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disease.

is needed to maximize treatment benefit with JAK inhibitors.

What is already known about this topic? STING-associated vasculopathy with onset in infancy, caused by gain-of-
function mutations in STING1, is typically characterized by early-onset systemic inflammation, skin vasculopathy, and
interstitial lung disease. Janus kinase (JAK) inhibitors are promising treatment.

What does this article add to our knowledge? Lung disease was constant, leading to early and insidious development
of fibrosis, and polyarthritis (including destructive form) with positive rheumatoid factor frequently occurs. Overlapping
features with other monogenic interferonopathies may arise. Treatment with ruxolitinib improved clinical features of the

How does this study impact current management guidelines? The extension of STING-associated vasculopathy
phenotype warrants careful clinical and genetic screening of patients with apparently isolated skin, lung, or joint inflam-
mation, in particular with early onset, and in the presence of autoantibodies or memory CD8 lymphopenia. Early diagnosis
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Abbreviations used
AGS- Aicardi-Goutiéres syndrome
ANCA- Antineutrophil cytoplasmic antibodies
BAL- Bronchoalveolar lavage
CID- Combined immunodeficiency
CSF- Cerebrospinal fluid
CT- Computed tomography
ICC- Intracranial calcification
IFN- Interferon
ILD- Interstitial lung disease
ISG- Interferon-stimulated gene
JAK- Janus kinase
JIA- Juvenile idiopathic arthritis
RF- Rheumatoid factor
SAVI- STING-associated vasculopathy with onset in infancy
SD- Standard deviation
STING- Stimulator of Interferon Genes

BACKGROUND: Gain-of-function mutations in STINGI
underlie a type I interferonopathy termed SAVI (STING-
associated vasculopathy with onset in infancy). This severe
disease is variably characterized by early-onset systemic inflam-
mation, skin vasculopathy, and interstitial lung disease (ILD).
OBJECTIVE: To describe a cohort of patients with SAVI.
METHODS: Assessment of clinical, radiological and
immunological data from 21 patients (17 families) was carried
out.

RESULTS: Patients carried heterozygous substitutions in
STINGI previously described in SAVI, mainly the p.V155M.
Most were symptomatic from infancy, but late onset in
adulthood occurred in 1 patient. Systemic inflammation, skin
vasculopathy, and ILD were observed in 19, 18, and 21 patients,
respectively. Extensive tissue loss occurred in 4 patients. Severity
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of ILD was highly variable with insidious progression up to end-
stage respiratory failure reached at teenage in 6 patients. Lung
imaging revealed early fibrotic lesions. Failure to thrive was
almost constant, with severe growth failure seen in 4 patients.
Seven patients presented polyarthritis, and the phenotype in 1
infant mimicked a combined immunodeficiency. Extended fea-
tures reminiscent of other interferonopathies were also found,
including intracranial calcification, glaucoma and glomerular
nephropathy. Increased expression of interferon-stimulated
genes and interferon o protein was constant. Autoantibodies
were frequently found, in particular rtheumatoid factor. Most
patients presented with a T-cell defect, with low counts of
memory CD8+ cells and impaired T-cell proliferation in
response to antigens. Long-term follow-up described in 8 chil-
dren confirmed the clinical benefit of ruxolitinib in SAVI where
the treatment was started early in the disease course, underlying
the need for early diagnosis. Tolerance was reasonably good.
CONCLUSION: The largest worldwide cohort of SAVI patients
yet described, illustrates the core features of the disease and
extends the clinical and immunological phenotype to include
overlap with other monogenic interferonopathies. © 2020
American Academy of Allergy, Asthma & Immunology (J Allergy
Clin Immunol Pract 2020;m:m-m)

Key words: Stimulator of interferon genes; STINGI1; Type I
interferonopathy; Interstitial lung disease; Vasculopathy; Poly-
arthritis; Lymphopenia; JAK inhibitors

Gain-of-function mutations in ST/NGI, encoding STING
(Stimulator of Interferon Genes), have been described to cause
an autoinflammatory syndrome termed SAVI (STING-associ-
ated vasculopathy with onset in infancy)."” This disease belongs
to a newly defined class of disorders referred to as the type 1
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FIGURE 1. Genetic characteristics, clinical onset, and disease course of the patients. A, Numbers of patients carrying the heterozygous
mutations, p.V147M, p.N154S, p.V155M, p.C206Y, and p.R281Q in ST/ING7. Numbers in the parentheses refer to the number of
families identified and mutation carriers, respectively. B, Distribution of age at onset. Most patients were symptomatic below the age of 1
year. C, Specific and overlapping features present at onset, including lung inflammation, skin vasculopathy, systemic inflammation
(referring to recurrent fever and/or increased inflammatory markers), arthritis, and combined immunodeficiency (CID). D, Frequency
(expressed as a percentage) of associated features in the cohort during the course of the disease. “Others” refers to myositis, hepatitis,
kidney involvement, pericarditis, and glaucoma. “CNS,” central nervous system, refers to neurological symptoms or lymphocytic

meningitis.

interferonopathies™” and is variably characterized by early-onset
systemic inflammation with fever, a severe skin vasculopathy
leading in some cases to extensive tissue loss, and interstitial lung
disease (ILD) resulting in pulmonary fibrosis and end-stage res-
piratory failure.">”** SAVT is rare—with 52 patients in 37
families reported so far'””?*—and principally occurs de novo,
although autosomal dominant inheritance™ ***" has been
recorded. Recently, patients with activating homozygous muta-
tions of STINGI have been described, highlighting the genetic
complexity of this disease.”” The initially described phenotype'”
was subsequently expanded to include apparently isolated lung
fibrosis” and isolated familial lupus chilblain (stably inherited
across 4 generations).11 Other features include myositis, arthritis,
and recurrent bacterial infections.””'” STING gain-of-function is
associated with enhanced constitutive type I interferon (IFN)
signaling, as assessed by increased phosphorylation of STATT in
T lymphocytes, increased transcription of IFN-stimulated genes
(ISGs) by blood circulating cells of patients,l’2 and elevated
IFNo protein in circulating monocytes and plasmacytoid den-
dritic cells.”> SAVI is minimally responsive to conventional
immunosuppressive therapies, and thus associated with marked

childhood morbidity and increased mortality."*”" In 2016, we
reported improvement of cutaneous and pulmonary phenotype
of the disease under ruxolitinib, a Janus kinase (JAK)1/2 inhib-
itor in 3 children with SAVI.”® This experience was confirmed by
further reports using either JAK1/2 inhibitors (ruxolitinib, bar-
icitinib), or tofacitinib, a JAK1/3 inhibitor.'®*

Herein, we describe the largest worldwide cohort of patients
carrying STINGl-activating mutations, thereby providing an
extended clinical and immunological phenotypic description of
SAVL

METHODS
Cohort of patients

Twenty-one patients with genetically confirmed SAVI, of whom
12 have been previously reported,>”'"
retrospective study. They were recruited from institutions in France,
Monaco, Belgium, Italy, Spain, Lebanon, and Australia (the names
of the institutions are given in this article’s Online Repository at
www.jaci-inpractice.org). Clinical characteristics at onset and during
follow-up were recorded. Biological parameters such as inflammatory

were included in this
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TABLE I. Comparison of the present patient cohort with previously reported patients
Our cohort (n = 21) Literature' %212 1724 % (n = 40) Total (n = 61)
Last status, n (%) Alive: 17 (81) Alive: 32 (80) Alive: 49 (80)
Median age at the time of reporting (y) 8 (0.6-65) 14+ (1-86) 11.5 (0.6-86)
Median clinical onset (y) 0.71" (0-13) 0.17"" (0-16) 0.37 (0-16)
Onset before 6 mo, n (%) 10 (50) 2777 (68) 377 (62)
Systemic involvement, n (%)
Failure to thrive 15" (75) 26/34 (76) 41/55" (75)
Recurrent fevers 14" (70) 14/39 (36) 28/60 (47)
Systemic inflammation 18" (90) 25/39 (64) 43/60 (72)
Cutaneomucosal lesions, n (%)
Rash 18 (86) 22/37 (59) 40/58 (69)
Ulcers 11 (52) 20/37 (54) 31/58 (53)
Extensive tissue loss 4 (19) 5/37 (14) 9/58 (16)
Nasal perforation 3 (14) 11/37 (30) 14/58 (24)
Lung features, n (%)
ILD 21 (100) 25/37 (68) 46/58 (79)
Lung fibrosis 16 (76) 7/29 (24) 23/50 (46)
Musculoskeletal involvement, n (%)
Arthritis 7" (33) 7/40 (18) 14/61 (23)
Arthralgia without arthritis 3 (14) 3/40 (8) 6/61 (10)
Myositis 15 3/40 (8) 4/61 (7)
Infections, n (%)
5 (24) 12/40 (32) 17/61 (28)
Cerebral features, n or n (%)
Symptoms Spastic diplegia Cerebrovascular involvement with 3/61 (5)
m=1) hallucinations and headaches'’
Seizures (n = 1) m=1)
ICC 3% of 12 NR 3% of 12

Other symptoms, n

Autoantibodies, n/n of pts assessed
ANA
Anti-DNA
ANCA
RF
Treatment and procedures, n (%)
Steroids
DMARDs
Biologics

JAK inhibitors
Lung transplantation

Glaucoma (n = 1)
Hepatitis (n = 1)
Glomerular kidney

disease|| (n = 2)

15/21
4/19

15/21
11/19

177 (81)
157 (71)
10" (50)
Anticytokines: 7
e anti-TNFa: 5
e anti-IL1: 2
e anti-IL6: 3
179 81)
17.(5)

Thyroiditis™ (n = 1)

Focal segmental
glomerulosclerosis and
thrombotic microangiopathy*
(n=1)

20/35
2/18
7/NR
6/11

24/35 (69)
16/34 (47)
11/34 (32)
Anticytokines: 7
e anti-TNFa: 5
e anti-IL1: 2
e anti-IL6: 2
21/33 (64)
12!

