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Abstract

Background: STAT3 gain-of-function (GOF) germline mutations have rbegecently
described. A comprehensive overview of this earlgat multiorgan autoimmune and

lymphoproliferative disease has not yet been caedpil

Objective: We have conducted a systematic review of publisBiEdT3 GOF cases in order

to describe clinical, diagnostic and therapeutpmeats of the disease.

Methods: A systematic review including articles publisheefdre 10/10/2018 in Pubmed,
WoS and CENTRAL databases was performed. We destibses of patients wiBTAT3
GOF germline mutations with genetic analysis andoacordant phenotype if functional

analyses were not performed for the mutation.

Results: The search identified 18 publications describinguaitjue patients. Twenty-eight
different mutations were described. Onset of diseess very early with an average age of 3
(0.5-5) years old. The most frequent manifestatimese: autoimmune cytopenias (28/42),
lymphoproliferation (27/42), enteropathy (24/42jterstitial lung disease (15/42), thyroiditis
(13/42), diabetes (10/42), and post-natal growtluria (15/21). Immunodeficiency was not
always a predominant feature. Most patients redusrgnificant immunosuppressive therapy.
Five patients received hematopoietic stem cellsjppantation, 4 died from complications.
Improvement of symptoms was observed for 8 out gbalients that received targeted

biotherapies.
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Conclusions: STAT3 GOF syndrome is a new clinical entity to ades when confronted
with a patient with early-onset poly-autoimmunitymphoproliferation, and growth failure.
At this time, precise therapeutic guidelines aokilag, but use of anti-IL-6 receptor and JAK

inhibitor biologics are attractive possibilities.



74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

97

Highlights box.

What isalready known about thistopic?
STAT3 gain-of-function (GOF) germline mutations have rbeeecently described. A
comprehensive overview of this early-onset mul@orgutoimmune and lymphoproliferative

disease has not yet been compiled.

What doesthisarticle add to our knowledge?
We identified 42 unique patients. Typical diseases warly-onset with very early endocrine
autoimmunity, then pseudo-celiac enteropathy, vedid by lymphoproliferation, autoimmune

cytopenias and interstitial lung disease in theexof severe growth failure.

How does thisstudy impact current management guidelines ?
STAT3 GOF syndrome is a new entity to consider wbanfronted with a patient with early
onset poly-autoimmunity, lymphoproliferation and/short stature. There is emerging

evidence for the use of targeted biotherapiesigdisorder.

Key words: autoimmunity; lymphoproliferative disease; GOF; B¥yayndrome; interstitial

lung disease; celiac disease; short stature; eadgt diabetes; child
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Abbreviations:

STAT:signal transducer and activator of transciapt
GOF: gain-of-function

GnomAD: Genome Aggregation Database
IL:interleukin

JAK: Janus kinase

LGL:large granular lymphocytic

SH2: Src homology 2

ExXAC: Exome Aggregation Consortium
SOCS: suppressor of cytokine signaling
EBV: Epstein-Barr virus

ITP: immune thrombocytopenic purpura
AIHA: autoimmune hemolytic anemia
NK:natural killer

lg:immunoglobulin

HLA: human leukocyte antigen

ILD: interstitial lung disease

IPF: idiopathic pulmonary fibrosis
DIP:desquamative interstitial pneumonitis
LIP:lymphocytic interstitial pneumonitis
DLCO: diffusing capacity of thelungs for carbon moxide
LRTIl: lower respiratory tract infections
TPO:thyroperoxidase

MRI: magnetic resonance imaging

GH: growth hormone

SD:standard deviation
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IGF1l:insulin-like growth factor-1

GVH: graft versus host

ALPS:autoimmune lymphoproliferative syndrome

FAS: first apoptosis sighal

IPEX: immune dysregulation, polyendocrinopathy, enbpathy, X-linked
FOXP3: forkhead box P3

APDS: activated phosphoinositide 3-kinase delta dyame

CHAI : CTLA-4 haploinsufficiency with autoimmuneiitration

LATAIE: LRBA deficiency with autoantibodies, Tregedects,autoimmune
infiltration and enteropathy

IBD: inflammatory bowel disease

COOP: cryptogenic organizing pneumonia
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Introduction
The transcription factor signal transducer andvatdr of transcription 3 (STAT3), one of 7
members of the STAT family of transcription factors a critical regulator of multiple
processes, including cellular proliferation, sualjv differentiation, and regulation of
autoimmunity and inflammatidn Therefore, STAT3 mutations (gain-of-function (GCd¥
dominant negative) can result in immunodeficienayfoimmunity or malignancySTAT3
dominant negative germline mutations are well knownd lead to a primary immune
deficiency syndrome (known as Buckley or Job Synarpor autosomal dominant hyper IgE
syndrome OMIM: 147066) STAT3 GOF somatic mutations have been reported in
malignancies such as LGL leukemia and hepatocelldgnoma STAT3 GOF germline
mutations were discovered recently and lead toyearset multiorgan dysfunction (OMIM:
615952), including autoimmune disorders, lymphadfeadtion, susceptibility to infection and
severe growth failure’™

