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Gain-of-function variants in the stimulator of interferon response cGAMP interactor 1 (STING1) gene cause STING-Associated Vasculopathy with onset in Infancy (SAVI). Previously, only heterozygous and mostly de novo STING1 variants have been reported to cause SAVI. Interestingly, one variant that only leads to SAVI when homozygous, namely c.841C>T p.(Arg281Trp), has recently been described. However, there are no entries in public databases regarding an autosomal recessive pattern of inheritance. Here, we report four additional unrelated SAVI patients carrying c.841C>T in homozygous state. All patients had interstitial lung disease and displayed typical interferon activation patterns. Only one child displayed cutaneous vasculitis, while three other patients presented with a relatively mild SAVI phenotype. Steroid and baricitinib treatment had a mitigating effect on the disease phenotype in two cases, but failed to halt disease progression. Heterozygous c.841C>T carriers in our analysis were healthy and showed normal interferon activation. Literature review identified eight additional cases with autosomal recessive SAVI caused by c.841C>T homozygosity. In summary, we present four novel and eight historic cases of autosomal recessive SAVI. We provide comprehensive clinical data and show treatment regimens and clinical responses. To date, SAVI has been listed as an exclusively autosomal dominant inherited trait in relevant databases. With this report, we aim to raise awareness for autosomal recessive inheritance in this rare, severe disease which may aid in early diagnosis and development of optimized treatment strategies.
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Introduction

The stimulator of interferon response cGAMP interactor gene, STING1, encodes a transmembrane protein STING (Stimulator of interferon response genes). STING is as a major regulator of innate immune responses against viral and bacterial pathogens (1). It is activated by cyclic GMP-AMP (cGAMP) which is produced by cyclic GMP-AMP synthase (cGAS) succeeding the recognition of aberrant double-stranded DNA (dsDNA). Following the binding of cGAMP, STING recruits TANK-binding kinase 1 (TBK1), which promotes TBK1 autophosphorylation. Subsequently, activated TBK1 phosphorylates the transcription factors interferon regulatory factor 3 (IRF3) which leads to induction of type I interferons (IFNs) and other IFN-stimulated genes (ISGs) (1–4). Type I IFNs then activate down-stream signaling pathways (e.g. the JAK-STAT pathway).

STING1 gain-of-function (GoF) pathogenic variants (PVs) lead to the rare auto-inflammatory disease STING-associated vasculopathy with onset in infancy (SAVI; Online Mendelian Inheritance in Man no. 615934) (2). SAVI typically presents with systemic inflammation, recurrent fever, interstitial lung disease (ILD), cutaneous vasculopathy, and systemic inflammation with elevated C-reactive protein (CRP) and type I IFN activation. ILD typically occurs during childhood with tachypnea, hypoxia, and ground-glass opacities or fibrotic and bronchiectatic changes in chest computed tomography (CCT) imaging. Treatment is challenging and aims to suppress the activated inflammatory cascade and to inhibit uncontrolled type I IFN activation (e.g. with JAK1/2 inhibitors) (5–7). Since its first description in 2014 (2), more than 20 cases with autosomal dominant SAVI have been described. A total of 16 different heterozygous, causative missense variants in STING1 have been reported, most of which have arosen de novo (2, 8, 9). Unfortunately, most of them are not listed in public databases (e.g., ClinVar) (10). In addition, complex alleles with two PV in cis, causing an additive gain-of-function, have been described (11, 12). Recently, a homozygous missense STING1 PV following autosomal recessive inheritance have been reported (13, 14). In public databases such as OMIM, however, SAVI remains to be listed as an exclusively autosomal dominant disease (15). This may pose a challenge for treating physicians and genetic laboratories in the diagnostic process.

Here, we report on three patients of three unrelated families harboring PV c.841C>T p.(Arg281Trp) in STING1 (NM_198282.3) that only causes SAVI when homozygous. While four patients showed SAVI features including ILD, tachypnea and hypoxia, failure to thrive, and increased IFN activation, only one of them displayed skin vasculitis - a hallmark phenotypic feature of SAVI. We present comprehensive data on all thus far published homozygous c.841C>T p.(Arg281Trp) SAVI cases and demonstrate that it is essential to consider an autosomal recessive (AR) inheritance pattern in STING1 in a patient with inflammatory interstitial lung disease, even in the absence of acral vasculopathy.



Methods


Patients

Newly described SAVI cases were recruited through Hannover Medical School´s Department of Pediatric Pneumology, Allergology and Neonatology and through Department for Pediatric Pulmonology and Sleep Medicine, University of Duisburg-Essen and were enlisted in the European childhood interstitial lung disease registry network (ChILD-EU). Before enrollment, informed written consent was obtained from the subjects and/or their legal guardians. Genotyping was performed at Hannover Medical School´s Department of Human Genetics.



Sample preparation

DNA was extracted from EDTA-whole blood samples using the NucleoMag Blood kit (Macherey-Nagel, Düren, Germany). DNA quality was measured with the Qubit® Fluorometer using the Qubit dsDNA BR Assay Kit (Life Technologies, Darmstadt, Germany).



Whole exome sequencing

Whole exome sequencing (WES) was conducted with the IDT Exome library kit (xGen, IDT, Leuven, Belgium). An Illumina NextSeq 500 sequencer (Illumina, San Diego, California, USA) was used to sequence captured DNA to generate 150-bp paired-end reads. Sequencing was conducted according to the manufacturer’s instructions. Reads were aligned to the human reference genome GRCh37/hg19. A mean coverage of 150 reads (on target read ~98.5%) with the targeted region covered by at least 20 reads was achieved.



