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INTRODUCTION

Severe enterocolitis raises diagnostic and thetapeballenges. Empirical treatment
by steroids and immunosuppressive drugs is commosdd but, to date, little attempt has
been made to specifically target the mechanismnlyidg inflammation. Possible causes of
severe enterocolitis include refractory celiac ai®e', autoimmune enteropathy and
common variable immunodeficiendythe two latter being overlapping entities of floiss
monogenic inheritance. BesiddSOXP3 mutations that cause immune dysregulation
polyendocrinopathy X-linked (IPEX) syndroﬁnadditional genetic causes have recently been
reported®”’. Herein, using whole exome sequencing (WES), watitled a noveBTAT3 gain
of function (GoF)mutation in an adult patient displaying chronicrchaa and autoimmune
manifestations refractory to several lines of imesuppressive drugs and biotherapies.
Identification of the mutation enabled successiidatment with the JAK1/2 inhibitor

ruxolitinib.

METHODS

Ethics Statement

The study was approved by the lle-de -France itattommittee (Paris, France).
Characterization of enter opathy

Histological analysis, flow cytometry analysis sblated lymphocytes and molecular analysis
of gastrointestinal specimens were performed asrithes".

DNA preparation

Genomic DNA was extracted from PBMC isolated byoHi¢lyPaque Plus (GE Healthcare,
Velizy-Villacoublay, France) using the QlAafipDNA Blood Mini Kit (Qiagen,
Courtaboeuf, France).

Whole Exome Sequencing



Whole exome sequencing was performed as previalesgribed. Genomic DNA libraries
were generated from DNA (3ug) sheared with a Cev@# Ultrasonicator using SureSeféct
Library PrepKit (Agilent, Garches, France) on thenomic Platform at the Imagine Institute.
Capture by hybridization was performed using AdilBare Select All Exon V5 (Agilent, Les
Ulis, France). Targeted exons were pulled out withgnetic streptavidin beads, PCR-
amplified using indexing primers and sequenced onllamina HiSeq2500 HT system
(llumina, San Diego, USA). Data analysis was penied with Paris Descartes University /
Imagine Institute’s Bioinformatics core facilitieBaired-end sequences were mapped on the
human genome reference (NCBI build37/hg19 versummg the Burrows-Wheeler Aligner.
Downstream processing was carried out with the @endAnalysis Toolkit (GATK),
SAMtools, and Picard, according to documented bespractices
(http://www.broadinstitute.org/gatk/guide/topic?resbest-practices). Variant calls were
made with the GATK Unified Genotyper based on t8& version of ENSEMBL database.
Genome variations were defined using the in-houdtvare PolyQuery which filters out
irrelevant and common polymorphisms based on frecjae extracted from public databases:
US National Center for Biotechnology Informatiorntatzase of SNP (dbSNP), 1000 genomes,
Exome Variant Server (EVS, http://evs.gs.washingtda/EVS/), and Exome Aggregation
Consortium (ExXAC, http://exac.broadinstitute.or@onsequences of mutations on protein
function were predicted using three algorithms: ypbén2
(http://genetics.bwh.harvard.edu/pph2/), SIFT (8grtintolerant From Tolerant, J. Craig
Venter Institute) and Mutation Taster (www.mutataster.org). Mutations were then ranked
on the basis of the predicted impact of each variancombined annotation-dependent
depletion (CADD), and compared with the mutatiagngficance cut-off (MSC), a gene-level

specific cut-off for CADD scores (http://pec630 keteller.edu:8080/MSCY)



Sanger Sequencing
The mutations were confirmed by Sanger sequencsimgguspecific primers targeting exon

13: for: TCCGGCTACTTGGTCACCTA-3; rev: 5-CCCCCATTCBCATCTCTG -3.