In 2014 and 2015, 3 major studies reported the figspatients with STAT3 GOF,
describing genetics, clinical features and basimimophenotypin"® Only case reports
have been published thereafter without a comprefers/erview of clinical aspects and
natural history of the disease. Recently a studynmamagement with targeted biotherapies
reported 4 additional patieftsThe phenotype of STAT3 GOF is diverse, which nsaite
clinical definition and diagnosis difficult. Therst manifestations of STAT3 GOF can be
nonspecific inflammation and/or lymphoproliferatiamvolving varied organ systems and,
therefore, a STAT3 GOF patient could be first segm clinician of any subspecialty not yet
familiar with this new immune dysregulation syndemHerein we have complied a
systematic review of published STAT3 GOF cases lideo to describe the genetics,

functional studies and clinical aspects of the akge
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Methods

Patients
This systematic review was conducted in accordavitte the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) duee A systematic search was
conducted (10/10/2018) to identify studies repgrtoases of patients with STAT3 GOF
germline mutations. The literature search and ewtmlo were performed in 3 databases,
MEDLINE (Pubmed), Web of Science (WoS) and CENTR@&lochrane Central Register of
Controlled Trials), for articles published since/@¥2014 (the first report of STAT3 GOF
germline mutation is Flannagaa al., 2014). The following research keywords in Erglis
were used: (STAT3 AND "gain of function" or "signatansducer and activator of
transcription 3" and "gain of function”), (STAT3 AN"Activating germline mutations" or
"signal transducer and activator of transcriptidraBd "Activating germline mutations") and
(STAT3 AND "activating mutation" or "signal transckr and activator of transcription 3"
and "activating mutation"). Another search was nadlgyperformed in Google scholar using
the function cited by for Flannagah al., 2014, Haapaniemi et al., 2015 and Mileeal.,
2015. Abstracts and full-length text were screefedall suitable articles. We excluded
duplicate articles or congress abstracts. To lgghédi for inclusion, studies and case reports
were required to describe cases of patients $ithI'3 GOF germline mutations with genetic
analysis and a concordant phenotype if functiomslyses were not performed for the
mutation. All types of publications, such as aes;l reviews, editorials, letters, and
correspondence, reported in English or in Frenablighed online between January 1, 2014

and October 10, 2018 were included.

Genetic evaluation
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Frequency of variants was determined using the didm database
(http://gnomad.broadinstitute.org/). Prediction p#thogenicity was performed in UMD

predictor (http://umd-predictor.eu/) and Mutatioaster (http://www.mutationtaster.org/).

Statistical analysis
Data were collected and organized using MicrosattelE (Microsoft, Redmond, WA, USA)
and statistical analysis was performed using RaDe¢re presented as median and (first,

third) quartiles.

Results
The search identified 18 publications describing ufi2que patients. The list of included
articles is presented ihable E1, sorted by date of publicatiofigure 1 summarizes the

PRISMA diagram.

Genetics and functional analysis

At this time, 28 different mutations from 42 ca$ese been described, located mostly in the
DNA binding domain(Figure 2 and Table E2). All patients were heterozygous for the
mutation, 21 werele novo mutations and 7 were inherited in an autosomalidam manner
within 5 different families. Six unaffected mem&avere described within 4 out of these 5
families. Penetrance is thus incomplete. Analysisdescribed STAT3 variants in the
gnomAD database showed only one mutation as alregubrted (p.R246Q with a frequency
of 1/246408 alleles), all the others are not regmbriAll mutations reported but one (an in
frame amino acid deletion) are missense. All vasiavere predicted pathogenic or probably
pathogenic by UMD-predictor and disease causindylbtation Taster. According to EXAC

data,STAT3 is a constrained gene with a pLI (a indicatormblierance to loss of function) of



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

10

1 (the least toleranf)and indeed all the mutations reported are verg.r@hese features
support autosomal dominant inheritahce

Functional studies were reported for all mutatiersept 4>, and confirmed gain of
function of STAT3(Table E2). The functional tests developed were (i)iarvitro STAT3
reporter luciferase assay under basal or stimulededitions (IL-6/growth hormone) in A4,
HEK?293 or INS-1E cells, and (ii) SOCS3 express@vels under basal or stimulated (IL-21)
conditions in EBV-transformed patient cell-lines primary cells. Of note, under basal
conditions, luciferase reporter assay was nornratwo patients (but abnormal in stimulated
conditions) and under stimulated conditions theyasgas normal for two other patients (but
abnormal in basal conditions). GOF mutations resulin at least ten-fold increase of
luciferase reporter assays for seven patients. alisence of obvious genotype-phenotype
correlations and the fact that STAT3 hyperactiudiyes not appear to correlate with the
severity of the phenotype suggest that environnheatal other genetics factors may

contribute to this syndromé.