Whole genome sequencing

Whole genome sequencing (WGS) was performed using the polymerase chain reaction (PCR)-free Lotus DNA Library Prep Kit (IDT, Leuven, Belgium) with an insert size of ~350 bp. DNA was sequenced using an Illumina NovaSeq 6000 Sequencer (Illumina, San Diego, California, USA) to generate 160-bp paired-end reads. Sequencing was performed following the manufacturer’s instructions. Reads were aligned to the human reference genome GRCh37/hg19. A mean genome-wide coverage of 40x (on-target read ~94%) was achieved, with the target region covered by at least 20 reads.



Sequence variant analysis

The Medical Genetics Sequence Analysis Pipeline (megSAP) was used for next-generation sequencing (NGS) data analysis (16). Reads from WES and WGS were aligned to the human reference genome GRCh37/hg19. Single nucleotide variants (SNVs) were filtered for location in exonic and splice site regions of genes (+/- 20 bases). Deeper intronic variants were excluded from the analysis. We only analyzed rare variants with a minor allele frequency (MAF) of <=1% in the 1000 Genomes project database or the genome aggregation database (gnomAD) (17). SNVs were annotated with Alamut Visual, version 2.12 (Interactive Biosoftware, Rouen, France) and visualized with the Integrative Genomics Viewer (IGV), version 2.5.3 (18). In order to get information about the variants’ pathogenicity, we used prediction tools, including phyloP (deleterious threshold >1.6) (19), SIFT (20), PolyPhen-2 (21), FATHMM (22), CADD (deleterious threshold >=20) (23) and REVEL (24).In addition, LOVD (https://databases.lovd.nl/shared/), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar), and gnomAD were screened for entries of identified variants. IGV was used to manually review variants with insufficient coverage or poor quality. The interpretation of sequence variants was based on the standards and guidelines of the American College of Medical Genetics and Genomics (ACMG) (25).



Sanger sequencing

The segregation analysis for family 1 was conducted by Sanger sequencing. Primers were designed with the genomic sequence STING1 (NG_034249) for exon 7 and the flanking two introns. The forward primer was 5′-GGACCCTCCATTCTCCATC-3′, and the reverse primer was 5′-GGTCTCCCAAAGAGTCAGAAG-3′. The variant was amplified with the genomic DNA by PCR. The amplified products were purified (MinElute 96 UF PCR Purification Kit, QIAGEN, Hilden, Germany) and cycle-sequenced using fluorescent dye-termination (BigDye Terminator v1.1 Cycle Sequencing Kit, Applied Biosystems, Darmstadt, Germany) and an ABI 3100 or ABI 310 automatic capillary genetic analyzer (Applied Biosystems, Darmstadt, Germany) in both forward and reverse directions.



Real-time quantitative (rtq) PCR of IFN-stimulated genes

IFN scores to describe type I IFN activation in our patients were analyzed as described elsewhere (26). In brief, total RNA was isolated from peripheral blood mononuclear cells (PBMCs) separated by Ficoll density gradient centrifugation with the RNeasy Mini Kit (Qiagen, Hilden, Germany) followed by DNase I digestion. Real-Time qRT-PCR was conducted with the Taqman Universal PCR Master Mix on an ABI 7300 PCR machine (Applied Biosystems, Darmstadt, Germany). IFN scores were calculated from the median fold change in relative mRNA expression of seven IFN-stimulated genes (IFI27, IFI44, IFI44L, IFIT1, ISG15, RSAD2, SIGLEC1) normalized to HPRT and GAPDH as previously described (27). The following threshold were applied: <12.49: no increase in IFN signature; 12.49-30, weak IFN activation; 30-60, moderate IFN activation; 60-200, strong IFN activation; >200, very strong IFN activation (27).