STAT3 luciferase reporter assay of STAT3 N401D allele

Mutations into human WT STAT3 sequence (NM_139236igene) were introduced using
the GENEART® Site-Directed Mutagenesis System (togen, Thermo Fisher Scientific)
and the following primers: ¢.1201A>G for: ATGGAAGAZX CAACGACGGCAGCCTCTC
TG; ¢.1201A>G rev: CAGAGAGGCTGCCGTCGTTGGATTCTTCCAT;1175A>G for:
TGGGCACAAACACAAGAGTGATGAACATGGA; ¢.1175A>G_rev: TCBTGTTCATC
ACTCTTGTGTTTGTGCCCA according to manufacturer'stinstions. Each mutation was
confirmed by direct sequencing of the STAT3 ing&irofins). STAT3 inserts were, then,
subcloned into pLVX-EFlalpha-IRES-mCherry lentiViexpression vector (transfer vector)
(Clontech, Saint-Germain-en-Laye, France) via thstriction site Notl (New England
Biolabs, Evry, France) and the correct orientatibthe insert was confirmed by sequencing.
Lentiviral particles encoding the different mutamtsre generated by transfecting HEK293T
cells with transfer plasmid, packaging expressitasmid psPAX2 (Addgene, Cambridge,
USA), VSV-G envelope expressing plasmid PMD2.G (deftk) using Lipofectamine 2000
(Invitrogen, Thermo Fisher Scientific). 6 h aftearisfection, cells were washed and new
medium without antibiotics was added for 60 h. Teeombinant virus-containing medium
was filtered and used to transduce HEK293T celisblg expressing STAT3-responsive
firefly luciferase reporte(Qiagen, Courtaboeuf, France) in presence of pehdr(4g/mL).
M-cherry-positive cells were sorted by FACS. Conajpde expression of STAT3 protein
following transduction of each lentiviral construeas assessed by western blot using mouse

anti-STAT3 antibody (124H6, 1:1000, Cell Signalin§aint Quentin Yvelines Cedex,



France), and rabbit anti-gapdh (14C10, 1:1000, sigilaling). STAT3 reporter activity was
evaluated upon 10 ng/ml IL-6 stimulation for 48 $ing the Dual-luciferase reporter assay
system (E1910, Promega, Charbonniéres-les-BaiasiCEJ according to the manufacturer’s

recommendations.

Gene expression analysis

For analysis of SOCS3 transcription, Epstein Bamsv (EBV) immortalized B cell lines
derived from the patient, from two healthy donoasid from one patient carrying the
previously described GoF p.T716M mutation in STADNA binding domain, were
stimulated for 20 hours with 10 ng/mL IL-21 (R&Dségms, Lille France) or with 5 ng/mL
IL-6 (R&D systems). Cells (1xfp were lysed in RLT plus buffer (Qiagen) and RNA
extracted using RNAeasy kit (Qiagen). For cytokimeBNA expression studies, intestinal
tissues were immediately placed in RNA later (Thafisher Scientific) and stored at — 80
°C. RNA was extracted using RNAeasy kit (Qiagen). TGRCR was performed on Applied
Biosystems 7300 Real-Time PCR apparatus as dedandiag TagMan universal PCR
Master Mix and Tagman probe assays (ThermoFishiem&tc, Montigny-Le-Bretonneaux
France): RPLPO (Hs99999902_m1)SOCS3 (Hs02330328_s1)GzmB (Hs01554355_m1l);
TNFalpha (Hs99999043 ml); IFNG (Hs99999041 m1);IL6 (Hs00985639 m1);IL10
(Hs00961622_m1); IL12A  (Hs009673447_m1l); IL17A  (Hs00174383_m1); 1L21
(Hs00222327_m1); IL22 (Hs01574154_m1);IL23 (Hs00372324_m1l). Results were
expressed as relative expression“2normalized to the house-keeping ribosomal Protein

Large PO(RPLPO) gene.