Clinical aspects
Clinical expression phenotypes of STAT3 GOF syndraame very diverse. Among the 42
cases (sex ratio (M/F) = 18/22 = 0.8%§713-18.1019-221123-2ma most frequent features were
hematologic disease, failure to thrive/short seatamd multi-organ autoimmune disorders.
Onset of disease was very early with an averagebgeset of 3 (0.5-5) years offigure 3),
including 17 cases occurring before one year. Epgtiients died, at a median age of 12.5
years (5.5-18.25), including 4 from complicatiofistem cell transplantation.

The following description is based on the 42 repabitases.

10
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236  Hematologic manifestations

237 Hematologic disease was the most frequent findiB§/4Q), especially autoimmune
238 cytopenias (28/42), including immune thrombocytdperflTP) 6111517192223 (54/28)

239  autoimmune hemolytic anemia (AIHA}H1>71719222319/28) and neutroperid!’ (9/28)

240 (Table E3). AIHA and ITP were observed concurrently in 15 ch§&'*>17192223There was
241 an autoimmune pancytopenia in 4 cAsége of onset was specified in 8 cases; median age
242  of onset was 3.5 years dldigure 3).

243 Immunodeficiency (hypogammaglobulinemia or lymphapeor recurrent infections)
244  was not as severe as could be expected from theopipe of STAT3 dominant negative
245  mutations, but it was described in many cases @8lafection susceptibility was described
246  in most STAT3 GOF patients (23/28), mainly recutrapper and lower respiratory tract
247 infections  (11/23)*014161921.24  |aading to  bronchiectasis in 2  cases.
248  Hypogammaglobulinemia was reported in about halpatients*®1141%.17.21.22.2f1 g12g)- jt

249  was associated with clinical infection in 16 casésdecrease of immune cells to varying
250 degrees was noticed for T-célfs1920(8/28), NK-cell$®1+1%1924(9/28) and B-cells,
251  particularly memory B-celfs'®?°(4/28). Further, T regulatory cell levels wereaepd in 11

252  patients, and were decreased in 10/11 cases, thllmilti-organ autoimmunity. Th17 cells
253 levels were also reported in 4 cases, but wereihiginly one case.

254 Lymphoproliferation (27/42) was described mainjth adenopathy*’ 115171920
255  (23/27) and hepatosplenomedaly*4*"1920%23/27), which was concomitant in 19 cases.
256 There was mediastinal adenopathy in 3 cases. Agensét of lymphoproliferation was
257  specified in 8 cases, the median age was 2.5 (b)9y8ars old for adenopathy and 3 (1.9-8)
258 years old for hepatosplenomegdllyigure 3). Hemophagocytic lymphohistiocytosis was
259 described in 1 cadeMalignancy was described in 2 cases. One adtikmishad Hodgkin

260 lymphom4 and 1 patient developed LGL leukemit the age of 14. IgA level was reported

11
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261 in 16 cases, being elevated in 5 c&5¥<%?* and low in 8 cases™*>!"?? Hyper IgA was

262 invariantly associated with enteropathy.

263

264  Gastrointestinal manifestations

265 Hepatic and digestive diseases were described ca2€4 T able E4). Enteropathy was found
266 in 24/42 patientsTable E5). Average age of onset, reported for 11 patiemés, 1 (0.5-1.02)
267  year, and most (9/11) before the second {Emure 3). The clinical signs were diarrhea (17
268 patients), abdominal pain (4) and vomiting (2),cagssted with growth failure in 12 cases.
269 The disease was initially classified as celiac asgein 9 cases. Response to gluten free diet
270  was reported for 7 patients: 1 patient respohdeH patient responded partidllyl patient
271 responded in combination with azathioprine anddiéous'®, and there was no response for 4
272 patient$'*?*2? For the 5 patients with reported HLA, 3 were DQ2DQ8 positive. Both
273  DQ2 positive patients were responsive to a glutea tiet. Of the 11/42 patients for which
274  celiac antibodies (anti-gliadin (G), anti-tissuansglutaminase (TTG) or anti-endomysium
275  (E)) were testedf*°1%2° 9 were positive and 2 were negativeéhe 2 patients with negative
276  celiac antibodies had no clinical signs of entetopaAmong the 9 patients with positive
277  celiac antibodies, 7 had positive anti-G (5 isadlaanti-G , 1 anti-G/E, 1 anti-G/TTG) and 1
278 had isolated anti-TTG. Antibody specificity was meported for the last patient.