Results

The first case (patient 1) was a boy born after normal pregnancy to consanguineous parents of Syrian origin. He had one healthy sister, and no further cases of lung disease were reported by the family. Starting from the age of five months recurrent lower airway infections with fever and hypoxia occurred. At the age of nine months the patient first suffered from hypoxic seizures which occurred one to five times a day after crying with cyanosis of lips and hands, followed by loss of consciousness for around thirty seconds, closure of eyes and short, clonic limb movements. Psychomotor development was normal, and although the boy was rather small and slender, body height and weight developed normally. Since the patient´s first year of life, the parents had also noted tachypnea during sleep. At the age of three years, the family migrated to Germany. Because the seizures persisted to occur daily, psychomotor and electro encephalogram (EEG) analyses were conducted shortly after the patient´s third birthday. Results were normal. Treatment with sulthiame was initiated, but had no effect. At this age, the boy presented with chronic tachypnea with about 60 breaths per minute (brpm), dry cough, jugular retractions, reduced exercise tolerance, and clubbing of fingers. Cutaneous pathologies were absent. A chest radiograph revealed bilateral infiltrates. One month later, chest computed tomography (CCT) was performed, which showed bilateral infiltrates and milk glass opacities in both lower and upper lobes. Sweat testing and immunological analyses ruled out cystic fibrosis and tuberculosis. Transcutaneous oxygen saturation (SpO2) was measured during the seizures, which then dropped to approximately 50%. Sulthiame was discontinued based on the diagnosis of hypoxic seizures. The boy was referred to our center at the age of 3.5 years. At this time, the boy was in the low but normal range for body weight (13 kg, -1.5z) and height (93 cm, -1.9z). While echocardiography, EEG, and abdominal ultrasound were normal, laboratory analyses revealed mild leukocyte elevation (16.3 G/nl) and increase in serum IgG (22.9 g/l), IgE (434 IU/ml), and antinuclear antibodies (ANA, 1:5120). cANCA and pANCA antibodies were positive. CCT revealed bilateral milk glass opacities and subpleural cystic lessions. Bronchoscopy showed normal airway anatomy, but mild granulocytic inflammation and increased siderosis of bronchoalveolar lavage fluid (BALF) macrophages indicated alveolar hemorrhage. No bacterial or viral pathogens were detected in the BALF samples. Lung biopsies from the left upper and lower lobe were obtained, which revealed severe and diffuse interstitial hemorrhage (Figure 1B). Based on the disease classification as “diffuse interstitial lung disease with immune dysregulation”, treatment with hydroxychloroquine (10 mg/kg p.o. daily) and monthly systemic pulses of high-dose methylprednisolone (three days 15mg/kg methylprednisolone i.v.) were started. After three months of this treatment, marked improvement with significant reduction of tachypnea (30-40 brpm), reduced dry cough, improved exercise tolerance, and almost complete absence of hypoxic seizures was observed. Methylprednisone pulses were stopped, and the boy remained on daily oral hydroxychloroquine treatment. The initial genetic analysis revealed no suspicious finding (ABCA3, CSF2RB, FLNA, FOXF1, NKX2-1, SFTPB, SFTPC, TBX4, COPA). Upon re-evaluation at the age of four years, one year after initiation of hydroxychloroquine therapy, body height and weight were within the normal range (15 kg, -1.3z, height 102cm (-1)). Comparably mild tachypnea (44 brpm), and dry cough, dyspnea and jugular retractions occurred only during physical exercise. SpO2 levels measured during exercise and during sleep as well as echocardiography were normal. Serum IgG and ANA levels remained significantly elevated, and a marked increase in IFN activation was noted. Reevaluation of sequencing results now detected a pathogenic variant (PV) in STING1 c.841C>T p.(Arg281Trp), and both healthy parents and one sibling were heterozygous for this mutation (Figure 1C; Figure S1A). Due to the diagnosis of SAVI-associated ILD, a new round of monthly high-dose methylprednisone pulses over a period of three months was administered, and treatment with the JAK inhibitor baricitinib (0.2 mg/kg) was added shortly after the boys fifth birthday. At this time, IFN scores were significantly elevated in the patient, but not in any other family members (Figure 1D; Table S1). Screening for autoantibodies was negative. Six months after initiation of this treatment, the boy´s condition stabilized. His breathing rate at rest was 26 brpm, and he was able to walk distances up to 2,000m before dry cough or dyspnea started. He was able to walk 430 m at this time (significantly reduced as compared to healthy age-matched children) with no pathological drop in SpO2 levels. Echocardiography, EEG, ophthalmological examination, audiometry, psychomotor and body weight and height development, and skin at this time point were normal. However, CCT at this time point showed increase of signs of fibrosis with cystic lesions, reduced volumes of both lower lobes, architectural distortion as well as diffuse ground glass opacities (Figure 1A). BALF analyses showed mild granulocytic inflammation and increased siderosis of alveolar macrophages. In addition, the IFN signature was still significantly elevated (Figure 1E; Table S1), and baricitinib doses were increased (0.4 mg/kg). At the last follow up shortly after the boys sixth birthday, the boy showed normal body height and weight (20 kg, -0.9z, 114 cm (-0.2z)) and normal psychomotor development, but again significantly reduced walking distance in the six-minute walk test (423 m) with borderline drop in SpO2 levels during exercise (min 92%). First pulmonary function testing indicated restrictive lung pathology. Echocardiography again was normal. Baricitinib doses were slightly increased (0.5 mg/kg).




Figure 1 | Clinical features and pedigree of patient 1. (A) Chest CT at the age of five years, displaying milk glass opacities, cystic lesions and architectural distortion consistent with interstitial fibrosis. (B) Lung biopsy displaying interstitial hemorrhage. (C) Pedigree of patient 1’s family; filled symbol: homozygosity; half-filled symbol, heterozygosity; clear symbol: wild type; arrow indicates patient 1 (II-1). (D) IFN score from whole blood for the patient with c.841C>T p.(Arg281Trp) homozygosity (hom) after receiving baricitinib treatment at month 6 and his healthy family members carrying the variant in heterozygosity (het) or wild type (wt) STING1 alleles; dash line indicates threshold of 12.49 from healthy controls. (E) IFN score changes in patient 1 before and after baricitinib treatment. Patient started to receive baricitinib treatment at month 0 and dosage was increased at month 7.



