-depending inflammation (92, 93).

PRAAS include the Japanese autoinflammatory syndrome with lipodystrophy (JASL) and chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature syndrome (CANDLE) syndromes (2). Common clinical features are the presence of pernio-like purplish nodular lesions (neutrophilic dermatosis), panniculitis with progressive lipodystrophy and muscle atrophy, and joint contractures with extremity deformity. Hepatosplenomegaly and hypochromic or hemolytic anemia were also reported. An early metabolic syndrome, with systemic hypertension and dyslipidemia, occurs in 40–80% of patients (89–92). Proteasome defects were also associated with neurologic diseases. In murine models, loss of proteosome subunits led to development of microcephaly and aberrant rostrocaudal patterning of the branchial arches, suggesting a role of some proteasome components in neuronal development (89–93). Indeed, a mild cognitive delay was also described in some CANDLE/PRAAS patients (89).



ISG15 DEFICIENCY

ISG15 deficiency consists of two clinical overlapping forms: an immunodeficiency phenotype and a type I interferonopathy (2, 94). It was first described in two families from Turkey and Iran as a Mendelian susceptibility to mycobacterial disease (MSMD) (94). Indeed, these mutations alter the leukocyte secretion of ISG15. Inducing IFNγ, ISG15 plays an essential role in optimizing the anti-mycobacterial immune response by Th1 lymphocytes and macrophages. It also downregulates the IFNR signaling pathway by stabilizing USP18 (2, 14). An upregulation of type IFN I, mostly characterized by a neurological phenotype with basal ganglia calcifications and epilepsy, was described (2, 4). Recently, loss-of-function mutations of ISG15 and signs of IFN activation in keratinocytes, skin endothelial cells, and peripheral blood myeloid cells were reported in five patients affected by skin ulcerative lesions in the perineal, groin, scalp, neck, and axillary areas. These findings may suggest another phenotype with a unique pattern of skin localization of vasculopathic inflammation (95).



SINGLETON–MERTEN SYNDROME

In 1973, Singleton et al. described a syndrome characterized by dental dysplasia (periodontitis, root resorption), thoracic and aortic calcifications, osteoporosis, and skeletal radiographic changes (distal limb osteolysis, widened medullary cavities) in two children (96). Later, an atypical form of SMS was identified in two families and it was characterized by abnormal valvular and thoracic calcifications and osteoporosis without dental alterations (97). In addition, psoriatic-like lesions and glaucoma are other clinical features described in SMS. Genetic and pathogenetic bases of this disease were identified about 40 years later. The SMS phenotype results in an upregulation of IFN type I due to gain-of-function mutations of the genes IFIH1 (typical form) and DDX58 (atypical form), encoding for 2 intracytoplasmic nucleic acid sensors (MDM2 and RIG-1, respectively), activating the IFN pathway (97–99).



STING-ASSOCIATED VASCULOPATHY WITH ONSET IN INFANCY

SAVI was first described in 2014 in six children affected by systemic inflammation, severe cutaneous vasculopathy, and early interstitial lung disease. In these patients, heterozygous gain-of-function mutations in the transmembrane protein 173 (TMEM173) gene result in an upregulation of the IFN gene transcription (100).

Skin and lungs are certainly the most involved systems. Telangiectatic lesions on nose and cheek and violaceous atrophic plaques and nodules on hands are typical clinical signs. Capillary tortuosity with subsequent loss of distal capillary vascularity is responsible for painful ulcerative lesions (especially on fingers and toes, ears, and nose). These lesions evolve into eschars, up to digital amputation, ear cartilage reabsorption, perforation of the nasal septum, or dystrophic nail changes. Skin biopsy revealed capillary wall inflammation with fibrin deposits in the lumen and a dense neutrophilic infiltrate with karyorrhexis throughout the vessel wall, in the absence of granulomatous lesions. Interstitial lung disease with fibrosis together with hilar or paratracheal lymphadenopathy is the main responsible of morbidity and mortality (101). Patients experience a progressive hypoxemic respiratory insufficiency, often asymptomatic in early childhood. Lung biopsy highlighted mixed lymphocytic inflammatory infiltrate (100, 101).

Autoantibodies ANA and cANCA were found in some of these patients, resulting in a difficult differential diagnosis with childhood granulomatosis and polyangiitis (102). Failure to thrive, intermittent fever, polyarthritis, and myositis are other clinical features described in SAVI. Recent reports identified a phenotype mimicking the rheumatoid factor-positive polyarticular juvenile idiopathic arthritis (JIA) associated with an interstitial lung disease (103).



