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Abstract:

Background: Patients with loss of function (LOF) signal transer and activator of
transcription 3 (STAT3) mutations have dermatgishanced IgE production despite a relative
lack of immediate hypersensitivity, recurrent irtfen, and an increased rate of lymphoma, in
addition to a number of skeletal and connectivaigsabnormalities. Gain of function (GOF)
STAT1 mutant patients also have susceptibilityaondidiasis and sinopulmonary infection, as
well as autoimmunity and squamous cell carcinomagddition to even more broad phenotypes.
Objective: Because of the link between Th9 cells and allarglammation, autoimmunity and
anti-tumor surveillance, and because evidence sled¥wsr the role for STAT3 or STAT1 in Th9
differentiation conflicts, we wished to determiihe status on this lineage of STAT1GOF and

STAT3LOF in humans.

Methods: We detected IL-9 levels and Th9 differentiatiorSGIAT3LOF and STAT1GOF
patients, together with Th9 transcript factors, padially rescued their deficiency in vitro by

adding cytokines they lacked or transfecting keyatules.

Results: We found that PBMCs or sorted naive CD4+ T cetsif STAT3LOF and STAT1GOF
patients had impaired Th9 generation/differentiat®TAT3 inhibition in normal Th9 cultures
diminished early IL-21 induction and late IL-9 prmdion, while exogenous IL-21 enhanced Th9
differentiation even with STAT3 inhibition, by resing SOCS3 expression and thus inhibiting
excessive p-STAT1 activation. Furthermore, exogsreqpression of SOCS3 or either T-bet or

STAT1 RNAi in STAT3 LOF cells partially rescued B differentiation.
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Conclusion: Collectively, these results suggest that humandifi@rentiation depends on

normal p-STAT3 and IL-21 production to suppressig¥l activation and T-bet transcription.

Key message:
e STAT3 LOF and STAT1 GOF patients have impaired pr@iuction.

e |L-21 could partially restore the Th9 defect itr@iby activating SOCS3 and inhibiting the
excessive p-STAT1 and downstream T-bet which wesegnting Th9 differentiation in these

patients.

Capsule Summary: STAT3 LOF or STAT1 GOF mutation patients have im@aiTh9
differentiation, at least in part due to excesSVAT1-mediated T-bet induction. IL-21 can

partially rescue patients’ IL-9 secretion, proviglia novel mechanism for its anticancer effects.

Key words: human Th9; STAT1; STAT3; IL-21; anti-cancer; Allergy

Abbreviations used:
LOF: loss of function
STAT: Signal transducer and activator of transaipt
GOF: Gain of function

SOCS3: Suppressors of cytokine signaling
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TGF: Transforming growth factor beta
IRF4: Interferon regulatory factor 4
TFH: T follicular helper

HC: Healthy control

TF: transcription factor

HIES: Hyper IgE Syndrome

ERBIN: ERBB2-interacting protein
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Introduction

CD4+ helper T cells orchestrate adaptive immunpaeses. Naive CD4+ T cells can
differentiate into distinct effector subsets upoaca@untering varied cytokine milieus, together
with TCR stimulation. One of these CD4+ T helpdosis, Th9, produce IL-9 (1), and T-cell
derived IL-9 appears to be a critical contributottie pathogenesis of allergic disease (2)

autoimmunity (3), and even anti-tumor activity ¥,

Th9 cells can be generated in vitro by supplemgriypical Th2 differentiation
conditions—which include IL-4-- with TGB4, which, via STAT6 and Smad signaling, promote
the expression of Th9-regulating transcriptionde€iRF4 and PU.1 respectively(2, 6-9). We
have previously shown that TGFsignaling is enhanced in STAT3LOF T-cells, therefo
raising the question as to whether this might inng&® differentiation in these patients (10).
Furthermore IL-21, a Th17 and TFH-associated cyikvhich can signal via STAT3, is also
produced under Th9 polarization (3, 11), and yetrtite of IL-21 and STAT3 in Th9
differentiation and function is still unclear. Someuse models have shown that IL-21 can
inhibit Th9 differentiation (12), and that STAT3faéency in mice can increase Th9
differentiation(13), while others have either shawmeffect (7), or actual enhancement of Th9-
mediated anticancer effects by IL-21 (11). OtheA¥3 activating cytokines, such as IL-23,
have been reported to inhibit Th9 (3, 5), and agldliné in Th9 culture also inhibits I1L-9
production by impairing p-STAT5 (14). Human Th9ution can be augmented by adding IL-
21, as well as IL-6 (15), and ex vivo candida sjp@dti-9 production is reduced in patients with