279

280 Gastrointestinal biopsy results were reported inltipla STAT3 GOF patients.
281 Pathology of the esophagus showed noffnalr mild changes, such as basal cell

282 hyperplasi&?’. Pathology of the stomach showed moderate gasti® patients***1820:21.24

§,4,6,10,14,18,20—22,2

283  with lymphocytic infiltration noted in 4. In 14 pant ?abnormalities of the

284  duodenum were reported. This was predominantlgusl atrophy (11 patierit§*?1418% as

té6,10,14,18,20,21,§4w

285  well as inflammation (12 patier ith intraepithelial lymphocyte infiltration

12
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§6.1014.182021.2404, 5 patients with sequential biopsies, 2 hawmnalization of

in 9 patient
the biopsy*® 1 patient’s was initially normal followed by acemd abnormal orfeand 2 no
improvemert?% Colonic biopsies were normal in only 1 cdsand showed colitis in 5
case$®18
Additionally, 9 patients were reported with liverisgasé’ 9112922 4 with

autoimmune hepatitis (with anti-DNA and anti-smoatiuscle antibodies) requiring liver
transplant in 2 of them. One patient had achdladibree patients developed pancreatic
exocrine insufficiency?®, 2 of them also had diabetes

Seven patients affected by enteropathy were edeatith targeted biotherapies
(tocilizumab and ruxolitinib or tofacitinib) thamiproved their symptoms, need for TPN or
NG tube feeds and nutrition status. One patiertt libaefited from stem cell transplantation
had improvement in his gastrointestinal symptonspeeially diarrhea One patient gained

control of her diarrhea with immunosuppressive ttresnt (azathioprine and tacrolimus) in

association with a gluten free dit

Pulmonary manifestations

Twenty-two patients developed lung disease witlmegl@minance of interstitial lung disease
and recurrent lower respiratory tract infectighable E6). 15/42 patients developed
interstitial lung diseagé 101115202124t he median age of onset, specified in 7 cases,1¥a
(9-18) years old and was substantially delayedegards to hematologic, endocrine and
gastrointestinal featurg§igure 3). Among these 15 patients, 7 had lymphocytic ititeab
pneumonitis (LIP)*"*>?*2! 2 granulomatous lung diseds& 2 desquamative interstitial
pneumonitis (DIP)-** 1 idiopathic pulmonary fibrosis (IPF)and 1 cryptogenic organizing
pneumonia (COOP) With regard to the clinical presentation, astHike-symptoms in early

infancy were described in 3 patients who presemdger with ILD. A lung biopsy was

13
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performed in 3 cas&$'® The first case showed diffuse interstitial fiisodPFY. The second
displayed a diffuse interstitial fibrosis that wassociated with alveolar thickening and
macrophages (DIP) The third case displayed atypical interstitiainjyhoblastic infiltrate
(Lip)®.

Three patients required long-term oxygen therapy dn invasive ventilation.
Immunosuppressive treatment of pulmonary manifiestatwas detailed in 8 cases (steroids
in 6 cases, tacrolimus in 2 cases, mycophenolafetinm 2 cases, azathioprine in 1 case,
sirolimus in 1 case, cyclosporine in 1 case, amdizamab combined with ruxolitinib in 2
cases, tocilizumab combined with tofacitinib in @ase). Immune suppression had a positive
effect in 2 cases: 1 patient who benefited fromilimonab associated with ruxolitinib
required less oxygéh 1 patient who was treated with mycophenolate tilofead
improvement in DLC¢ One pulmonary patient had a bone marrow transpban died from
multiple organ failuré-

11/42 patients had recurrent lower respiratoryttisfectiong 141619212224 py),
There was 1 case dfycobacterium avium lung infectioff. Among patients with LRTIs, 6 had
hypogammaglobulinemia, 4 T-cell lymphopenia, 4 dased NK-cells and 1 pan-
lymphopenia. Seven of these patients were treat#dinvmunosuppressive treatment and the

chronology of lung infection with regard to treatmhenset was not detailed.

Endocrinopathies

Endocrine diseases were also a frequent featyertesl in 21/42 patien{3 able E7). Type |
diabetes was the earliest endocrine manifestatid®TAT3 GOF syndrome (10/42)*116-18

It appeared before 1 month of life in 3 cases atavéen 1 month and 12 months in 3 cases.
The median age of onset of type | diabetes was 8ksvg2.3-35.5)(Figure 3). HLA

genotyping was high risk in 3 casé¥and low risk in 2 cases.