The second case (patient 2) was a boy born prematurely at 36 + 4 pregnancy weeks in Germany to consanguineous parents of Syrian origin. He had two healthy brothers and three deceased brothers who had died in infancy from recurrent infections. Due to persisting dyspnea, tachycardia and systolic murmur, the patient was referred to our center at the age of 12 days, when he presented as floppy and dystrophic newborn (body weight 2.3 kg), and displayed persisting tachypnea (60-70 brpm) with hypocapnia and tachycardia (180 bpm). Telangiectasia on the cheeks and fine-spotted erythema of the chest were noted. Laboratory testing revealed elevated interleukin (IL)-6 (40 pg/ml) and NT-pro-BNP (>3000 ng/l), hypocalcemia, increased serum inorganic phosphate and mild thrombocytosis. All other blood tests including further electrolytes, kidney, liver and vitamin D status, parathyroid hormone, and other blood counts were normal. Chest X-ray (CXR) revealed fine-spotted pulmonary infiltrates and streaky consolidations (Figure 2A). Echocardiography showed a small ventricular septal defect with normal cardiac function and no signs of pulmonary hypertension. Audiometry revealed slight hearing loss on the right side. Further diagnostic workup including newborn screening and extended metabolic investigations, ECG, EEG, sonography of abdomen, brain, thymus, and hips as well as ophthalmologic examinations were normal. Microbiological analyses ruled out common airway pathogens including tuberculosis and pertussis. Treatment with piperacillin/tazobactam and clarithromycin was started, but tachypnea and streaky consolidations in the CXR persisted, leading to chest computed tomography (CCT) at the age of one month. Here, congenital interstitial lung disease displayed signs of fibrotic scarring with traction-bronchiectasis, architectural distortion and reticulation (Figure 2B). As telangiectasia and skin rash, as well as tachypnea and failure to thrive persisted, nutrition with amino acid-based formula milk and treatment with inhaled corticosteroids were started. This led to slight improvement in weight gain but had no other significant effect. At the age of four months, the boy received intermittent oxygen supplementation up to 0.5 L/min, and follow up CCT confirmed fibrotic lung consolidations with bronchiectasis, milk glass opacities, and thickening of interlobar septi. Bronchoscopy was normal at this time. Thoracoscopic lung biopsies were taken, and histological analyses revealed signs of parenchymal hemorrhage, interstitial glycogenosis, lymphofollicular hyperplasia and accumulation of alveolar macrophages consistent with diffuse interstitial pneumonitis. However, fibrosis could not be confirmed histologically (Figure 2C). WGS detected the homozygous PV c.841C>T p.(Arg281Trp) in STING1, which was also present in heterozygosity in the patient´s parents and two elder siblings (Figure 2D; Figure S1B). The IFN score was significantly increased in the patient, but not in the other healthy family members (Figure 2E; Table S1). Systemic steroid treatment (three days 15 mg/kg prednisolone i.v.) was started, which lead to an intermittent but not sustained reduction of additional oxygen supplementation and significant improvement of the skin rash. At the age of seven months, anti-DNA (12 IU/ml) and anti ENA ss-A/ro antibodies (20 IU/ml) were positive, and the boy remained severely dystopic (body weight 5.01 kg, -3.9z, height 65 cm (-2.6z) (Figure 2F)) and presented with impaired psychomotor development. BALF analyses indicated alveolar hemorrhage (Figure 2G). ILD-related features had progressed, and teleangiectasia of cheeks also persisted, with progressive cutaneous necrotizing vasculitis on the boy’s chest, hands, and feet with necrotic lesions (Figure 2H). Echocardiography revealed normal biventricular function without signs of pulmonary hypertension, while CXR showed bilateral infiltrates. Due to persistent tachypnea and skin rash, another steroid course (three days 15 mg/kg prednisolone i.v.) was given at the age of nine months, which again showed beneficial effects on the skin rash but had no effect on ILD-related symptoms. Treatment with the JAK inhibitor ruxolitinib (1 mg/kg p.o. daily) was started. At the last follow-up shortly before the boys first birthday, he remained severely dystrophic [body weight 5.6 kg, -4.2z, height 70 cm (-2.3z)] with impaired psychomotor development. Oxygen supplementation was needed. Magnetic resonance imaging of the brain revealed T2 enhancement of myelin structures and borderline wideness of ventricles. The boy remains to be treated with ruxolitinib (currently 1 mg/kg p.o. daily).




Figure 2 | Clinical features and pedigree of patient 2. (A) Chest X-ray of the newborn patient, displaying therapy-refractory perihilar streaky consolidations. (B) Low dose chest CT at the age of five month revealed fibrotic changes with traction-bronchiectasis, thickened interlobular and intralobular septa, and architectural distortion. (C) Lung biopsy displaying parenchymal hemorrhage, interstitial glycogenosis, lymphofollicular hyperplasia and accumulation of alveolar macrophages. (D) Pedigree of patient 2’s family; filled symbol: homozygosity; half-filled symbol, heterozygosity; clear symbol: wild type;?, no information about genotype; slash, died individuals; arrow indicates patient 2 (II-6). (E) IFN score from whole blood for patient 2 with c.841C>T p.(Arg281Trp) homozygosity (hom) and his healthy family members carrying c.841C>T p.(Arg281Trp) in heterozygosity (het); dash line indicates threshold of 12.49 from healthy controls. (F) Weight vs. Age chart for patient 2, displaying failure to thrive. Red line, patient 2; black and grey lines, standard weight-for-age percentiles for 0-12 months breast-fed boys. (G) Sequential bronchoalveolar lavage (BALF) samples indicating alveolar hemorrhage. (H) SAVI characteristic, cutaneous vasculitis of the face and arms.