TRICHOHEPATOENTERIC SYNDROME

Trichohepatoenteric syndrome (THES) is a very rare disease characterized by typical wooly, brittle, and patchy hair (trichorrhexis nodosa), neonatal-onset intractable diarrhea, facial dysmorphism (“coarse” face feature), and intrauterine growth restriction with short stature. Additional findings include poorly characterized immunodeficiency with recurrent infections and liver disease. Mild intellectual disability was reported in about 50% of affected individuals. Less common findings include congenital heart defects and platelet anomalies.

The disease is caused by loss-of-function mutations of tetratricopeptide repeat domain 37 gene (TTC37) and Ski2-like RNA helicase gene (SKIV2L), which encode for two homologous proteins participating in human RNA exosome homeostasis, with consequent dysregulation of altered mRNA turnover. Moreover, SKIV2L seems to modulate directly RIG-I-like receptors (104).



X-LINKED RETICULATE PIGMENTARY DISORDER

XLPDR is a rare genodermatosis presenting as an early onset reticulated skin hyperpigmentation associated with recurrent pneumonia and enterocolitis, resembling inflammatory bowel disease. A distinctive face characterized by an upswept frontal hairline and arched eyebrows, severe photophobia with corneal inflammation, and failure to thrive were also described.

XLPDR is caused by an intronic mutation that disrupts the expression of POLA1, which encodes the catalytic subunit of DNA polymerase-α (POLA1). It was highlighted that POLA1 is required for synthesis of RNA–DNA hybrids, which negatively modulate the activation of the IFN regulatory factors (105). Since this is an intronic mutation, it can only be detected by whole genome sequencing (not exone sequencing) (44, 105).



COPA SYNDROME

The genetic analysis of patients suffering from a familial form of juvenile “idiopathic” arthritis associated with hemorrhagic interstitial lung disease permitted to identify a new autoinflammatory disease: the COPA syndrome. Indeed, heterozygous mutations were detected in the gene coding for the alpha subunit of the coatomer complex (COPa), which plays a role in the intracytosolic proteins retro-transport between Golgi apparatus-ER. An immune dysregulation of Th17 cells associated with inflammatory cytokine upregulation was described, probably triggered by intracellular ER-stress (106).

A role of IFN signal dysregulation in the pathogenesis was suspected because of the common clinical and pathogenetic features of SAVI syndrome and the finding of IFN-I pathway activation in peripheral blood of COPA syndrome patients. However, the inclusion of COPA syndrome among interferonopathies is still to be defined (44).



APPROACH TO THE DIAGNOSIS OF INTERFERONOPATHIES

For a pediatrician, the first step of the diagnostic workup of these new hereditary diseases is their awareness and knowledge. This is a group of autoinflammatory pathologies that are very different from the more known “inflammasomopathies;” indeed, the typical clinical features are not periodic fever, nor are urticarious skin rash or recurrent serositis. Conversely, an early necrotizing vasculitis, a non-infectious interstitial lung disease in the context of an inflammatory clinical picture, a panniculitis associated with or without lipodystrophy, and early thrombotic events are peculiar elements that should lead to the suspicion of an interferonopathy (2, 44). Type I interferonopathies should also be considered when an autoimmune disease presents a very early onset and/or it is refractory to standard treatment and/or it occurs in several members of the same family (2). For example, a clinical and serological SLE-like syndrome in early life (particularly prepubertal age) should lead to the exclusion of a monogenic form (2). Clinical and laboratory “red flags” for interferonopathies are summarized in Table 3.


Table 3. Red flags of interferonopathies.
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In case of suspicion, IFN signaling should always be evaluated. Type I IFN protein dosage is not available in routine clinical practice because of very low circulating levels. However, it was demonstrated that type I IFN pathway upregulation was correlated with increased expression of a subset of six ISG (IFI27, IFI44L, IFIT1, ISG15, RSAD2, and SIGLEC1) by quantitative polymerase chain reaction assays with whole blood samples in AGS patients, the so-called interferon signature. So, they developed the “interferon score” with a high sensitivity for AGS, which may be used both for diagnosis and follow-up and to assess disease activity (107). The IFN signature seems to be also very sensitive to differentiate monogenic and complex type I interferonopathies from inflammasomopathies. However, standardization between different centers could be difficult (44). Therefore, new “interferon scores” were proposed for autoimmune diseases such as SLE or anti-phospholipid antibody syndrome (ALS) using NanoString technology and new standardization methods are being studied to make the reporting homogeneous in research laboratories (108–110).