14
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Hypothyroidism was found in 13/427101116-1825TAT3 GOF patients. It appeared
before 1 month of life in 2 cases. The median dagenset of thyroid disease was 2 (0-2.5)
years old. Hypothyroidism and diabetes were co-fddrb4 cases' %18

To a lesser extent, the pituitary gland was affikc@ne patient was described with
isolated central corticotropin deficierféyThere was 1 case of presumed pituitary dysfunctio

that responded well to GH treatmérfinally, 1 patient was reported with GH inservii®.

Growth failure

Weight and/or height at birth were recorded in B&es, intrauterine growth restriction
(weight and/or height at birth < -2SD) was presarf cases (35%)°2%?(Figure 4). Post-
natal growth failure (height and/or weight < -2Skgs presented in 15 cases among 21 where
it was reported (75%f710:1618.2021.2440ight was less than or equal to -4SD in 5 cds8<°
Growth failure was associated with intrauterinevgtorestriction in 3 cases. IGF1 was low in

7 of 10 patients tested, however, 5 also had epé¢ing which could have affected nutritional
status and so the IGF1 level. GH stimulation waggomed in 4 casé&'® there was a
positive response in 3 cadés® 7 patients benefited from GH treatment, it wisogive in

3*2'and showed a partial response 3%

Other features
Dysmorphic features are not a predominant featdreSDAT3 GOF syndrome (2/37).
Cutaneous disease (16/42) was mainly atopic deim#ti2/16}*° 71011202304 alopecia
(4/16f191* (Table E8). The age of onset of cutaneous disease was rdpiorté¢ cases all
under the age of 2 years.

Arthritis was described in 9 casé$*?%?*%4including 3 cases of polyarthriti€’ 1

severe arthritls and 1 case of oligoarthriffs In 1 case, polyarthritis regressed with systemic

15
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treatment with tocilizumab The age of onset was specified in 4 cases, wittedian of 11
(9-13.25) years of age.

Six patients suffered from osteoporddis*?°?‘and 2 from osteoperfisamong them 2
had received corticosteroid treatment. There wease of acroosteoly$jsesorption of the
distal bony phalange®elayed bone age was noted in 6 c&¥&4 Two patients presented
with joint laxity*. Dental abnormalities such as decay or delayet &reption (a common
feature of STAT3 dominant negative mutations) weseed in 5 case$*%°

Renal disease was reported in 3 cHs8$?2 One patient presented with
nephrolithiasis at an adult age. There was 1 cdspraximal tubulopathy with severe
hypercalciuria at 5 years old, associated withicalrtrenal hyperechogenicities compatible
with microcysts, but without renal impairment. Higaone patient had a chronic renal
impairment, and died from end stage renal failure.

Ocular affects were reported in 5/42 pati&ht$®?? including 2 patients with uveitis
and keratoconjunctivitis sicca in 2 cases. Neulgklgdisease was not predominant, with 1
case of ocular myasthenia grdyisl case of cerebral atrophy that led to abnormal
psychomotor developméntand 1 patient with cerebral palsyThree patients' developed

thrombosis (1 internal carotid and 2 vena cavaj, dulditional details were not provided.

Finally 1 patient developed disseminated intra-ulssacoagulatioh

Clinical Progression
STAT3 GOF syndrome encompasses many target orgaasiis with a sequential median
age of onsefFigure 3 and Figure 5). Endocrine and gastrointestinal disease is verly-ear
onset and appears clearly before the onset of lodogat disease. Poly-autoimmunity with
2 autoimmune diseases was frequent (294 3)autoimmune diseases was reported in 16/42

patients. Single organ autoimmune disease wastezgpor 10 patients and 3 patients had no

16
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obvious autoimmunity. Although hematologic diseag#s also predominant, it was not
invariant as 7 patients did not have any hematoldgeasgFigure 6). Finally, 4 patients

had neither poly-autoimmunity nor hematologic desea

Therapeutic options
Most of the symptomatic patients with STAT3 GOF driyime required significant
immunosuppressive therapy. Treatment was outliné@8icases and is presented able 1.

Non targeted immunosuppressive therapies were busHective.

Five patient$’'®?! received hematopoietic stem cell transplantatibngied from
complications (GVH disease and systemic adenovirus case, multiple organ failure in 1
case, systemic adenovirus infection in 1 case a@edavirus pneumonia and post-transplant
hemophagocytic lymphohistiocytosis in 1 case); tiker had improved growth and a
complete remission of his autoimmune diséase

Other therapeutic options consisted of targetindemwes which play an important
role in the STAT3 pathway. Nine patiehfs*?°?*received anti-IL6 receptor monoclonal
antibody therapy (tocilizumab), with a positive exff on autoimmune disease except in 1
patienf. The effect nevertheless seems to plateau. Irsé itavas used in monotherdmnd
it resulted in improvement of the general conditialheviation of diarrhea and increased Treg
cells. In the 8 other patients tocilizumab was givenhwét Jak inhibitor (ruxolitinib or
tofacitinib) and this showed clear improvement inp&tients, most notably for their

enteropathy and oxygen support.