Glaucoma (n = 1)
Hepatitis (n = 1)
Thyroiditis (n = 1)
Kidney disease (n = 3)

35/56
6/37
22/214+NR
17/30

41/56" (73)
31/56" (55)
21/56" (38)
Anticytokines: 14
e anti-TNFo: 10
e anti-IL1: 4
e anti-IL6: 5
38/54 (70)
2

ANA, Antinuclear antibodies; ANCA, antineutrophil cytoplasmic antibodies; anti-DNA, anti—double-stranded DNA antibodies; DMARD, disease-modifying antirheumatic drug;
ICC, intracranial calcification; /LD, interstitial lung disease; JAK, Janus kinase; mo, months; n, number of patients; NR, not recorded; pts, patients; RF, rheumatoid factor; y,

year.

*The patients of our cohort that have been previously published

2,5,7,10,16

Not recorded for 1 patient (P4) but onset occurred in adulthood.

tAmong whom 2 patients with severe joint deformities.

§In the globi pallidi.

are not included in the “literature patients.”

|[Hypertension with microscopic hematuria and mild proteinuria (no kidney biopsy performed) and glomerulonephritis.

qTreatment initiated after end point data collection.

#After end point data collection, 2 patients (P7 and P12) have been programmed for lung transplantation.

**Not recorded for 3 patients.
++Not recorded for 1 patient.”



J ALLERGY CLIN IMMUNOL PRACT
VOLUME M, NUMBER B

markers, autoantibodies, and immunological status were collected.
The end point for data collection was censored at the last follow-up
(May 2019), death, or initiation of the JAK1/2 inhibitor ruxolitinib.
A monocentric assessment of IFN biomarkers was determined by
studying the expression of ISGs*® in peripheral blood, measurement
of IFNol in serum or plasma using ultrasensitive Simoa digital
ELISA,”® and STAT1 phosphorylation in patients’ cells.”®

Study approval

The study was approved by the Comité de protection des per-
sonnes Ile de France II and the French advisory committee on data
processing in medical research. Written informed consent was ob-
tained for pictures appearing in the paper.

Thoracic imaging analyses

Dr Laureline Berteloot (Pediatric Radiology, Necker Hospital,
Paris, France) centrally reviewed the chest computed tomography
(CT) scans of 16 patients of the cohort. The description of this
standardized analysis is provided in this article’s Online Repository
at www.jaci-inpractice.org. The presence of honeycombing and/or
traction bronchiectasis and/or decreased lung volume radiologically

defined fibrosis.

Response to JAK inhibition

In addition to the descriptive cohort, treatment with a JAK1/2
inhibitor is reported in 8 patients. Disease scores,”® IFN biomarkers,
inflammatory markers, and chest CT scans (when available) were
assessed before and at the last follow-up.

Statistics

Data were expressed as median (minimal-maximal range). Ana-
lyses were performed with PRISM software (v6 for Macintosh;
GraphPad Inc., San Diego, California, USA). A P value of less than

.05 was considered significant.

RESULTS
Patient characteristics

Clinical characteristics of all patients are summarized in
Table E1 (available in this article’s Online Repository at www.
jaci-inpractice.org). The 21 individuals were from 17 unrelated
families. There were 12 males and 9 females. At the time of
inclusion, 3 patients had died (at the ages of 29 years [P2], 34
years [P6], and 11 years [P11]). Living patients had a median age
of 8 years (0.6-65 years) at the time of censoring of data
collection.

Molecular data

The 21 patients of our cohort carried the p.V155M (n = 13),
p-N154S (n = 4), p.V147M (n = 1), p.C206Y (n = 1), or
p-R281Q (n = 2) substitutions in STING (Figure 1, A, and
Table E2, available in this article’s Online Repository at www.
jaci-inpractice.org). All these substitutions have been previously
shown to result in STING gain-of-function. In 12 patients, the
mutation occurred de novo, whereas in 4 patients from 2 unre-
lated families, dominant inheritance was confirmed (see Table E2
in this article’s Online Repository at www.jaci-inpractice.org). In
5 cases, inheritance could not be determined (no available DNA
from both parents). Genetic diagnosis was made at a median age
of 8.5 years (1.25-65 years) and retrospectively in P2, P6, and
P11.
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Clinical phenotype

The median age of disease onset was 8.5 months (birth to 13
years) with most patients being symptomatic by the age of 1 year
(14 of 20, 70%) (Table I and Figure 1, B). Onset of the disease
in P4 could not be assessed with accuracy, but was in adulthood.
Initial diagnoses before genetic testing are given in Figure 1, C.
Of note, P2 and P3 received a first diagnosis of polyarthritis and
P16 of combined immunodeficiency (CID), representing 2
original clinical presentations.

Failure to thrive was a common feature, with weight and
height being below —2 standard deviations (SD) in, respectively,
15 of 20 and 10 of 20 patients. A severe growth failure with
height <—3 SD was striking in 4 patients observed indepen-
dently of steroid exposure. The frequency of the various features
is given in Figure 1, D. A comparison with patients reported in
the literature is provided in Table I.

Skin disease

Eighteen patients (86%) displayed skin disease of variable
severity, whereas 3 patients (P4, P12, and P16 at the ages of 65,
12, and 0.7 years, respectively) have never demonstrated cuta-
neous involvement (Figures 1, D, and 2). Six patients (29%)
exhibited severe skin vasculopathy, predominantly involving the
nose, cheeks, ears, fingers, and toes, and 4 patients (19%) pre-
sented extreme skin phenotype with extensive tissue loss. Milder
lesions occurred in 8 individuals (38%), comprising acral and
malar rash, mild cold-induced ulcers, telangiectasia, and livedo.
Perforation of the nasal septum was recorded in 3 patients. When
performed (n = 6), capillaroscopy was uninformative (normal in
5 cases of mild or severe cutaneous involvement, and showing a
nonspecific microangiopathy in 1 case of extreme skin vascul-
opathy). Nail dystrophy was seen in 7 patients, whereas alopecia
was noted in 2 patients, and sparse and thin hair in 5. Oral
mucosal lesions (gingivostomatitis, aphtosis) occurred in 4
patients.

Lung phenotype

Pulmonary disease was noted in all patients and was associated
with a high degree of disability and mortality, although hetero-
geneity was observed across the cohort (Figure 3, A). Onset
occurred early in the course of the disease—in infancy or early
childhood—although the involvement was diagnosed after lung
investigations in 3 patients (P4, P13, and P15) with few respi-
ratory symptoms at 64, 17, and 6 years, respectively. Symptoms
were initially insidious, characterized by early-onset progressive
dyspnea (n = 16), and/or tachypnoea (n = 11), and/or cough
(n = 7). Nine patients required supplemental oxygen therapy at
onset (n = 7, transiently in P16) or during the course of the
disease (n = 8), of whom 6 progressed to end-stage respiratory
failure in adolescence or early adulthood, necessitating nonin-
vasive ventilation in 4 cases. One patient (P6) underwent lung
transplantation, and 2 others (P7 and P12) were programmed for
lung transplantation. Hypoxia-related pulmonary hypertension
was documented in 2 patients.