Since interferonopathies are hereditary genetic diseases, the conclusive diagnosis is the genetic sequencing, with the identification of causative mutations (2, 44).

However, in clinical practice undifferentiated systemic autoinflammatory diseases (USAIDs) are very frequent. More recently, some authors developed a standardized screening for “IFN signature,” using the type-I IFN-response-gene score (IRG-S), cytokine profiling, clinical phenotyping, and genetic evaluation by next-generation sequencing (NGS) (whole-exome sequencing or Sanger sequencing) for diagnosis of new or known interferonopathies, in patients with USAIDs (111). The characterization of the genes and the inflammatory pattern in patients with USAIDs, through modern NGS approaches up to exome or whole-genome sequencing, is currently an important goal, in order to identify the potential appropriate therapeutic targets (1, 2, 44).



CURRENT THERAPEUTIC OPTIONS

Type I interferonopathies are often resistant to conventional immunosuppressive treatment. Intravenous boluses of methylprednisolone or immunoglobulins were used in many cases in the acute phase of the disease, without a conclusive relapse control (2, 44, 112).

A very promising therapeutic strategy is represented by JAK inhibitors. Baricitinib and ruxolitinib are selective JAK1/JAK2 inhibitors; tofacitinib inhibits JAK1/JAK3. Treatment in vitro of peripheral blood mononuclear cells from a patient with SAVI with tofacitinib, ruxolitinib, or baricitinib resulted in an inhibition of constitutive STAT1 activation (100). Later, the clinical efficacy of JAK1 blockade was confirmed by the improvement of vasculitic lesions and lung function in three children suffering from SAVI, treated with ruxolitinib, and in a 9-year-old boy with a SAVI vasculitis treated with tofacitinib (113, 114). The suppression of type I IFN activation during treatment with ruxolitinib was also shown in two children with AGS (115). Recently, the efficacy of baricitinib in the treatment of pediatric interferonopathies was demonstrated: 18 patients were enrolled, 10 with CANDLE, four with SAVI, and four with genetically undefined pathology. Patients treated for a mean of 2.3 years have shown a statistically significant improvement in clinical items and a reduction in the need for glucocorticoids. Additionally, 13 patients had growth potential improved, with catch-up growth observed in nine patients. Bone mineral density also improved, mainly due to steroid-sparing-dependent effects (116). In a study on pharmacokinetics in pediatric and adult patients, a dose-dependent effect of inhibition of the IFN signaling pathway was clearly shown (117). Future studies may clarify other aspects like the efficacy of baricitinib on the neurological involvement (2, 44).

Antiretroviral therapy (RT therapy) usually used for HIV infection is another therapeutic option. In murine studies, TREX-1 (mutated in AGS) plays a role in the degradation of the reverse-transcribed DNA (cDNA) of the HIV virus. Retroelements and mobile genetic elements represent up to half of the human genome; they can move within the genome by a reverse transcription of an RNA intermediate (cDNA) and insertion of its cDNA, a process called retrotransposition (44, 118). Therefore, the human cDNA may be the main substrate of TREX and the cDNA accumulation could be an important cause of IFN pathway activation. Moreover, recent studies have shown that SAMHD1 and ADAR also act on cDNA, confirming this hypothesis. It has been shown that TREX1 knockout mice have a reduction in cardiac inflammation by treatment with a combination of the non-nucleoside RT inhibitor nevirapine together with the nucleoside RT inhibitors tenofovir and emtricitabine (118). The intracellular accumulation of retrotransposomes was also demonstrated, using TREX1 deficiency reprogrammed neuronal cells (an experimental model of the AGS); RT inhibitors stavudine and lamivudine reduced the neurotoxicity of AGS neurons and organoids (119). Recently, the results of a single-center, open-label pilot study involving 11 patients with AGS treated with abacavir, lamivudine, and zidovudine for 12 months were published, demonstrating a reduction in IFN signature and IFN activity in the cerebrospinal fluid and an increase in cerebral blood flow in three of the five patients evaluated. These data support the possible role of HIV RT inhibitors in the treatment of interferonopathies (120).