The third case (patient 3) is a boy born after normal pregnancy to non-consanguineous parents, who originate from the same village in Syria. He had two sisters and one brother. The family migrated from Syria via Greece and was accommodated in several German cities before he presented to our department. In Syria at the age of one year the boy suffered from a significant presumed bullous skin disease affecting the extremities and the face but sparing the trunk. After seven months the skin disease healed completely without specific therapy, but with residual scars (Figure 3A) without further activity in the recent years. Respiratory problems resembling respiratory tract infection (including one documented RSV infection) were reported at the age of three years. Furthermore, an arthritis was reported when located in Greece which led to the suspicion of an immunologic disorder (“congenital systemic lupus erythematodes”) and an immunosuppressive combination therapy with mycophenolate mofetil, steroids (unknown dose) and azithromycin was initiated. With this therapy the patient improved and returned to normal activity. During the further course RSV bronchitis was diagnosed, which led to the discontinuation of the immunosuppressive therapy. Because of clubbing, additional diagnostics were initiated. Chest computed tomography (CCT) showed bilateral ground glass opacities (Figure 3B), normal values were recorded for oxygen saturation, complete blood count, liver and kidney parameters, serum amyloid A, subclasses of lymphocytes, and negative result for tuberculosis test. Pathologic values were reported for serum IgG (17.8 g/l), IgE (630 IU/ml), antinuclear antibodies (ANA, 1:3200), p-ANCA (MPO-ANCA 7.8 U/ml) and rheumatoid factor (20 IU/ml). Discontinuation of immunosuppressive therapy resulted in adynamic state and pain of the lower extremities lacking signs of arthritis.




Figure 3 | Clinical features and pedigree of patient 3 and 4. (A) scars of the SAVI skin disease during infancy without activity in patient 3. (B) CT of patient 3 at the age of three years displaying ground glass opacities, atelectasis, interlobar septal thickening and cystic changes. (C) Chest X-ray of the patient 3, displaying bilateral interstitial lung disease and depended dystelectasis. (D) Pedigree of patient 3 and 4’s family; filled symbol: homozygosity; half-filled symbol, heterozygosity; clear symbol: unaffected;?, no information about genotype; arrow indicates index patient 3 (II-2) and 4 (II-1). (E) CT of patient 4 showing fibrotic and cystic lesions. (F) IFN score from whole blood for patient II-2 and II-1; homozygosity (hom); dash line indicates threshold of 12.49 from healthy controls.



In our department we saw an adynamic child (14.3 kg, z-score -2.20, height 97 cm; z-score -2.76), with clubbing but no overt hypoxemia. He was only able to walk short distances. Blood count showed a thrombocytosis and hypochrome, microcytic erythrocytes. Parameters for systemic inflammation were only mildly elevated (CRP 0.7 mg/dl, C3 1.6 g/l, C4 0.53 g/l, sIL2-R 912 U/ml). Furthermore, pathologic laboratory values were reported for serum IgG (24.8 g/l), IgE (385 IU/ml), IgM (2.29 g/l), IgA (5.5 g/l) and antinuclear antibodies (ANA > 1:5120 without specific ENA), ANCA (1:1280), (MPO-ANCA 128 U/ml) and rheumatoid factor (20 IU/ml). Echocardiography was normal, chest X-ray showed bilateral interstitial lung disease (Figure 3C). After initiation of a methylprednisolone pulse (20 mg/kg for three days) the adynamic state and lower extremity pain normalized, but returned after only two weeks. Subsequent genetic testing detected the homozygous PV in STING1 c.841C>T p.(Arg281Trp) (Figure 3D; Figure S1C). One of his sisters (patient 4) with ILD, clubbing and failure to thrive (19.9 kg, z-score -2.35, height 115 cm; z-score -2.87) was also diagnosed with the same homozygous PV in STING1 (Figure 3D; Figure S1C). Chest CT showed fibrotic and cystic lesions (Figure 3E). Parameters of chronic inflammation were mildly elevated (SIL-2R 1115 U/ml, IgG 223.7 g/l, IgM 2.14 g/l, ANA >1:5120 without specific ENA). IFN score was highly elevated in those two patients (Figure 3F).

To corroborate our finding on recessive inheritance in SAVI, we screened the literature on further cases, unrelated to our patients. In addition to our report, eight additional patients with SAVI due to homozygous STING1 c.841C>T p.(Arg281Trp) from five further families have been described recently (13, 14) (Patient 5-12 in Table 1). Information on the age-of-onset was available in six of the eight cases and the mean age at first symptoms was four months (Stdev 1.6; range 1-8). Lin et al. have described six children who had symptoms of SAVI with onset in infancy (Patient 5-10). The dominant clinical features included ILD (in five patients, 83%), failure to thrive (in five patients, 83%), clubbing (in four patients, 67%), and cough (in four patients, 67%). Symptoms of recurrent fever, recurrent infections, vomiting, diarrhea, short stature, pulmonary hypertension, polyarthritis, and hair loss have also been described in this report. Five of the patients showed skin manifestations such as facial or plantar, cutaneous necrotizing vasculitis (Table 1). With regard to treatment, barticitinib was predominantly chosen (three patients) while one patient was treated with ruxolitinib. Treatment responses are noted in Table 2. One patient with early onset SAVI received the JAK inhibitor tofacitinib, but passed away at the age of five months. Another patient with cough and failure to thrive passed away at 18 months of age without any prior anti-inflammatory treatment (Table 2). IFN scores were elevated in classic AD SAVI, as well as in patients carrying homozygous STING1 c.841C>T p.(Arg281Trp), but not in healthy family members who were heterozygous carriers of the variant (13). Alghamdi et al. have reported two siblings from another consanguineous family carrying STING1 c.841C>T p.(Arg281Trp), in which two family members homozygous for this variant displayed pulmonary hypertension and ILD (Table 1, Patient 11 and 12). Both of them also presented with facial vasculitic skin rash. Also in this family, dyspnea, recurrent airway infections, clubbing, and hair loss were reported. Elevation of gene expression and plasma levels of IFN-β1 was observed in homozygous carriers compared to healthy heterozygous or wild type family members in this family, again indicating the constitutive activation of the STING pathway only in homozygous carriers of this variant. After receiving ruxolitinib, symptoms have been reported to improve in both cases (Table 2) (14).