Discussion

In recent years, multiple monogenic causes of eaBet autoimmunity and

lymphoproliferation have been identified, now irdihg STAT3 GOF syndroni&’#%-32
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These disorders have overlapping clinical and imoiagic featuregTable 2). In addition to
these early-onset, monogenic autoimmune syndromies,differential diagnoses for the
symptoms of STAT3 GOF syndrome are plentiful duentdtiple features within each organ
system. Therefore, several differential diagnoses lwe considered. Our systematic review
summarizes current knowledge about specific charatics of the disease. Average onset of
organ systems appears to occur sequentiiigure 3), with early-onset diabetes and
enteropathy preceding hematologic manifestationdamg disease.

The enteropathy was frequently initially diagnosesi pseudo-celiac, with villous
atrophy, but without the usual serologic signat@ely half of the patients tested had the
high risk HLA (compared to more than 95% in clagstac disease). Gluten free diet had no
effect in most patients. STAT3 GOF patients praagniith early-onset IBD like phenotypes
lacked the classical histologic findings of IBD dghphocyte infiltration.

Early-onset endocrinopathies including neonatabelies and early onset thyroiditis
were among the first symptoms occurring duringniefa Polyautoimmunity (encountered in
29/42 patients) included arthritis, autoimmune Hhiéipa alopecia areata and autoimmune
cytopenias notably later in life. Intra-uterine @th retardation was encountered in 1/3 of
patients and post-growth failure in 3/4, with 5 ipats < -4SD. Growth failure is a
predominant feature of STAT3 GOF syndrome. Thisl¢de the consequence of digestive
disease (malabsorption), diabetes, hypothyroidigespiratory insufficiency, frequent
infections or corticosteroid treatment. Howevergauld also be inherent to tIE&FAT3 GOF
mutations. Indeed, STAT5b, is the major transariptifactor downstream of GH
signaling*®* and STAT3 activation can inhibit STAT5 phosphatidn®.

STAT3 GOF appears as a new etiology of ILD, maldly as well as other forms of
ILD such as COOP or DIP. Pathology showed fibrasi2 patients. LIP results from

pulmonary interstitial accumulation of JIlymphocytesSeveral
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publications have suggested that STAT3 plays a raheregulating
fibroblast function in fibrotic lung diseases anthat aberrant STAT3
signaling plays a critical role in usual interstitpneumonia and idiopathic pulmonary
fibrosis pathogenesis

Hematologic disease was frequent, onset after @yfaand included lymphoproliferation,
immunodeficiency with infection susceptibility (mé&y recurrent LRTI and rare opportunistic
infections), and autoimmune cytopenias. Despite whed-known association of somatic
STAT3 GOF mutations with malignancy, cancer was/aeported in 2 patients. Given the
young average age of STAT3 GOF patients, long tthowup will be critical to fully
understand the risk of malignancy in STAT3 GOF sgnte.

The immunologic consequencesSHAT3 GOF mutations would be predicted to result
in expansion of Th17 cells and inhibition of Treglls, which plays a critical role in the
development of autoimmuniy®. This is because, among other triggers, STAT X livated
by IL-6 and plays an important role in differenitet of CD4 T-cells. We hypothesize that,
due to the severity of disease in most sympton®&fieT3 GOF patients, the reported T cell
subsets were not performed in treatment naive rdatieand that therapy with
immunosuppression impacted Th17 development.

STATS3 interacts with other STATs mainly via sup@sof cytokine signalling 3
(SOCS3), which is a downstream target of STAT3 aedative regulator of STAT3
signaling™. Through this mechanism, STAT3 is believed to bithSTAT1 and STAT5
phosphorylation. Disruption of STAT5 activation dsato inhibition of Treg development. In
fact, most STAT3 GOF patients with reported T-albsets did have decreased Treg cells
counts, but, to date, the majority of the few pageexamined have been found to have

normal levels of Th17 cells.
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460 Non-targeted immunosuppressive treatments werepplgating in this cohort.
461 Available biotherapies and bone marrow transplamstitute a real hope for these patients.
462  Use of targeted therapy with tocilizumab and rukab or other JAK inhibitors may change
463 the natural course of the disease. Bone marrovsptant could be a curative option when
464 life-threatening complications occur, but availab&a are insufficient to determine safety or
465  optimal conditions for this therapeutic optfon

466 This systematic review has some limitations. Fatrgmts did not have any functional
467 tests and many papers did not include specificildedé clinical aspects, most notably the
468 timing of onset of the different clinical featureA. study reporting the complete natural
469 history of the disease with timing of the onsetled different manifestations would be worth
470 investigating. Nevertheless, the clinical summadeSTAT3 GOF made in this systematic
471 review will be a useful tool to select among pasewith early onset autoimmunity and
472  lymphoproliferation to direct specific testing f8TAT3.