RESULTS

Casereport

A Caucasian woman followed up for diarrhea sinaedbge of 5 months was referred to our
adult center in 2011 at the age of 19. Severetin@svillous atrophy refractory to gluten free
diet was diagnosed at 3 years. At 6 years, shdame neutropenia, thrombopenia with anti-
platelet antibodies and Hashimoto thyroiditis wathti-thyroglobulin antibodies. At 8 years,
severe diarrhea relapsed with subtotal duodenaplayr and colonic apoptotic lesionNo
antibodies against gliadin or enterocytes were ofete but serum IgG were low
(49/L<5.5¢/L) with normal IgM, IgA and IgE. Betwee and 18 years, she was successively
treated by steroids, tacrolimus and azathiopringé tad frequentClostridium difficile
infections. Growth hormone treatment failed to ioy@ the severe growth retardation (-2.5
SD). In 2011 she had moderate diarrhea on azatheprith normal duodenal architecture
and mild colonic inflammation. CD4, B and NK lympdenmia in peripheral blood was
ascribed to prolonged treatment by azathioprineqiency of CD2%"Foxp3 cells among
peripheral CD4 T cells was 4% (normal: 4-20%). Phenotyping ofldsed duodenal
lymphocytes showed predominance of COBSTCRup® cells among intraepithelial
lymphocytes and comparable frequency of C#d CD8 TCRap+ cells in thelamina
propria. Expression of the activating Natural Killer rec@pNKG2C on 10% and 5% of
lymphocytes in epithelium ankdmina propria respectively suggested moderate activation.
Molecular analysis of gastric, duodenal and coldnapsies revealed polyclonal T@RgH
and Ig Kappa repertoires. No anti-AIE75 KD antilexlivere detected and serum IgG1 (2.4
g/L< 4g/L) and IgG3 (0,04g/L <0.17g/L) were low. tBeen 2012 and 2014, the patient had
severe viral infections, including primary parvasrB19, cytomegalovirus infections and
Epstein Barr virus (EBV) reactivation. She receivdigh doses of intravenous

immunoglobulins and azathioprine was switched tdesonide. Adalimumab, introduced in



2014 because of increased serum concentration®NBfdl decreased diarrhea and allowed
8kg weight gain. However, clinical relapse occuraad was not controlled by golimumab, a

distinct TNFa antibody.

Diagnosis of STAT3 GoF mutation

Disease severity and very early onset suggestedrsogenic disease. Accordingly, WES
identified ade novo heterozygous missense variant, c.1201A>G, in é&&af STAT3 (Figure
1A, Supplementary Table 1), which was confirmed 3anger sequencing (Figure 1B-C).
Both germline loss-of-function mutations and genmaliand somatic GoBTAT3 mutations
have been describéd® %2 Notably, activating germlin8TAT3 mutations can cause multi-
organ autoimmunity and enterit’s © The ¢.1201A>G variant was absent in all public
databases and in our in-house database (12,925es)oithis variant replaces the highly
conserved asparagine in position 401 to aspariit @cN401D, Figure 1D-E) within the
DNA binding domain. This change was predicted to damaging by all algorithms
(Polyphen2 (0.949), Sift (0.02), MutationTasterA[D score was very high (29.7). As for
other previously reported GBTAT3 mutations within the DNA binding domaih ®, we
predicted that the mutated protein will retain @ased AGG-element binding activity
following activation and therefore increased traimgonal activity. Expression of the N401D
mutant, in HEK293T cells expressing STAT3-respoaselement, resulted in increased
luciferase reporter activity compared to wild-ty@lAT3 upon IL-6 stimulation and
comparable to the knowBTAT3 GoF allele K392R' ® (Figure 1F). Accordingly, transcription
of Suppressor of cytokine signaling SOCS3), a major target of STAT3, was significantly
increased upon stimulation by IL-21 or by IL-6 ihetEBV cell line from the patient
compared to EBV lines derived from two controls @oethparable to the EBV line from the

know STAT3 GoF T716M carrier patient (Figure 1Ghnplortantly, IL-6- or IL21-induced



transcription was significantly reduced upon intidn of JAK1 signaling with ruxolitinib

(Figure 1G).