Table 1 | Demographical and clinical features of AR SAVI in newly identified cases (patient 1-4) and cases from the literature [cases 5-12; (13, 14)].




Table 2 | Treatment regimens and therapy responses in AR SAVI in newly identified cases (patient 1-4) and cases from the literature [cases 5-12; (13, 14)].





Discussion

In this study, we present four newly diagnosed, unrelated patients carrying the homozygous, pathogenic GoF-variant c.841C>T p.(Arg281Trp) in exon 7 of STING1 causing AR SAVI. All patients suffered from severe ILD. While one child also presented with failure to thrive, delayed psychomotor development, and typical cutaneous vasculitis, the other three patients displayed a comparably mild phenotype without skin rash. In summary, however, four patients displayed hallmark findings of SAVI (2), and all children were severely ill. Sequencing did not identify additional variants that could explain the phenotype. c.841C>T p.(Arg281Trp) has previously been reported in heterozygosity in two of 282,822 alleles in the gnomAD population database. It was predicted as “deleterious” by SIFT, “probably damaging” by PolyPhen2, “disease causing” by MutationTaster, and the CADD score was 26.2. The REVEL score was 0.27. In summary, we classified this variant as “pathogenic” (class 5) according to ACMG guidelines using the criteria PS3, PM1, PM2 and PP3 (25). In addition to these novel cases, we performed a thorough literature review corroborating our finding on AR inheritance in SAVI. We present eight further cases that suffer from AR SAVI due to homozygosity of c.841C>T p.(Arg281Trp).

Our findings are important in several aspects. First, we clearly show that SAVI can follow an AR inheritance pattern and, moreover, by a GoF variant. It is rather rare that pathogenic GoF variants follow an AR inheritance pattern and only a few genes have been described so far, for example NLRP1 and STAT2 (28, 29). The observation that a monogenic disease may be due to variants affecting either only one or both alleles of one gene is uncommon. Typically, this occurs in diseases following AD inheritance due to compound heterozygosity (30, 31). Also for SAVI, complex allelic traits with two PV in cis, leading to additive gain of function, were described (11, 12). For example, for adult-onset polycystic kidney disease, which is typically an AD trait, homozygosity of hypomorphic variants in the polycystic kidney disease 1 gene PKD1 may be disease causing, while heterozygous mutations lead to a mild phenotype with only minor renal cysts, altogether rather advocating for incomplete penetrance than for true AR inheritance (32). Importantly, neither in the families newly identified by us nor in the literature, heterozygous carriers of c.841C>T p.(Arg281Trp) displayed any SAVI-associated clinical pathology, and there were no signs of IFN activation in any heterozygous family members in all of the seven families (13, 14), supporting the notion that c.841C>T p.(Arg281Trp) truly causes AR SAVI.

It is important to note that c.841C>T p.(Arg281Trp) in STING1 was classified as “of uncertain significance” by Invitae in March 2019 and GeneDx in April 2020 (Accession: SCV001205296.3 and Accession: SCV001823939.1). As of today, we have classified this variant as “pathogenic” in ClinVar, but it is still not updated by Invitae and GeneDx and there is still no entry in LOVD. An AR inheritance pattern of SAVI is still not registered in OMIM, which might complicate the correct diagnosis for genetic laboratories and delay the treatment. A timely notification for those public databases is important to facilitate patients’ management, and is recommended. Considering the high mortality and poor prognosis of SAVI, we strongly recommend testing for STING1 variants and considering an AR inheritance pattern in all children with a suggestive clinical phenotype.

The mechanism behind enhanced inflammation in c.841C>T p.(Arg281Trp) associated AR SAVI is not entirely clear. The physicochemical difference between these amino acids is that glutamine is polar and hydrophilic, whereas tryptophan is nonpolar and hydrophobic (33), which may lead to distinct changes in protein conformation and binding. The physiological arginine at position 281 in STING1 is highly conserved and present in most species (34), and the chemical difference between arginine tryptophan [as induced by c.841C>T p.(Arg281Trp)] is moderate (Grantham distance 101). Lin et al. have shown that transfection of HEK293T cells with the STING1 construct including the homozygous variant c.841C>T p.(Arg281Trp) has led to an increase in IFNB1 reporter activity in the absence of ligand binding. Moreover, the mutant remained responsive to the induction of cGAMP, which indicates that the amino acid change has no effect on ligand binding (13). Normally, inhibitors bound to the polymer interface of the wild-type STING, prevent polymerization and autoactivation. However, homozygosity of c.841C>T p.(Arg281Trp) appears to lead to an auto-activation of STING due to the inability of inhibitors to bind at the STING interface where p.(Arg281) locates (13). Another hypothesis is that c.841C>T p.(Arg281Trp) induces a conformational change in STING, enabling ER-Golgi trafficking and TBK1/IRF3 phosphorylation without cGAMP binding. In vitro experiments by Lin et al. have shown, however, that c.841C>T p.(Arg281Trp) results in reduced auto-activation than classical variants leading to autosomal dominant SAVI, supporting the notion that this variant is a hypomorphic gain-of-function variant (13). Thus far no other STING1 variants are known to cause AR SAVI.