A first assessment of pulmonary function was made in 15
patients at diagnosis and during the course of disease, at a median
age of 8.7 years (3.08-27 years) (see Table E3 in this article’s
Online Repository at www.jaci-inpractice.org). Lung volumes
were initially normal in 2 patients. The other patients displayed a
restrictive (n = 11) and/or hyperinflation pattern (n = 9). Two
patients also demonstrated features of pulmonary obstruction.
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FIGURE 2. Cutaneous involvement observed in the patients. A, Representative cutaneous involvement observed in 4 patients of the
cohort, demonstrating erythematous infiltrated plaques with ulcerations on the dorsal side of the fingers and mild nail dystrophy (P8),
round-like ulcerations on the dorsal side of the right leg and ulceration of the nose and the right cheek (P9), facial erythema and
telangiectatic lesions of the cheeks and erythema and ulceration of the outer helix of the right ear (P13), and urticarial-like lesions of the
right elbow (P14). B, Severity distribution of the skin disease, classified as absent, mild, severe, or extreme. The latter included perforation
of the nasal septum and lesions leading to digital amputation and other tissue loss.

Diffusing capacity of the lungs for carbon monoxide with values
below 80% of the predicted values was recorded in 9 of 11 pa-
tients evaluated for this parameter. Among 6 patients who had a
6-minute walking test, the walking distance was reduced in 5,
and associated with a fall in oxygen saturation. When repeated
during the course of the disease, functional parameters worsened
or became impaired in all patients assessed (n = 15) (see
Table E3 in this article’s Online Repository at www.jaci-
inpractice.org).

Chest CT scans were reviewed in 16 patients. A summary of
the analysis of the first thoracic imaging available for each patient
(performed at a median age of 6 years [0.6-65 years]) is provided
in Table E4 (available in this article’s Online Repository at www.
jaci-inpractice.org). Key elementary lesions observed in the ma-
jority of patients were ground-glass opacities (n = 13) with crazy
paving pattern (n = 11) and cysts (n = 10) (either microcysts
[n = 8] and/or macrocysts [n = 4]) (Figure 3, B-F). Of particular
interest, in contrast to those described in ILD associated with
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FIGURE 3. Lung involvement observed in the patients. A, Severity distribution of pulmonary disease, classified as interstitial lung disease
(ILD), fibrosis, requirement for oxygen therapy (+05), and requirement for noninvasive ventilation (+NI ventilation). B-F, Key elementary
radiological features observed in the patients. B, P16 at 6 months old. Retractile areas of ground-glass opacities, with a random and
asymmetrical disposition, diffuse thickened intralobular lines in the periphery of the lung. The presence of distension in the anterior parts
of the lung. C, P14, aged 7 years and 10 months. The presence of ground glass opacities located in the anterosuperior zones of the lung,
associated with traction bronchiectasis. Diffuse thickened intralobular lines are present in the subpleural zones of the lung. D, P21, 23
years old. Asymmetrical interstitial lung involvement predominant in the right lung and left lower lobe. Ground-glass opacities, coarse
thickening of the intralobular lines associated with microcystic honeycombing. Emphysematous area lobules are also present. E, P12,
aged 12 years: diffuse ground-glass opacities associated with a thickening of the intralobular lines and subpleural microcystic lesions.
Scattered macrocystic lesions are also present, some of which contain a central arteriole, suggesting lesions of central-lobular emphy-
sema despite the presence of thick walls. F, P7, aged 13 years and 10 months. Almost complete destruction of the right lung and the left
lower lobe by lesions of macrocystic honeycombing. Diffuse ground-glass opacities are seen in the areas of the left lung spared from the
fibrosis. G, Chest computed tomography scan of P12 performed at the age of 4.5 years (left panels) demonstrated diffuse ground-glass
lesions and interlobular septal thickening, subpleural intralobular lines, and cysts predominantly located in the lower lobes. At the age of
12 years (right panels), the intensity of the ground-glass lesions has increased, as well as the number and size of the cystic lesions, with
evidence of macrocysts and subpleural microcysts. The latter, constituting honeycombing and traction bronchiectasis, were indicative of
fibrotic progression.
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FIGURE 4. Intracranial calcifications, levels of interferon alpha protein in the cerebrospinal fluid observed in the cohort, and joint
involvement observed in the patients. A-C, Brain computed tomography scan demonstrating calcifications of the globi pallidi in P8 (A, at
the age of 8 years), P10 (B, at the age of 15 years), and P11 (C, at the age of 9 years). D, Levels of interferon alpha protein (IFNa)
measured by ultrasensitive digital ELISAZ® (normal <2 fg/mL) in the cerebrospinal fluid of 4 patients of the cohort (n = 7 samples), 5
patients with Aicardi-Goutiéres syndrome (AGS) (n = 5 samples), and 6 children with noninflammatory idiopathic hydrocephalus as
controls (n = 6 samples). E, Conventional anteroposterior and lateral X-rays of the hands of P3 performed at the age of 33 years
demonstrating subluxation of metacarpophalangeal and interphalangeal joints, predominantly on the right side. No erosions were
observed. F, Hand deformities present in P3 at the age of 36 years, including boutonniére and swan neck deformities. These aspects are
reminiscent of Jaccoud’s arthropathy,®'*? a phenotype present mostly in patients with systemic erythematosus lupus where hand
deformities are passively correctable and not associated with bone erosions on X-ray. G,H, Conventional anteroposterior X-rays of the left
hand of P14 performed at the age of (G) 5 and (H) 10 years demonstrating delayed bone age and bone demineralization with joint space
narrowing and erosions on carpal bones. No luxation of metacarpophalangeal or interphalangeal joints was observed. I, Conventional
anteroposterior and lateral X-rays of the left knee in P14 performed at the age of 8 years, showing bone demineralization. STING,
Stimulator of Interferon Genes.
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FIGURE 5. Immunological features of the patients. A, IFN scores calculated from the median fold change in relative quantification values
for the set of 6 ISGs?® (IFI27, IFI44L, IFIT1,ISG15, RSAD2, SIGLECT, normal <2.466) recorded in patients, as compared with 10 healthy
controls (n = 10). The median value in patients (14.08; interquartile range [IQR], 9.417-24.72) was significantly higher than that in
healthy controls (1.045; IQR, 0.5225-1.870); ****P <.0001 using the Mann-Whitney test. B, Concentrations of IFNa protein (healthy
controls <10 fg/mL) assessed by ultrasensitive digital ELISA?® in plasma or serum from healthy controls (n = 20) and 9 patients of the
cohort (n = 17 samples in total). The median value in patients (817.8 fg/mL; IQR, 274.8-3039) was significantly higher than that in
healthy controls (0.69 fg/mL; IQR, 0.69-0.78); ****P <.0001 using the Mann-Whitney test. C, Autoantibodies observed in the cohort:
antinuclear antibodies (ANA), antineutrophil cytoplasm antibodies (ANCA), rheumatoid factor (RF), anti—double stranded DNA (anti-
DNA). The presence of an autoantibody is depicted in dark gray and its absence in pale gray, thus indicating the number of patients
assessed. One patient of the cohort had no autoantibodies (“no autoAb”). D, Levels of IgG, IgA, and IgM. The dotted lines indicate the
minimum and maximum ranges according to age. E, Numbers of CD3+, CD4+, and CD8+ lymphocytes and percentage (%) of CD4-+
naive T cells (CD31+CD45RA+/CD4+ cells) and CD8+ naive T cells (CD45RA+CCR7+/CD8+ cells). The dotted lines indicate the
reference ranges for immunophenotyping data according to age.>®



TABLE Il. Treatment with ruxolitinib in the cohort

Dosing at last Concomitant Time to Time to Time to
Age at Follow-up Initial dosing follow-up treatments at discontinuation of  discontinuation of  discontinuation of Infectious adverse Other adverse side
initiation (y) (mo) (mg/kg/d) (mg/kg/d) JAKi initiation IVig steroids (mo) DMARDs (mo) biologics (mo) effects effects
P1 4 52 (switch 0.48 1 Steroids (0.5) Yes 9 = = No Papillary edema®®
tofacitinib) Rebound effect
P5 12 30 (switch 0.38 0.45 Steroids (0.2) No 1 No (still on HCQ) — Zona, BK viremia Rebound effect
baricitinib) HCQ (nonquantifiable)
P7 14.2 2.5 (transplant) 0.32 0.28 Steroids (0.16) No  Steroids (0.16 — — Rhinovirus No
each 2 days)
P8 8.4 50 0.26 1.11 Steroids (0.6) No 8 - — Zona, cutaneous No
infection
(Staphylococcus
aureus)
P9 7.8 41 0.31 1.10 Steroids (0.625) Yes 29 (pulse of — — HINI influenza No
steroids at M37 Upper respiratory tract
for arthritis) infections (4
episodes, no
identified organism)
P12 12.5 17 (transplant) 0.2 0.2 Steroids (1.5) and Yes 7 (stop pulses at 0 (MMF) — Pneumonia (no No
monthly steroid initiation of identified organism)
pulse JAKi) Aspergilloma
(diagnosed by
histological
analysis of her
native lung)
P14 8 18 0.44 0.83 Steroids (0.22) No 3 - No (decrease of No No
Monthly steroid dosing of
pulse etanercept)
Etanercept
P16 0.6 24 0.83 1 - Yes - - - No No