473 STAT3 GOF syndrome is heterogeneous and patienteotaniversally present with
474 hematologic autoimmunity, or obvious lymphoprol#ton, immunodeficiency or short
475  stature. They can also have a wide variety of smighn manifestations such as pseudo-celiac
476  disease, pseudo-juvenile arthritis, endocrinopathieterstitial lung disease, and cutaneous
477  disease. However , notably, very early-onset degber atypical celiac disease are clues to
478  this syndrome and can be for a long time the ordyifestation.

479 Current diagnostic methods for STAT3 GOF syndronwude genetic testing paired
480 with functional analysis of new mutations. This gass is available only in expert centers,
481 using mainly luciferase reporter assays. SOCS3 lefvexpression has also been used as a
482  functional assay. Levels of GOF determined by kreife reporter assay seem to be the best
483 assessment in order to potentially delineate ggmephenotype correlations in the future.

484
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Conclusion

STAT3 GOF syndrome caused by heterozygous, gerrflidd3 GOF mutations is a new
clinical entity to think about when confronted witarly-onset poly-autoimmunity with
lymphoproliferation, enteropathy, interstitial ludgsease, and associated with severe growth
failure. Heterogeneity of the phenotype makes aipeeclinical definition difficult. Currently,
genetic analysis is the only valid diagnostic mdthét this time, defined therapeutic
guidelines are still lacking but use of anti-IL-6ceptor and JAK inhibitor biologics are
attractive possibilities while other future optiossich as anti-STAT3 therapeutics, are being

developed.
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Figurelegends

Figure 1. PRISMA flow diagram.

Fig. 2 Schematic of the STAT3 protein showing the location of mutations reported to
cause STAT3 GOF.

STAT3 is divided into 6 domains: the N-terminal dom coiled-coil domain, DNA binding
domain, linker domain, Src-homology 2 (SH2) domaimd transactivation domain (TA).
Mutations shown represent mainly missense mutaaowisthe resulting amino acid changes,
but there is also one deletion. Mutations replidateseveral patients are indicated in red by

the number of patients reported and using boldline

Figure 3. Age at onset.

Age at onset of the disease and at onset of diffalenical manifestations.

Figure 4. Weight and height z-scores at birth and last visit.

Weight and height z-scores at birth and last visit.

Figure 5. Kaplan-Meier survival curves.

Kaplan-Meier survival curves of (A) overall surviv@B) diabetes mellitus, (C) enteropathy,
(D) lymphadenopathy, (E) hepatosplenomegaly, (FQieumune cytopenias, (G) arthritis, and
(H) interstitial lung disease (ILD). On the X axéme is expressed in years. Y axes represent
either the percentage of survival (in A) or the t@mof patients free of the disease (B-H).

Solid lines represent survival curves and dotteedithe confidence intervals.
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Tablel. Treatmentsreported in STAT3 GOF patients

Treatments Total Positive  Negative Not
effect effect / deter mined
no effect
Non targeted therapies
S)/Stemlc SterO| dS 171,6,7,10,14,16,17,21,22,24 314,16,17 61,16,22,24 86,7,10,21
Inhaled steroids i - 7121 .
M ycophenol ate mofetil gtanihez 2+ 1’ 2t
Tacrolimus 44710 1t 2710 1t
Azathioprine 471924 - 471924 -
Rituximab 3 1+ 1’ 1"
Sirolimus 374 - 3721 -
Anti TNF-alpha 3/ - 3/ -
Infliximab 1% ] 14 ]
Adalimumab 1% - 124 -
Methotrexate 204 - o7:24 -
Cyclophosphamide 2 - 2 -
Cyclosporine 14 ; 12 ]
Abatacept 124 ) 12 i
Alemtuzumab 1’ ; 17 ]
Anti-IL1 1’ - 17 )
HSCT 54,7,16,21 14 47,16,21 _
Targeted therapies
Tocilizumab g*714.20,24 gh7142024 17 i
Addition of jakinib gh72024 e -