Interestingly, a variant inducing a different amino acid change at the same position as in our newly identified AR SAVI patients leads to AD SAVI c.842G>A p.(Arg281Gln). Patients with de novo or inherited c.842G>A p.(Arg281Gln) heterozygosity present with IFN activation and typical SAVI features such as ILD, failure to thrive, cough, dyspnea, and cutaneous necrotizing vasculitis (34–37). In some of these cases, poly-arthralgia, granulomatous hepatitis, respiratory distress, hypertension, nausea, vomiting, recurrent infections, and hypoxemia have been reported. However, presentation age of onset, and treatment responses after JAK inhibitor applications in patients carrying heterozygous c.842G>A p.(Arg281Gln) varied strongly (34–37). A 37-year-old man carrying a de novo heterozygous c.842G>A p.(Arg281Gln) variant displayed onset at adulthood of ILD, dyspnea, hypoxemia, severe cough, and clubbing. He received Ruxolitinib with poor response: passed away four months after treatment due to progressive ILD and heart failure (37). Thus far, it is unclear why distinct STING1 variants in the same position can lead to AD or AR SAVI.

Our data does not suggest a clear difference in AR SAVI with regard to disease severity at onset as compared to AD SAVI. The mean age of AR SAVI onset of all cases we analyzed was 3.6 months (Stdev 2.6; range 0.5-8), and all children displayed first symptoms during infancy, whereas in AD SAVI phenotypes vary from severe skin and lung disease with onset during the first weeks of life (2) to adulthood onset, comparably mild lupus-like syndrome (38). The clinical findings in our newly identified patients included ILD with tachypnea and intermittent hypoxemia, and failure to thrive, which are in line with previously reported AD and AR cases of SAVI (13, 14, 34–37). Also, our findings on auto-antibody positivity as well as elevated inflammation and IFN-activation markers are in concordance with previous SAVI case reports (2, 38, 39). While vasculitis skin rash is typical for AD and AR SAVI (2, 13, 14, 38, 39), one of our patients displayed no skin vasculitis until the age of six years, which is atypical but has been previously reported in AD SAVI (35, 37, 40). Our patient 3 suffered from significant bullous skin disease on the face and extremities in infancy, suggesting a vasculitis lesion, but later recovered completely with residual scars, while the sister, patient 4, never showed any abnormalities on the skin. Just as it may be that skin lesions develop later, there are some SAVI patients in whom there is exclusively a pulmonary phenotype.

Our and other data on SAVI patients suggest that in addition to genetic factors disease manifestation and severity depend on other factors. Several authors have also claimed that patients with the inherited c.463G>A p.(Val155Met) variant in STING1 have a less severe disease course than patients with the de novo c.463G>A p.(Val155Met) variant (2). Whether this is actually a result of the inheritance pattern, or caused by environmental factors, lifestyle and possibly ethical background, or whether additional polymorphisms are in trans has not been shown. There are several publications on the genetics of human STING1 polymorphisms, which occur in more than 1% of the population, and their potential impact on human health has been discussed (41–44). Therefore, we screened our patients for the well-known and much-discussed STING1 polymorphisms R71H, G230A, R232H, R293Q, V48V, HAQ (R71H-G230A-R293Q), and AQ (G230A-R293Q). HAQ, for example, is considered a null allele and therefore could affect disease progression in patients with AD or AR SAVI (45). Three of our four patients were homozygous for R232. Patient 2 remains a carrier of the V48V polymorphism. No other polymorphisms were detected in patients 1-3. Patient 4 was studied only by Sanger sequencing. Thus, in our patients an association of STING1 polymorphisms with disease severity cannot be demonstrated and remains the subject of further studies.

Here we detail treatment regimens and response in all thus far described AR cases of SAVI. We show that treatment with hydroxychloroquine and high-dose methylprednisolone courses in first case may have beneficial effects on mitigation of lung disease prior to the diagnosis of SAVI. In the second patient, methylprednisolone courses had positive effect on skin lesions while not affecting ILD-related features of the disease. In the third patient, methylprednisolone pulse was able to improve the adynamic state and release arthralgia. In the fourth patient, treatment was not started yet. Type I IFNs induced by STING activation bind to receptors IFNAR1/2, subsequently activating the Janus kinases (JAK)/signal transducer and activator of transcription (STAT) pathway. In this context, JAK inhibitors have been applied in SAVI patients (9). The selective oral JAK1/2 inhibitor ruxolitinib showed marked positive effects on lung and cutaneous pathologies in AD SAVI without significant side effects (46). However, tofacitinib, an oral JAK1/3 inhibitor, have failed to inhibit dsDNA-activated, STING-dependent IRF3 phosphorylation in an in vitro SAVI model due to pathogenic variants located outside STING´s dimerization domain (40). Also, ruxolitinib have led to marked improvement of the pulmonary phenotype in a preschooler with AD SAVI caused by a pathogenic variant outside of the dimerization domain, but an evolving nasal septal erosion indicated incomplete control of disease (47). Wang et al. have reported three patients from one family with AD SAVI caused by c.842G>A p.(Arg281Gln), a variant outside of the dimerization domain (37). These patients have suffered from severe SAVI-related ILD, and while two of them have received ruxolitinib with poor response: one patient has passed away four months after treatment due to progressive ILD and heart failure. Population pharmacokinetics and pharmacodynamic analyses of baricitinib in patients with SAVI, and chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature (CANDLE) showed a dose-dependent decrease in IFN biomarkers, which indicated the effect of baricitinib on type I IFN signaling (48). But the reduction of the IFN score was more significant in CANDLE patients, which has possibly been related to STING-independent intracellular signaling (49) rather than STING-dependent signaling in SAVI patients (2). Moreover, the half-life of baricitinib in patients weighing less than 40 kg was shorter than that in adult subjects, which raised the necessity of more frequent dosing (up to four times daily especially for patients weighing <20 kg) (48). Considering the severe disease manifestations in SAVI, a higher dose of baricitinib and weight-based dosing regimen has been recommended in pediatric patients (48, 50). With regard to the application of JAK-inhibitor therapy, it is too soon to evaluate treatment effects comprehensively in our newly identified cases of AR SAVI. We observed no negative treatment effects in our index patients. Of note, none of the applied treatment strategies in our cases had an effect on the patients´ IFN signature. Thus far, little systematic data on treatment regimens and clinical responses in SAVI is available (6, 7). Other therapeutics, such as TBK1 antagonists or AKT/AMPK inhibitors may be able to stop SAVI progression (40, 51), and it has been reported that GSK 690693 (AKT/AMPK inhibitor) but not tofacitinib (JAK inhibitor) were able to inhibit dsDNA activated, STING-dependent IRF3 phosphorylation in human fibroblast cells (hTERT-BJ1) expressing p.(Arg284Ser) in vitro (40). Nevertheless, further studies are required for those therapies. In this context, we would like to advocate for implementing all clinical and treatment data available in this rare, severe disease into international databases such as the one provided by the European children´s ILD network (child.eu where our cases were implemented) to pave the way for systematic clinical trials in the future.