DMARD, Disease-modifying antirheumatic drug; HCQ, hydroxychloroquine; IVIg, intravenous immunoglobulins; JAKi, JAK inhibitor; MMF, mycophenolate mofetil; mo, month; y, year.
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FIGURE 6. Response to ruxolitinib in the cohort. A, Left panel: schematic representation of the clinical response of the patients to
ruxolitinib. Upper panel: last clinical status before ruxolitinib (MO); lower panel: clinical status at maximal follow-up available (Mmax) (for
P7 and P12, the last follow-up recorded was before their lung transplantation). “Fever,” “Skin,” and “Lung” items were represented
according to the patients’ disease scores (see the right panel). In brief, Fever: white, no fever; beige, fever every month; salmon, fever
every week; red, fever twice a week; dark red, fever every day. Skin: white, absence of cutaneous lesions; beige, mild vasculopathy;
salmon, severe vasculopathy; red, extreme vasculopathy; dark red, presence of extensive tissue loss or nasal perforation. Lung: white, no
dyspnea; beige, dyspnea on intense exercise, rapid breathing, but with no functional impact; salmon, dyspnea on moderate exercise, rapid
breathing, with mild functional impact; red, severe dyspnea at rest, rapid breathing, occurring with severe functional impact (eg, absence
from school or work); dark red, severe dyspnea at rest, rapid breathing, resulting in staying in bed, oxygen therapy. “Joint” feature was
pictured as follows: white, absence of joint disease; beige, mono- or oligoarthritis; salmon, mild polyarthritis; red, severe polyarthritis; dark
red, presence of articular destruction. Right panel: disease score?® before ruxolitinib (MO) and at maximal follow-up (Mmax). Disease
scores significantly decreased under treatment (*P <.05 using the Wilcoxon test). B, Weight in standard deviation (SD) at screening (MO)
and during follow-up (Mmax), demonstrating improved growth in all patients. Median weight SD improved from —2.30 (interquartile range
[IQR], —2.57 to —0.82) to —1.00 (IQR, —2.00 to 0.10, **P <.01 using the Wilcoxon test). C, Height in SD at screening (MO) and during
follow-up (Mmax), showing stabilized growth with no “catch-up” in 7 individuals and further growth failure in 1 patient (P1). Median
height SD improved from —1.15 (IQR, —3.57 to —0.75) to —0.85 (IQR, —3.82 to —0.32, ns using the Wilcoxon test). D, C-reactive
protein (CRP) levels (normal <6 mg/L) recorded in 6 patients at screening (MO) and at maximal follow-up (Mmax). Normal levels of CRP
before treatment are depicted in green. A reduction of at least 20% in the values of CRP of Mmax as compared with MO is represented in
blue. Raised levels of CPR before treatment or decreased less than 20% at Mmax are pictured in red. Median value of CRP decreased from
33.05 mg/L (IQR, 10.5-75.25 mg/L) at MO to 11 mg/L (IQR, 5.750-36.75 mg/L) at Mmax (nonsignificant, using the Wilcoxon test). E, IFN
scores (normal <2.466) recorded before and during therapy. Before = recorded values before the initiation of ruxolitinib including day
0 (n = 14); After = recorded values under ruxolitinib (n = 69). Black lines represent median values by time period. Median values before
and under treatment were comparable (using the Mann-Whitney test).
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connective tissue disease,”” lesions were frequently asymmetrical.
Radiologically defined fibrosis was described in 12 of 16 patients
as early as age 0.6 years. Serial chest CT scans were analyzed in 6
patients, further emphasizing the occurrence of severe fibrotic
lesions before adulthood (see Figure 3, G, and Table E5, avail-
able in this article’s Online Repository at www.jaci-inpractice.
org).

Bronchoalveolar lavage (BAL) fluid analysis was performed in
14 patients (see Table E6 in this article’s Online Repository at
www.jaci-inpractice.org), with a median cellularity of 1000 (190-
3400) cells/mm’. One individual had a normal total cellularity
but with an abnormal cell distribution. In the other patients,
BAL fluid analysis displayed a mixed (n = 5), neutrophilic
(n = 3), or lymphocytic (n = 2) alveolitis. The 2 last patients
were diagnosed with probable aspergillosis and alveolar hemor-
rhage, respectively.

Infections

Five patients experienced significant infections. Cutaneous or
osteoarticular Staphylococcus aureus infection occurred in 4 patients
with severe skin vasculopathy. P2, who received multiple lines of
immunosuppressive therapies (Table E1, available in this article’s
Online Repository at www.jaci-inpractice.org), experienced
recurrence of herpes zoster and severe invasive or opportunistic
infections (ie, necrotizing fasciitis due to Streprococcus pyogenes,
osteitis due to S. aureus, and invasive pulmonary aspergillosis).
Two patients with severe lung lesions (P18 and P20) had Psex-
domonas aeruginosa colonization of the respiratory tract. No other
increased susceptibility to infections was noticed in the cohort.

Neurological involvement

Neurological manifestations are not a core feature of SAVI in
comparison with other monogenic interferonopathies,”  in
particular Aicardi-Goutiéres syndrome (AGS).”” None of the
patients presented developmental delay. However, calcification of
the basal ganglia was observed in 3 of 12 patients explored with
brain CT scan (Figure 4, A-C). Among these 3 patients, P8 was
neurologically asymptomatic, P10 demonstrated a spastic
diplegia, and P11 presented 2 episodes of seizure. Cerebral
magnetic resonance imaging performed in 8 patients was normal
in all of them. Of 8 cerebrospinal fluid (CSF) samples analyzed,
6 were normal and 2 revealed lymphocytic meningitis without
evidence of infection (P2 and P3). Of interest, P12 suffered from
glaucoma, as observed in AGS.”°

Articular features

Articular manifestations were frequent (arthralgia, n = 9;
arthritis, n = 7). In particular, 7 patients had polyarthritis
diagnosed at a median age of 6.8 years (0.17-13 years) and that
became destructive over time in P2 and P3 (Figure 4, £ and F;
see Figure E1 in this article’s Online Repository at www.jaci-
inpractice.org), necessitating a left knee prosthesis at the age of
34 years in P3. Hand and skeletal X-rays were reviewed in 9
patients, and axial osteoarticular structures were studied based on
the chest CT scans in 12 patients. Delayed bone age was
observed in 6 of 8 patients (Figure 4, G and H). Bone demin-
eralization was a common feature (Figure 4, G-1). Condensations
were seen in the peripheral skeleton (see Figure E1, B, in this
article’s Online Repository at www.jaci-inpractice.org), whereas
few or no erosions or deaxation were observed (except in P3).
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One patient had diffuse erosions of the carpal bones reminiscent
of juvenile idiopathic arthritis (JIA) (Figure 4, G and H). All
polyarthritis but one were associated with rheumatoid factor (RF)
positivity.

Other features

A transient episode of myositis occurred in P9, at the age of 6
years, while he was being treated with tocilizumab (an anti-IL6
receptor monoclonal antibody). All symptoms resolved after
the drug was stopped. P18, previously reported in the first
description of ST/NGI mutations in a second mutational clus-
ter,'’ developed evidence of hepatitis. A liver biopsy performed
at age 2 years revealed granulomatous inflammation with necrosis
and pericentral atrophy. We also noted cardiac disease (car-
diomegaly with repolarization defects) complicated, at the age of
11 years, by subepicardial ischemia in one patient (P11), and 3
episodes of pericarditis in another patient (P12). Finally, kidney
involvement was recorded in 2 patients; P17 presenting with
microscopic hematuria and mild proteinuria associated with
hypertension. No kidney biopsy was performed. In addition, P21
demonstrated proteinuria from the age of 3 years, associated with
positive antineutrophil cytoplasmic antibodies (ANCA) and
segmental glomerular and focal proliferative lesions. A kidney
biopsy at the age of 10 years revealed chronic glomerular and
tubule-interstitial lesions with interstitial fibrosis and progression
to tubular atrophy.

Inflammatory markers

Increased levels of C-reactive protein and/or of erythrocyte
sedimentation rate were observed in all but one patient (P8) (see
Figure E2 in this article’s Online Repository at www.jaci-
inpractice.org).

Type | IFN pathway activation in patients

IFN score and IFNa. protein®” were consistently high in all
patients tested (Figure 5, A and B). Of interest, we measured
IFNo protein in the CSF of 4 patients with no neurological
symptoms (P1, P7, P8, and P16)—of whom 1 had intracranial
calcification (ICC) of the globi pallidi (P8)—and found high
level although lower concentrations than in patients with AGS
(manuscript in preparation). However, these levels were higher in
3 patients of the cohort than in children with idiopathic hy-
drocephalus (Figure 4, D). As previously reported,]’%’y
increased levels of STAT1 phosphorylation were recorded in T
lymphocytes, monocytes, and neutrophils of 7 patients explored
(data not shown).