Another desirable option for treatment of type I interferonopathies are monoclonal antibodies targeting IFN-α (sifalimumab) and IFNAR (anifrolumab). A multicenter, phase 2, open-label study was completed for sifalimumab in patients with SLE, showing good tolerability (121). A recent study confirmed the efficacy against placebo of anifrolumab in the control of skin and joint lesions of 362 SLE patients, showing a significant reduction in the IFN signature of these patients (122). These data highlight their potential use in therapeutic regimens in interferonopathies. Another currently theoretical strategy may be to modulate IFNAR degradation, through regulation of its ubiquitination by histone deacetylase 11 (HDH11) (123).

Finally, future possibility may be allogenic stem cell transplantation and autologous stem cell transplantation after gene correction of a patient's mutation (44).



CONCLUSIONS

Type I interferonopathies represent an emerging group of autoinflammatory disorders, with clinical characteristics and therapeutic response very different from previously characterized “inflammasome diseases.” Pediatricians must be aware of the clinical “IFN alarm” signals (such as chilblain-like vasculitis and interstitial lung disease) in order to suspect them and to direct properly the diagnostic workup with eminent prognostic implications. Molecular and biochemical details of IFN signaling permitted the identification of the etiopathological substrate of these rare syndromes, implementing the possibility of a target therapy. Nowadays, thanks to new sequencing techniques such as NGS, many indefinite autoinflammatory syndromes can often assume a genetic and clinical “identity,” offering these children the hope of new therapeutic “tailored” and “customized” options.
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GLOSSARY

AGS, Aicardi–Goutieres syndrome; SLE, systemic lupus erythematosus; IFN, interferon; toxoplasmosis, rubella, cytomegalovirus, and herpes, TORCH; CNS, central nervous system; TLRs, Toll-like receptors; RLRs, RIG-I-like receptors; NLRs, NOD-like receptors; cGAS, cyclic GMP-AMP synthase; cGAMP, 2′3′GMP-AMP; STING, STimulator of INterferon Genes; ER, endoplasmic reticulum; TBK1, TANK-binding kinase 1; IRF3, IFN regulatory factors 3; IRF7, IFN regulatory factors 7; RLHs, RIG-I-like helicases; RIG-I, retinoic acid-inducible gene-I; MDA5, melanoma differentiation-associated gene 5; IFNRs, interferon receptors; IRF9, IFN regulatory factors 9; ISGs, interferon-stimulated genes; USP18, ubiquitin-specific peptidase 18; ISG15, interferon-stimulated gene 15; SPK2, S-phase kinase-associated protein 2; AD, autosomal dominant; AR, autosomal recessive; ADAR1, adenosine deaminase acting on RNA 1; ACP5, acid phosphatase 5, tartrate resistant; AGS, Aicardi–Goutières syndrome; DDX58, DEAD Box Protein 58; IFIH1, IFN-induced helicase C domain-containing protein 1; ISG15, interferon-stimulated gene 15, PSMB8 (proteasome subunit beta type-8; PSMB9, proteasome subunit beta type-9; PSMB7, proteasome subunit beta type-7; PSMA3, proteasome 20S subunit alpha 3; POMP, proteasome maturation protein; PSMG2, proteasome assembly chaperone 2; RNASEH2, ribonuclease H2; SAMHD1, deoxynucleoside triphosphate triphosphohydrolase SAM domain and HD domain 1; SPENCD, spondyloenchondrodysplasia; SAVI, STING-associated vasculopathy with onset in infancy; PRAAS, proteasome-associated autoinflammatory syndromes; SMS, Singleton–Merten syndrome; THES, trichohepatoenteric syndrome; TMEM173, transmembrane protein 173; TREX1, DNA 3′—repair exonuclease 1; TRAP, acid phosphatase 5 tartrate resistant; IFIH1, IFN-induced helicase C domain-containing protein 1; XLPDR, X-linked reticulate pigmentary disorder; MS, multiple sclerosis; CSF, cerebrospinal fluid; Opn, osteopontin; HSV-1, herpes simplex virus 1; PBMCs, peripheral blood mononuclear cells; SNPs, single-nucleotide polymorphisms; UPR, unfolded protein response; IRE1, inositol requiring enzyme 1α/β; TTC37, tetratricopeptide repeat domain 37 gene; SKIV2L, Ski2-like RNA helicase gene; ALS, anti-phospholipid antibody syndrome; USAIDs, undifferentiated systemic autoinflammatory diseases; NGS, next-generation sequencing; SOCS1, suppressor of cytokine signaling 1; LSM11, U7 snRNA-associated Sm-like protein; RNU7-1, RNA U7 small nuclear 1; OTUD1, OTU domain-containing protein 1; C1r, complement 1r subcomponent.
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