Table 2. Clinical features of single-gene defects with immune dysregulation®* "%

STAT3 GOF STAT3 DN STAT1 GOF STATS5b deficiency APDS ALPS IPEX LATAIE Ha\
(AD-HIES)
Gene STAT3 STAT3 STAT1 STAT5b PIK3CD TNFRSF6 FOXP3 LRBA CTLA-4
Transmission AD AD AD AR AD 70% AD X-linked AR AD
(some somatic mutations)
Onset of Symptoms Childhood Early infanc] Childhood Childhood 1-3 years 1-3 years Early infancy Choloidh Childhood
Lymphoproliferation SM, HM - SM, HM - LAD, SM, 80% chronic - LAD, SM, HM LAD, SM
ENT lymphoid | lymphoproliferation (>6
hyperplasia months):
LAD, SM, HM
Autoimmune disorder AIHA, ITP - Thyroiditis, Interstitial lung disease, 30% Cytopeniag,  70% Cytopenias: Early-onset Enteropathy, >50% Enteropathy
(immune dysregulation) Early-onset pseudoeliac| Alopecia, Psoriasis ITP, Insulin-dependenAIlHA, ITP or neutropenia, enteritis with AIHA, ITP, >50% Interstitial lung
enteropathy, Scleroderma, Lupus, Thyroiditis, diabetes, Rare other autoimmunevillous atrophy § Interstitial lung disease disease,
Interstitial lung disease|, Pseudo-celiac Arthritis Arthritis manifestations: nephritis, lymphocytic Diabetes, AlHA, ITP
Early-onset diabetes and enteropathy, Colitis| hepatitis, biliary cirrhosig, infiltrates, Hepatitis,
thyroiditis, Autoimmune colitis, arthritis, vasculitisEndocrinopathy;: Psoriasis
Arthritis, hepatitis, diabetes
Alopecia Autoimmune (sometimes
cytopenia neonatal) &
thyroiditis,
Hemolytic
anemia
Other Herpesvirus infectiong, Dermatitis, Fungal infections Growth failure, Upper & lower | Rare recurrent infections Early-onsef Upper & lower respiratorjpper & lower respirator

Fungal infections,

Bacterial infections,

Neonatal rash,

Skin abscesses,

(especially chronic

mucocutaneous

Dysmorphic features,

Eczema,

respiratory

infections,

failure to thrive,

Neonatal

infections,

Bronchiectasis,

infections




Respiratory infections,| Pneumonias, candidiasis), Severe herpesvirus Pneumonia, erythema, Viral infections,
Short stature Bronchiectasis, Severe viral infections, Bronchiectasis, Eczema, Fungal infections,
Pneumatocele, infections, Recurrent infections Chronic Psoriasiform Bacterial infections
Fungal infectiond Bacterial infections rhinosinusitis, dermatitis,
Bacterial Mycobacterial Severe or Alopecia
infections, Herpg infections, recurrent
virus infections,|  Bronchiectasis, herpesvirus
Dysmorphic Asthma, Eczema, infections
features, Vascul; Dysphagia,
abnormalities Failure to thrive
Increased risk of malignancy Yes Yes No No Yes sYe No Yes Yes
Laboratory parameters HypogammaglobulinemiiJevated IgE, | Reduced switched| Treg deficiency and Decreased | Direct Coombs positive| Elevated IgE, 50% Hypogammaglobulinem
Reduced switched Eosinophilia, memory B cells, dysfunction, IgA/lgG +/-  |Hypergammaglobulinemia, Eosinophilia, | Hypogammaglobulinemia,

memory B-cells

& Tregs

Decreased Thl
cells,
B and T memory

lymphopenia

fDecreasedhl7 cells|

Low 1gG2 and 1gG4

Reduced T cells and N

cells,

Hypergammaglobulinem

increased IgM,
Naive CD4 Teell
&
Memory B-cell
lymphopenia wit
elevated
transitional B-

cells

Elevated DNT cells,
Elevated plasma sFASL,
Elevated plasma IL-10,
Elevated plasma vitamin

B12

Anti-enterocyte

antibodies

Reduced Tregs,
Reduced switched memd

B-cells
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Footnotes: ALPS: Autoimmune Lymphoproliferative 8yome; LAD: lymphadenopathy; SM: splenomegaly; HMepatomegaly; AIHA: autoimmune hemolytic anemia;PiTImmune
thrombocytopenia; DNT: double-negative T-cells (GD8Ruf+CD4CDS8); LATAIE: LRBA deficiency with autoantibodies, Tgedefects, autoimmune infiltration, and enteropat®pAl: CTLA-4
haploinsufficiency with autoimmune infiltration ;DAHIES : autosomal-dominant hyper—immunoglobulisydrome, GOF : gain-of-function ; DN : dominangagve, AD : autosomal dominant, AR :

autosomal recessive.