Autoantibodies

All patients but one (P13) presented autoantibodies. High
titers of antinuclear antibodies (15 of 21) and ANCA with low
specificity for MPO and PR3 (15 of 21) were seen frequently
(Table E1, available in this article’s Online Repository at www.
jaci-inpractice.org, and Figure 5, C). Increased RF was docu-
mented in 11 of 18 patients. All patients but one presented
hyper-IgG and -IgA, whereas IgM levels were variable (Figure 5,
D). Complement levels were normal in all patients tested (n =

15).

Immunophenotyping analyses
Mild CD3+ and CD4+ T-cell lymphopenia was frequent,
documented in 10 of 17 (59%) and 6 of 17 (35%) patients,
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respectively. Decreased percentage of central memory CD8+
(CCR7+CD45RA—/CD8+) (n = 7 of 9, 78%) and effector
memory CD8+ (CCR7—CD45RA—/CD8+) (n = 8 of 9,
89%) T cells with increased percentage of naive CD4+ (n =7 of
12, 58%) and CD8+ (n = 8 of 9, 89%) T cells were frequently
observed (Figure 5, E). T-cell proliferation in response to mi-
togens was normal in most patients tested (n = 12 of 15), but
frequently impaired in response to antigens (n = 5 of 6) or
OKT3 (n = 6 of 8). Extended B-cell phenotyping revealed low
memory B-cell counts (CD19+CD27+) in 9 of 10 patients
(data not shown).

Treatment and clinical outcome

Three patients were deceased, including 1 patient who
succumbed early after lung transplantation (P6) and 1 due to
end-stage respiratory failure (P11). The third patient (P3) died
at the age of 29 years of fulminant necrotizing fasciitis. All
patients but 3 received steroids and 12 were treated with
several lines of immunosuppressive therapy, including meth-
otrexate, mycophenolate mofetil, and biologics (Table El,
available in this article’s Online Repository at www.jaci-
inpractice.org). There was apparently no, or little, response
to these treatments.

Experience with JAK inhibitors in the cohort
Subsequently after the end point of this overview, 17 pa-
tients were treated with JAK inhibitors, allowing rapid clear-
ance of fever, heterogeneous improvement of lung, and skin
diseases depending on severity and damage. We report here
the extensive assessment of response to JAK inhibition in 8
pediatric patients treated in France, at a median age of 8.2
years (0.6-14.2 years) at drug initiation (Table II). Main in-
volvements were the lung (n = 8, all with fibrosis but one,
including 3 patients with end-stage respiratory failure screened
for lung transplantation) and skin (n = 5, including 2 with
extreme lesions), whereas 2 patients suffered from poly-
arthritis. The median initial dose of ruxolitinib was 0.32
(0.2-0.83) mg/kg/day bid, which was increased to 0.9
(0.2-1.11) mg/kg/day bid based on pharmacokinetic studies.
The median follow-up under treatment was 27 (2.5-52)
months. Two patients experienced withdrawal syndrome after
a short interruption of treatment.”® Papillary edema was
observed in P1.”° Infections were reported in 5 patients
(Table 1II), in particular a rhinovirus infection in P7 that
precipitated respiratory failure and lung transplantation. In
addition, aspergilloma was found in the explanted lungs of
P12 at the time of transplantation. None of the patients
developed anemia or thrombocytopenia. Disease score signif-
icantly improved in all patients (Figure 6, A). Fever settled in
all patients, and skin manifestations resolved in 2 patients and
improved in 2. Among the 3 patients with severe lung
involvement, P5 experienced clinical benefice, and P7 and P12
had a minimal improvement and were transplanted 3 and 17
months, respectively, after ruxolitinib initiation. P7 died of
humoral rejection 1 year later, whereas P12 is alive and well 2
years after transplantation under ruxolitinib. In 5 patients,
pulmonary functional and radiological improvements were
significant (Figure 6, A, and Table E7 and Figure E3, A and
B, available in this article’s Online Repository at www.jaci-
inpractice.org). Polyarthritis completely resolved in 2 affected
patients. All patients gained weight but catch-up growth was
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not significant (Figure 6, B and C). There was a reduction of
inflammatory markers, whereas median IFN scores across pa-
tients were comparable (Figure 6, D and E, and Figure E3, C,
available in this article’s Online Repository at www.jaci-
inpractice.org). Immunophenotyping and autoantibodies
remained stable.

DISCUSSION

Activating mutations in STINGI were described in 2014 to
cause a novel type I interferonopathy, referred to as SAVL'”
This severe autoinflammatory condition was minimally respon-
sive to conventional immunosuppressive therapies, and thus was
associated with marked childhood morbidity and increased
mortallity.l’z’s‘24

The present cohort of 21 patients (17 families) confirms the
severity of SAVI and high incidence of the core features, that is,
skin and lung involvement and systemic inflammation. As re-
ported in the literature (Table I), early disease onset was the rule,
except for P4 who displayed adulthood onset and suffered from a
milder disease. Although phenotypic differences have been sug-
gested between mutations occurring in exon 5 and exons 6 and
7,135 this is not obviously the case in our cohort, that is, we are
unable to define a genotype-phenotype correlation with the data
available so far.

Lung involvement was the most striking feature observed in all
patients (vs 68% of the reported cases). Respiratory symptoms
may be insidious, with infraclinic involvement identified after
radiologic and functional investigations. This advocates for sys-
tematic lung screening in patients with suspected or confirmed
SAVL. ILD and fibrosis can be isolated as previously reported,7
and SAVI should be considered in front of idiopathic lung
fibrosis occurring in children or young adults, particularly in the
presence of autoantibodies or immunological abnormalities such
as memory CD8 lymphopenia. The radiological hallmark of the
pulmonary syndrome in the present cohort was an early and
rapid progression to fibrosis—distinct from the usual imaging
findings seen in chronic ILD in children®*?*—observed in 76%
of patients (vs 25% in the literature). We confirmed the high
lung-related morbidity and mortality, with end-stage respiratory
failure in 6 patients by early adulthood. Moreover, lung trans-
plantation was performed in 1 young adult patient who died
early thereafter, and in 2 teenage patients after censoring of the
data. The outcome of these patients could not help to evaluate
the risk of relapse on transplanted lungs. Although type I IFN is
suggested to contribute to the lung fibrosis occurring in systemic
sclerosis,”®”” the pathogenesis of interstitial lesions and fibrotic
progression in SAVI remains to be deciphered. STING gain-of-
function knock-in mice’®*! develop alveolar infiltration, and
also perivascular inflammation—a feature that has not been re-
ported so far in humans with SAVI. Of note, the pulmonary
pathology of the STING N153S or V154M mutant mice was
not rescued by crossing onto an [rf3 or Ifnarl null back-
ground,”®***! thereby suggesting the complexity of lung path-
ogenesis in SAVI. However, STING gain-of-function mice
models so far developed do not fully recapitulate the phenotype
in humans, further emphasizing the need of patient cohorts to
study the spectrum and underlying mechanisms of SAVI.

Our cohort further extends the clinical phenotype of SAVI,
including features reminiscent of other monogenic interfer-
onopathies.”*> A distinctive osteoarticular involvement was


http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org
http://www.jaci-inpractice.org

14 FREMOND ET AL

found in 1 one third of the cohort. Indeed, polyarticular RF+
JIA was the initial diagnosis in 3 patients (as reported by Clarke
et al’"), among whom long-term evolution has been character-
ized by marked articular damage in 2 individuals. Of interest,
positivity for RF was recorded in 11 of 19 patients tested (58%).
This suggests that RF could be a useful diagnostic marker of
SAVI, especially in childhood, during which polyarticular RF+
JIA rarely occurs.*® Cardiac involvement has not been previously
reported in the context of SAVI and is not a common feature in
other monogenic interferonopathies, beyond infantile-onset hy-
pertrophic cardiomyopathy described in 3.3% of patients with
AGS.” Three individuals in this report demonstrated ICC of the
basal ganglia, a well-known imaging characteristic of AGS.*
Spastic diplegia was marked in one of them, thereby indicating
a possible overlap between SAVI and AGS, in which a severe skin
vasculopathy can also be observed.*** Of note, 1 patient with
ICC was neurologically asymptomatic, as can be observed in
certain neurological diseases including the type I interferonop-
athy due to ISG15 loss-of-function,”” but the possibility remains
that neurological dysfunction is more frequent than currently
appreciated and may become evident over time. Of interest, 1
patient presented with alveolar hemorrhage during the course of
the disease. Although reported in only 1 SAVI individual,"”
alveolar hemorrhage is a striking feature of COPA (coatomer
protein subunit @) syndrome,”® a newly described interferon-
opathy physio-pathologically related to SAVL"™*  Renal
glomerular disease was noticed in our cohort. Such involvement
is also reported in other monogenic interferonopathies (DNasell
deﬁciency,so COPA%’SI).