Our work has certain limitations. For example, due to the refugee history of our first case, we were unable to comprehensively analyze medical records from the first years of this boy´s life, which may have led to an underreporting of early SAVI symptoms in this patient. The same limitation applies to the clinical data gathered from our literature research. In some of these cases (13, 14), for example features of ILD or other SAVI manifestations may have been underreported. Another limitation of our work is that we were unable to comprehensively perform lung phenotyping in all heterozygous carriers of c.841C>T p.(Arg281Trp). We are certain that all heterozygous carriers identified by our genotyping analyses were free of pulmonary complaints and did not display increased IFN activation. Also, no pulmonary disease was reported in the wider family of both cases. We did, however, not perform CCT scanning and in-depth immunological analyses in all heterozygous family members and can thus not exclude a mild effect of c.841C>T p.(Arg281Trp) which may occur in later stages of life. However, we find this highly improbable and strongly advocate for complete penetrance of c.841C>T p.(Arg281Trp) related SAVI.

In summary, we here present four novel cases of c.841C>T p.(Arg281Trp) related SAVI and show that SAVI may present as an AR trait. Here we deliver comprehensive data on all thus far identified AR SAVI cases and treatment regimens and responses. In public databases such as OMIM, SAVI remains to be listed as an exclusive AD trait. We hope our novel cases and comprehensive description of all thus far described carriers of biallelic c.841C>T p.(Arg281Trp) contribute to change this view and facilitate early diagnosis in this rare, severe disease.
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1 initially
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(10mg/d/kg) orally,
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therapy, then
baricitinib, up to 0.5
mg/kg p.o. daily

2 steroid-pulse
therapy, then
ruxolitinib up to 1
mg/kg p.o. daily

3 steroid pulse therapy
4 none
5 steroid therapy,

short-term treatment
with tofacitinib

6 none

7 ruxolitinib

8 steroid treatment,
baricitinib

9 baricitinib at the age
of 7 years

10 baricitinib
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methotrexate,
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then ruxolitinib
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steroids improved
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‘tpatient died due to
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No. onset of
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1 Male Arabic 5 months

2 Male Arabic 12 days

3 Male Arabic 12 months

4 Female  Arabic unknown

5 Male Arabic 4 weeks

6 Male Arabic unknown

Male Arabic 3 months
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11 Male Arabic unknown
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Age at last
evaluation
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3 years

8 years

5 months

unknown

unknown

unknown

unknown

unknown

15 years
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Clinical features

ILD, diffuse alveolar hemorrhage, recurrent
severe hypoxaemia, tachypnea, clubbing

ILD, lung fibrosis, bronchiectasis,
hypocalcemia, delayed psychomotor
development, acidosis, failure to thrive

ILD, clubbing, skin disease, failure to thrive,
adynamie, arthritis

ILD, clubbing, failure to thrive

ILD, diffuse bilateral parenchymal opacities,
cough, failure to thrive

Chronic cough, failure to thrive

ILD, alveolar hemorrhage, cough, failure to
thrive, vomiting, diarrhea, clubbing, recurrent
fever

ILD, delayed psychomotor development, failure
to thrive, clubbing

suspicious for ILD, pulmonary hypertension,
recurrent lung infections, tachypnea,
polyarthritis, clubbing

suspicious for ILD, cystic lung lesions, fibrosis,
failure to thrive, polyarthritis, hair loss,
clubbing

suspicious for ILD, pulmonary hypertension,
Raynaud’s phenomenon, emphysema, recurrent
chest infections, clubbing

suspicious for ILD, diffuse bilateral opacities,
pulmonary hypertension, arthritis, Raynaud’s
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Cutaneous
features

none

facial
telangiectatic
lesions/rash

suspected
vasculitis lesion
during infancy

none
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ANA +
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(anti MPO)
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ANA +

ANA +
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1
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IgE 1
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1
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1
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T
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sedimentation rate; Ig, Immunoglobulin; +, positive.