Therapeutic efficacy of ruxoalitinib

Following validation of theSTAT3 GoF mutation, and because the patient progrdgsive
developed uncontrolled enterocolitis (Figure 2 AdBibtotal duodenal villous atrophy and
severe colitis with massive lymphocytic infiltratand glandular apoptotic bodies),
ustekinumab and tocilizumab were tested but witlesfitacy. In contrast, diarrhea stopped
rapidly after introduction of ruxolitinib 10mg twéca day in April 2017. Ruxolitinib was
increased to 15mg twice a day in July 2017 and $owide discontinued after two months. In
November 2017, the patient had gained 5 kg and egpmucosal healing (Figure 2C-D);
SOCS3 transcription was markedly reduced in duodenum eoldn, indicating efficient
blockade of STAT3 signalingiFN-y and Granzyme B transcripts were decreased in
duodenum and colon and-12 andTNF-a transcripts in colon (Figure 2E-F, Supplementary

Figurel). One year later the patient is still imigsion.

DISCUSSION

Herein, WES identified a novebSTAT3 GoF mutation as the cause of a severe
enterocolitis. In keeping with previous reports SAT3 GoF mutations” 61! the patient
displayed other autoimmune symptoms, primary hypogaglobulinemia and short stature.
Following functional validation of the mutation,etlpatient was successively treated with
ustekinumab and tocilizumab in order to prevenivatiobn of STAT3 downstream IL-23 and
IL-6 receptor respectively. Both treatments wereffinient despite one case report of
enterocolitis withSTAT3 GoF mutation clinically improved by tocilizum&b In contrast,

ruxolitinib induced rapid and complete remissiaricating that blocking STAT3 activation



simultaneously downstream different cytokines may iecessary to control intestinal
inflammation. This case is reminiscent of the poesi success of this inhibitor in patients
with GoF mutation inJAK1, which encodes the kinase upstream STAT&nportantly,
somaticSTAT3 GoF mutations are observed in many lymphoprolifeeadisorders and one
patient with germlineSTAT3 GoF mutation developed large lymphocytic leukemial4

years®. Ruxolitinib treatment may help to prevent suchmpéication in our patient.
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FIGURE LEGENDS

Figure 1. Novel STAT3 GoF mutation. (A) WES analysis. (B, C) Sanger sequencing
confirming de novo mutation. (D) Schematic representation of STAT3mdms. (E)
Conservation of N401 among orthologs. (F) STAT3dmiptional activity following 48-hour
activation with IL-6 (10 ng/mL) of HEK293T cells otaining STAT3-responsive luciferase
and stably transduced with empty vector (EV), Wd arnutants STAT3. Results represent the
mean of 5 independent experiments (**p < .01, *#p001, one-way ANOVA). (G) RT-PCR
of STAT3-target SOCS3 in IL-21 or IL-6 activated ¥Rell lines treated or not with
ruxolitinib (RX). Results are shown as relative eegsion normalized to RPLPO
housekeeping gene and represent the mean of 4eindept experiments. IL-6 vs IL-6 + RX
(*p< 0.01, Mann Whitney), control vs STAT3 mutaiftyp < 0.01, ***p < 0.0001, one-way

ANOVA).

Figure 2: Induction of mucosal healing by ruxolitinib. (A-B) HES staining (x100) and
immunohistochemistry staining (x200) of CDEDS8’, GzmB' lymphocytes before and after
6 months of ruxolitinib (RX). (C-D) RT-PCR quantfition of indicated cytokines in
patient’s duodenum (C) and colon (D) before (BRugl after ruxolitinib (ARu). Results are
compared with histologically normal duodenal (ns4xolonic biopsies (n=4) (CT), and with
duodenal biopsies from 5 active celiac disease YGE) and colonic biopsies from 5 active

Crohn’s disease (CrD) (D).
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