Our cohort reveals a specific immunological pattern in the
context of SAVI, defined by low counts of CD4+ and CD8+ T
cells, and high percentage of naive CD4+ and CD8+ T cells
associated with a defect in circulating memory CD4+ and
CD8+ T cells. A partial defect in T-cell proliferation was also
frequently noticed. Despite these features, the patients in our
cohort did not display opportunistic infection. One can hy-
pothesize that the enhanced type I IFN production observed in
SAVI partially compensates cellular immune defect. This point
highlights the potential risk of infection with the use of JAK
inhibitors, which block several cytokine pathways. Of interest, a
patient with SAVI, presenting at age 2 months with Preumocystis
Jjirovecii pneumonia and severe T-cell lymphopenia, has been
reported.'” We also described 1 child with initial diagnosis of
CID. These observations highlight the variable onset and
expression of SAVI, and are reminiscent of the mild to extremely
severe lymphopenia recorded in the published STING gain-of-
function mouse models (N153S and V154M).***! Of further
note, the defect in T-cell proliferation demonstrated by patients
with SAVI is consistent with the report of Cerboni et al’* where
the authors showed an intrinsic antiproliferative action of acti-
vated STING in patient and mouse cells. More recently, further
IFN-independent  functions of STING  have been
established.””*

Long-term follow-up of 8 patients under ruxolitinib con-
firms improvement of all SAVI features in line with the
experience reported in the literature.'®”” The best response
was observed in patients treated early before the occurrence of
irreversible damage especially to the lung, underlying the
importance of early diagnosis. Tolerance was overall good, but
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the risk of viral respiratory infections in patients with poor
lung function deserves particular attention.'® Of note, Sanchez
et al”’ reported a BK viremia in half of the patients with
interferonopathies treated with baricitinib, a complication seen
in only 1 patient in our cohort. As previously described,”**”
there was no control of the enhanced ISG expression.
Further pharmacokinetic studies are required to better deter-
mine dosage and timing in the use of each JAK inhibitor.
Other therapeutic strategies with new-generation JAK in-
hibitors or STING inhibitors’” are awaited.

Overall, we describe, to our knowledge, the largest cohort of
SAVI worldwide. Together with a high penetrance of key fea-
tures, we note a variability in severity, highlighted the lung-
related morbidity-mortality, and a frequent joint involvement.
Rare manifestations overlapping with other monogenic interfer-
onopathies can occur, indicating—at least partially—redundant
physiopathology. We recommend an assessment of IFN pathway
and screening of activating mutations in S7ZNGI in patients
with lupus chilblain, polyarticular RF+ JIA, idiopathic ILD
occurring in children or young adults especially in presence of
autoantibodies, and CID in particular with memory CD8 T-cell
lymphopenia and antigen proliferation defect. Because of
complexity of SAVI, a multidisciplinary team is required to
manage these patients.
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METHODS
Cohort of patients

Patients were recruited from institutions in France (Necker
Hospital, Paris; Hospices Civils de Lyon, Lyon; Centre Hos-
pitalier Universitaire de Montpellier, Montpellier; Centre
Hospitalier Universitaire de Lille, Lille; Hopital La Timone
Enfants, Marseille), Monaco (Centre Hospitalier Princesse
Grace), Belgium (University Hospitals Leuven, Leuven), Italy
(Istituto Gaslini, Genoa; and Ospedale Pediatrico Bambino
Gesti, Rome), Spain (Hospital Universitari Vall d’Hebron,
Barcelona), Lebanon (Notre Dame De Secours University
Hospital, Jbeil), and Australia (Lady Cilento Children’s Hos-
pital, Brisbane).
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Thoracic imaging analyses

Computed tomography thoracic imaging was analyzed at 3 levels
in each lung: upper thoracic region: above the aortic arch; mid-
thoracic region: at the level of carina; lower thoracic region: at the
confluence of the inferior pulmonary veins. Twelve items"™' were
assessed for each of the 6 studied areas: (1) Ground-glass opacity, (2)
Consolidation, (3) Micronodules, (4) Interlobular septal thick-
ening, (5) Intralobular lines, (6) Pleural thickening, (7) Paraseptal
and centrolobular cyst, (8) Honeycombing, (9) Bronchiectasis, (10)
Inflation, (11) Lung volumes, (12) Lymphadenopathies. Extension
of the lesions (items 1, 2, 3, 4, 5, 7, and 8) was determined according
to the rating scale below: 0: no lesion; 1: extension less than 25% of
the studied area; 2: extension between 25% and 50% of the studied
area; 3: extension between 50% and 75% of the studied area; 4:
extension more than 75% of the studied area.

FIGURE E1. Joint involvement observed in P3. A, Conventional X-rays of the knees (anteroposterior view for both knees and lateral view
of the left knee) of P3, at the age of 33 years, showing bilateral joint space narrowing, a subchondral cyst (geode) of the left medial
femoral condyle, and articular and periarticular ossifications on the left knee that were evocative of calcinosis. B, Conventional ante-
roposterior X-ray of the feet of P3 performed at the age of 33 years demonstrating joint space narrowing and bone demineralization.
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FIGURE E2. Systemic inflammation markers observed in the pa-
tients. Levels of C-reactive protein (CRP, normal <6 mg/L) and
erythrocyte sedimentation rate (ESR, normal <20 mm/h) recorded
in 20 patients of the cohort (not assessed in P6). Minimal and
maximal values of CRP and ESR during the course of the disease
or, if not available, the values at screening were included. The
median CRP was at 20 mg/L (range, 0-200 mg/L) and the median
ESR was 57 mm/h (range, 11-130 mm/h).
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FIGURE E3. Chest computed tomography (CT) imaging performed in P9 and P16, and erythrocyte sedimentation rate before and during
treatment with ruxolitinib. A, Chest CTscan of P9 performed at the age of 7.5 years showed bilateral alveolar and interstitial disease with
ground-glass lesions, interlobular septa thickening, and cystic lesions, associated with features of fibrosis (traction bronchiectasis and
honeycombing). After 26 months of treatment with ruxolitinib, the ground-glass lesions were less marked and fibrosis stabilized, although
honeycombing slightly increased. B, Chest CT scan of P16 performed at the age of 7 months showed bilateral subpleural consolidations
predominantly located in the posterior thoracic region associated with some microcysts and traction bronchiectasis. After 12 months of
treatment with ruxolitinib, the consolidation lesions decreased, whereas fibrotic lesions remained unchanged. C, Erythrocyte sedimen-
tation rate (ESR) values (normal <20 mm/h) recorded in 5 patients at screening (MO) and at maximal follow-up (Mmax). A reduction of at
least 20% in the values of ESR of Mmax as compared with MO is represented in blue. Raised levels of ESR before treatment or decreased
less than 20% or increased at Mmax are pictured in red. Median level of ESR decreased from 82 mm/h (interquartile range [IQR], 45-
103.5 mm/h) at MO to 44 mm/h (IQR, 25-64 mm/h) at Mmax (nonsignificant [ns], using the Wilcoxon test).



TABLE E1. Characteristics of the patients with mutations in STING7

Pl P2* P3 P4 P5 P61 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20 P21
Age at onset 1 13 13 NR 1 5 0.4 0.2 0.5 Birth Birth 1 0.75 2 3 Birth 0.7 0.3 Birth 0.5 L5
Status (age) A(3) D (29) A (33) A (65) A (11) D (34) A (14) A®) AT A Q) D (14) A (12) A (18) A ®) A®) A (0.6) A (10) A7) AQ2) A (1.8) A (23)
Gender F M M M M F M M M M M F M B M M F B F F F
Mutation of p.VISSM  p.VI5S5M p.VISSM  p.VISSM  pVISSM  pVISSM  pVISSM  p.VI4IM p.N1543 pNI54S pNIS4S pVISSM  p.C206Y pR28IQ pVISSM pVISSM  pVIS5SM  pR28IQ pNIS4S pVISSM  p.VIS5M
STING1
Inheritance AD AD AD ND AD ND De novo  De novo De novo ND ND De novo De novo  De novo  De novo De novo De novo  De novo  De novo Denovo ND
Clinical features
Onset symptoms FTT Arthritis Arthritis FTIT Lung Lung Lung Skin Skin & Skin & Skin & Lung Skin Arthritis  Skin & CID & lung  Skin & Lung Skin & Lung Skin & FTT
& fevers & fevers lung lung & FIT & fevers fevers lung
fevers arthritis
FTT + + + + + NR + + + + + + - - + + - + - - +
Height < —3SD + s - a = NR = + = + + - - - - - - - - - -
Fevers/SI ++ +i/+ +6/+ I+ ++ NR -+ +h/+ ++ ++ ++ -+ -+ ++ ++ ++ +6/+ I+ ++ ++ -+
Skin status
Rash + + + - + + + + + + + - + + + - + + + + +
Uleers - + + - + - - + + + + - + - + - - - + - +
Loss of tissue - - - - + + + + - + - - - - -
Nasal perforation - - - - - = = <k A = + = = = = = = = = = =
Lung disease
ILD a4 a4 =k a4 a4 a4 4F <k a4 a4 4k =k = a4 N a4 + + + + +
Lung fibrosis + + + + + + + - + - + + - + - + + + - + +
End-stage + + + = = + + = - - + - -
pulmonary
failure
Joint and muscle
status
Arthritis - 4= =F o = = © ° aF = aF aF o + + o o o o o o
Myositis - - - - - - - - + - - - - - - - - - - - -
Neurological status
Symptoms - - - - - - - - - + + - - - - - - - - - -
Icc 5 NR NR NR s NR @ + NR + + 5 - - NR - NR - NR NR @
Infections
- + - - + - - - - - + - + - - - - + - - -
Other organ
involvement
Heart Eye, heart Kidney Liver Kidney
Autoantibodies
ANA A F + I = Transient + Transient F = aF I = + F F Transient - > F o
Anti-DNA Transient - - - + NR - Transient - - - Transient NR - - - - + - - -
ANCA + + + + = + + + = = + + = + + = + + + = Transient
RF + + + + - + - - - + Transient  + - + + - + - - NR NR
Treatments and
procedures
Steroids|| +/+ +/- +/- -/- +/+ NR/NR ++ +/- +/- +/- +/- +/+ -I- ++ +/+ -l ++ ++ +- I+ +/-
DMARDs MMF MTX, HCQ, MTX, = HCQ NR HCQ HCQ, MMF, MMF, = Aspirin, COL, CyA, Aspirin = AZA = AZA MTX = HCQ MMF,
CyA, HCQ, MTX, AZA, COoL, MMF, HCQ,
lefluno-mide CyA COL, CyA, CyA HCQ, MTX
aspirin TAC, NSAIDs
HCQ
(continued)
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TABLE E1. (Continued)

vo'9L

Pl P2* P3 P4+ P5 P61 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20 P21
Biologics RTX ADA, ETN - - NR - RTX ANR, TOC - - ANR, - ANR, - - ETN TFX - - RTX
ETN, RTX TOC ETN,
TOC
JAK inhibitors + / + + + / + + + - / + + + + + + + + + +
initiated after
end point of
data
collection
Others Lung Tx ¢ q

1V 13 ANOWW3YA

Ages are given in years. SI refers to increased inflammatory markers.

+, Present; -, absent; A, alive; AD, autosomal dominant; ADA, adalimumab; ANA, antinuclear antibodies; ANCA, antineutrophil cytoplasmic antibodies; ANR, anakinra; anti-DNA, anti—double-stranded DNA antibodies; AZA, azathioprine;
COL, colchicine; CyA, cyclosporine A; D, deceased; DMARDs, disease-modifying antirheumatic drugs; ETN, etanercept; F, female; FTT, failure to thrive; HCQ, hydroxychloroquine; /CC, intracranial calcification; /FX, infliximab; /LD,
interstitial lung disease; JAK, Janus kinase; M, male; MMF, mycophenolate mofetil; MTX, methotrexate; ND, not determined; NR, not recorded; NSAIDs, nonsteroidal anti-inflammatory drugs; P, patient; RF, rheumatoid factor; RTX,
rituximab; SD, standard deviation; S/, systemic inflammation; TAC, tacrolimus; TOC, tociluzimab; Tx, transplantation.

*Father of P1.

tGrandfather of P1, father of P2 and P3.

{Mother of P5.

§During infancy.

|[Prednisone/pulse of methylprednisolone.

qPatients programmed for lung transplantation after the end point of data collection.
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TABLE E2. Genetic findings
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Mutation of STING7 Inheritance
P1 Het: c.463G>A/p.V155M AD
P2 (father of P1) Het: c.463G>A/p.V155M AD
P3 (uncle of P1) Het: ¢.463G>A/p.V155M AD
P4 (grandfather of P1) Het: c.463G>A/p.V155M Unknown*
P5 Het: c.463G>A/p.V155M AD
P6 (mother of P5) Het: ¢.463G>A/p.V155M Unknown*
P7 Het: ¢.463G>A/p.V155M De novo
P8 Het: ¢.439G>A/p.V147TM De novo
P9 Het: c.461G>A/p.N154S De novo
P10 Het: c.461G>A/p.N154S Unknown*
P11 Het: c.461G>A/p.N154S Unknown*
P12 Het: c.463G>A/p.V155M De novo
P13 Het: c.617G>A/p.C206Y De novo
P14 Het: ¢.842G>A/p.R281G De novo
P15 Het: c.463G>A/p.V155M De novo
P16 Het: ¢.463G>A/p.V155M De novo
P17 Het: ¢.463G>A/p.V155M De novo
P18 Het: ¢.842G>A/p.R281G De novo
P19 Het: c.461G>A/p.N154S De novo
P20 Het: ¢.463G>A/p.V155M De novo
P21 Het: ¢.463G>A/p.V155M Unknown*

AD, Autosomal dominant; Het, heterozygous; P, patient.

*DNA from parents was not available to determine inheritance.
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TABLE E3. Pulmonary function tests in the patients

J ALLERGY CLIN IMMUNOL PRACT
MONTH 2020

First PFT Last PFT available
P1 3ylm 3y9m
Hyperinflation (FRC 160%) Hyperinflation (FRC 188%)
Normal DL Normal DL
P5 9y4m 11y6m
Restrictive pattern Restrictive pattern
Hyperinflation Hyperinflation
Reduced DL¢o Reduced DLco
P7 9y 14y
Restrictive pattern Restrictive pattern
Reduced DLco Hyperinflation
P8 NR 8y4m
Mild restrictive defect
No hyperinflation
P9 4ylim 7y8m
Decreased VC Decreased VC
P12 NR 12y6m
Restrictive pattern
Hyperinflation
P13 15y 17y
Normal Mild restrictive defect
No hyperinflation
Reduced DLco
P14 4y9m 8ylm, last pulse of steroids 6m before
Decreased VC Decreased VC
Hyperinflation
Normal DL
P15 7y 8y
NA* Decreased VC
Hyperinflation
Reduced DLco
P16 NAT NAT
P17 8y 9y
No hyperinflation Decreased VC
Reduced DL¢g at 57%
P18 NA 7y
Decreased VC
No hyperinflation
DLco non collaborative
P19 NAT NAT
P20 NAT NAT
P21 NR 22y
Restrictive pattern
Hyperinflation

Reduced DLco

A restrictive spirometric pattern was defined as a decreased total lung capacity (TLC) above 80% of the predicted values for age and height. A hyperinflation pattern was defined
as an increased RV/TLC above 120% of the predicted values for age and height. A diffusing capacity of the lungs for carbon monoxide (DLco) below 80% of the predicted

value was considered abnormal.

FRC, Functional residual capacity; m, month; NA, not assessed; NR, not recorded; P, patient; PFT, pulmonary function test; RV, residual volume; VC, vital capacity; y, year.

*Nonassessed because of patient noncompliance.
7Too young to perform PFT.



TABLE E4. Chest computed tomography findings in the patients at screening

Pl P3 P4 P7 P8 P9 P11 P12 P13 P14 P15 P16 P17 P18 P20 P21
Age (y) 3 33 65 6 0.5 7 11 4.5 15 5 6 0.6 10 3.1 1.75 23
Lesions observed
Ground-glass ++ AF aF = AFAFE AFEEE TP AFrAr ° P AF aF + ++ ++ +
Consolidation + - + - - - - - - + - + - + + -
Micronodules - - - - - - - - - - - - - - -
Interlobular ++ + + + - ++ ++ +++ - +++ + + + + ++ +
septal
thickening
Intralobular +++ + +++ +++ - +++ ++ + - ++ +++ + Fr aF TFF St
lines
Cysts +H&M) + W +++ + M) - + (W + W + M) - - - + W + (W - + W ++ (W
(1 & M)
Honeycombing = = TFF = < = = = o = = <= o + ++
Chest CT score 54 16 66 38 20 55 43 56 0 38 36 20 27 30 54 47
Other characteristics
Pleural Irregular Irregular Irregular Smooth No Irregular Irregular  Irregular Irregular Irregular Irregular Irregular Irregular Irregular Irregular Irregular
thickening (fissures) (fissures) (fissures) (fissures) (fissures) (fissures) (fissures) (fissures) (fissures) (fissures) (fissures (fissures) (fissures)
Triangular
subpleural
opacities
Traction Scattered Few Few No No Few Few No No Scattered No Few No Few Few Yes
bronchiectasis
Overinflation No No No Yes* No Yes No No No No No Yes Yes Yes Yes Yes
Lung volumes Decrease N Decrease Decrease N N Decrease N N N N N N Increase Decrease N
((9) @®)
Lymphadenopathies ++-+ - - NA NA  ++ - - - - +++ +++ - - +++
Comment Diffuse Asym. / / / / / / / / / / / / / /
TBB lobar
retractions
Conclusion
ILD Yes Yes Yes Yes Yes  Yes Yes Yes No Yes Yes Yes Yes Yes Yes Yes
Fibrosis Yes Yes Yes Yes No Yes Yes No No Yes No Yes Yes Yes Yes Yes
Rating:
Extension of 7 lesions—ground-glass opacities, consolidations, micronodules, interlobular septal thickening, intralobular lines, cysts, honeycombing—was graded according to this rating scale: 0 = -; 1-8 = +; 9-16 = ++; 17-24 = +++.

The sum of the scores of these 7 items (range, 0-24) yields the chest CT score (range, 0-168).
“Lymphadenopathies” was graded according to the following rating scale: Absence = -; Unilateral = +; Bilateral = ++; Diffuse = +++.
The presence of honeycombing and/or traction bronchiectasis and/or decreased lung volume radiologically defined fibrosis.
Asym., Asymmetrical; CT, computed tomography; /LD, interstitial lung disease; L, left lung; u, microcysts of subpleural localization or along the septa; M, macrocysts; N, normal; NA, not assessed; P, patient; 7BB, thickening of the

bronchovascular bundles; y, year.

*Qverinflation could be explained by past surgical history.
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TABLE E5. Chest computed tomography findings in P7 and P12
P7 P7 P7 P12 P12
Age (y) 6 12.5 14 4.5 12
Clinical respiratory status ~ Tachypnoea Tachypnoea Tachypnoea Tachypnoea Tachypnoea
Dyspnea on exertion Dyspnea at rest Dyspnea at rest Dyspnea on Increased dyspnea on
Nocturnal 02 Continuous 02 exertion exertion (daily
PH Increased PH activities)
Nocturnal 02
Lesions
Ground-glass - + + +++ +-+-+ (stable)
Consolidation - - + - -
Micronodules - - - - -
Interlobular septal + + (stable) + (stable) 44 ++
thickening
Intralobular lines +++ +-+-+ (stable) +++ (stable) + + (stable)
Cysts + M) ++ (M) +++ (M) + M) +++ U &M)
Honeycombing + ++ +++ - ++
Chest CT score 38 57 75 56 72
Other characteristics
Pleural thickening Smooth (fissures) & Stable Stable Irregular (fissures)  Irregular (fissures) &
triangular subpleural triangular subpleural
opacities opacities
Traction bronchiectasis ~ No No Few No Few
Overinflation Yes* Yes* Yes* No No
Lung volumes Decrease Further decrease Further decrease N N
Lymphadenopathies NA NA NA - -
Comment / / Dilation of the / /
pulmonary
arteries
Conclusion
ILD Yes Increase Increase Yes Increase
Fibrosis Yes Increase Increase No Yes
Rating:

Extension of 7 lesions—ground-glass opacities, consolidations, micronodules, interlobular septal thickening, intralobular lines, cysts, honeycombing—was graded according to
this rating scale: 0 = -; 1-8 = +; 9-16 = ++; 17-24 = +++. The sum of the scores of these 7 items (range, 0-24) yields the chest CT score (range, 0-168).

“Lymphadenopathies” was graded according to the following rating scale: Absence = -; Unilateral = +; Bilateral = ++; Diffuse = +++.

The presence of honeycombing and/or traction bronchiectasis and/or decreased lung volume radiologically defined fibrosis.
CT, Computed tomography; /LD, interstitial lung disease; u, microcysts of subpleural localization or along the septa; M, macrocysts; N, normal; NA, not assessed; 02, oxygen
therapy; P, patient; PH, pulmonary hypertension; y, year.
*Inflation could be explained by past surgical history.
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TABLE E6. Bronchoalveolar lavage fluid analysis in patients with mutations in STING 7

FREMOND ET AL

Age (y) No. of cells/mm? % of Mo % of Ly % of neutrophil PMNs Microbiology Conclusion
P1 2.5 1100 12 3 85 = Neutrophilic alveolitis
P2 28 NR NR NR NR Aspergillus fumigatus Aspergillosis
P3 17 NR NR 35 55 = Mixed alveolitis with
predominance of
neutrophils
P7 1 1800 62 16 22 - Mixed lymphocytic and
neutrophilic alveolitis
P8 0.5 3400 30 55 5 = Lymphocytic alveolitis
P9 1 NR 40 40 20 - Mixed alveolitis with
predominance of
lymphocytes
P11 4 1000 72 14 14 = Mixed alveolitis
P12 3 NR 20 10 56 - Neutrophilic alveolitis
P14 4.8 850 70 28 2 = Lymphocytic alveolitis
P16 0.6 190 60 22 18 - Normal cellularity but excess
of lymphocytes and PMN
P18 3 and 9 NR 59/26 10/12.5 31/24.5 Pseudomonas Neutrophilic alveolitis
aeruginosa
P20 1.8 720 31 20 45 Streptococcus alpha- Mixed lymphocytic and
hemolytic, neutrophilic alveolitis
Pseudomonas
aeruginosa
P21 3 NR NR NR NR NR Alveolar hemorrhage

Ly, Lymphocytes; Mo, macrophages; NR, not recorded; P, patient; PMNs: polymorphonuclear cells; y,

year.
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TABLE E7. Chest computed tomography findings in the patients of cohort at screening and at maximal follow-up

P1 P1 P8 P8 P9 P9 P14 P14 P16 P16

Age (y) 4 7 8.5 11 7.5 10 7.5 9 0.6 1.5
Follow-up (m) 0 36 35 26 -6* 12 0 12
Lesions observed

Ground-glass ++ + NA+T NAT (stable) +++ ++ ++ ++ (decrease) + + (stable)

Consolidation + - - - - - + - + + (decrease)

Micronodules - - - - - - - - - -

Interlobular septal TFr -++ (increase) - - ++ -+ (stable) +++ -++ (decrease) + + (stable)

thickening

Intralobular lines +++ +++ (stable) + + (decrease) +++ +++ (stable) ++ ++ (stable) + + (stable)

Cysts ++ (1L & M) ++ (stable) + (W + (stable) + (W + (stable) - - + (W + (stable)

Honey combing + + (stable) - - + + (stable) - - - -

Chest CT score 54 49 NAT NAT 55 48 48 37 20 15

Pleural thickening Irregular (fissures)  Increase Irregular Stable ITrregular Stable Irregular Stable Irregular (fissures) Stable

Linear atelectasis Decrease (fissures) (fissures) (fissures)

Traction bronchiectasis ~ Scattered Stable No No Few Stable Scattered Stable Few Stable
Inflation No No No No Yes Stable No No Yes No

Lung volumes Decrease (L) Partial recovery of N N N N N N N N

the L volume

Lymphadenopathies +++ +++ NA NA ++ - - - +++ +++

Comment Diffuse TBB Idem / / / / / / / /
Conclusion

ILD Yes Decrease Yes Decrease Yes Decrease Yes Decrease Yes Decrease

Fibrosis Yes Stable No No Yes Stable Yes Stable Yes Stable
Rating:
Extension of 7 lesions—ground-glass opacities, consolidations, micronodules, interlobular septal thickening, intralobular lines, cysts, honeycombing—was graded according to this rating scale: 0 = -; 1-8 = +; 9-16 = ++; 17-24 = +++.

The sum of the scores of the 7 items (range, 0-24) above yields the chest CT score (range, 0-168).

“Lymphadenopathies” was graded according to the following rating scale: Absence = -; Unilateral = +; Bilateral = ++; Diffuse = +++.
The presence of honeycombing and/or traction bronchiectasis and/or decreased lung volume radiologically defined fibrosis.
CT, Computed tomography; ILD, interstitial lung disease; L, left lung; u, microcysts of subpleural localization or along the septa; m, month; M, macrocysts; N, normal; NA, not assessed; P, patient; TBB, thickening of the bronchovascular

bundles; y, year.

*Before last pulse steroid therapy before initiation of ruxolitinib.
+The precise extension of the ground-glass lesions was not assessable.
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