STAT3 loss of function mutations (16).
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Counterregulation of STAT functions by different/IT proteins ensures specificity of
cellular lineages and fates, and understandingisfcounterregulation could help shed light on
Th9 differentiation, as well as related patien&thgenesis and treatment. Suppressors of
cytokine signaling (SOCS) proteins are induced digular cytokines and regulate the p-
STATs and other signals via a negative feedbadh (@@). We and others have shown naive T
cells from patients with STAT3 LOF have redu@ICS3 transcripts (18, 19), and such
deficiency causes excessive p-STAT1 levels botleuogokines stimulation and on terminal
differentiated Th subsets (20). IL-27 can inhibiQTdifferentiation partially through a STAT1
dependent, not STAT3 dependent pathway (21), bgrmsihg T-bet expression. T-bet is also
reported to inhibit IL-9 production in innate lymgt cells (ILCs) in lung (22). On the other
hand, STAT1 -/- CD4+ T cells show impaired IL-9 dhel1 production under Th9 condition
with IL-1p, as STATL1 is reported to increase IL-9 productlmough binding tdrfl promoter
and promotindrfl expression (11). In humans, both K&hd IL-27 significantly inhibit IL-9
production(15), and patients with STAT1 gain-ofdtion mutations have fewer ex vivo candida

specific Th9 cells, all suggesting STAT1 suppres$aenan Th9 differentiation (16).

Patients with mutations leading to STAT1GOF and $3KOF provide an opportunity to
better dissect the consequences of disruptionsetSTAT pathways in Th9 differentiation.
Further, the enrichment of neoplasms in both deeé23), coupled with autoimmunity in
STAT1GOF patients (23-26) and the relative protectrom atopic disease in STAT3LOF
despite high IgE (19, 27), raises the questiom dtwv Th9 cells might contribute to these

disorders.

Here we found that both STAT3LOF and STAT1GOF pateells have impaired Th9

differentiation and ex vivo IL-9 production. Thipears to be due at least in part to excessive
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STAT1 activity leading to T-bet mediated IL-9 inhibn. IL-21, by enhancing SOCS3
production and inhibiting STAT1 activity during tifentiation, can partially rescue Th9

differentiation in vitro.



147  Methods
148
149  Human subjectsand clinical studies

150  All patients or their guardians, along with healthgnily members who did not have causal

151  mutations provided informed consent under apprgvetbcols of the National Institute of

152  Allergy and Infectious Diseases Institutional RewiBoard 10-1-0148 and 00-1-015%atients

153  with STAT3LOF or STAT1GOF all had validated knowmdéor published causal mutations and
154  blood was drawn during visits for routine care. Aiddal genotype and phenotype information
155 isincluded in Table S1. Blood from healthy cordgrobt obtained via 10-1-0148 was obtained

156  from the NIH Blood Bank.
157
158  Th9 differentiation and cytokine analyses

159 PBMC were isolated from whole blood by Ficoll-Hyp@ogradient centrifugation. Naive CD4+
160 T cells were isolated from PBMC using negative g@®a magnetic activated cell sorting

161  microbeads (Miltenyi Biotec) as per manufactur@ratocol. Purity was >95% in all samples
162 run. PBMC or naive cells were stimulated at 500,0€lIs/well in 48-well plates that had been
163  coated with anti-CD3 (1png/mL, OKT3 eBioscience)ilamdies. The cells were cultured in

164  Roswell Park Memorial Institute (RPMI) 1640 medi¢@IBCO) supplemented with 10% heat-
165 inactivated FCS (Gemini Bio-Products), 100 U/mLipélin G, 100 ug/mL streptomycin, and
166 29.2ug/mL L-glutamine (all GIBCO), at 37° C/5% CO2 fodays in the presence of soluble
167  anti-CD28(0.5ug/mL, BD Pharmingen). For Th9, anti-IFN10 ug/mL, BD Pharmingen), IL-4

168 (30 ng/mL, R&D), IL-1B (10 ng/mL, Peprotech), and T@H5 ng/mL, Peprotech) were added
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in the culture. For ThO, 100 U/ml IL-2 (R&D) wasdetl. For Th2, anti-IFjN(10 ug/mL, BD
Pharmingen), anti-IL10 (1@g/mL, BD Pharmingen), IL-4 (30 ng/mL, R&D), IL-2@0 U/mL,
R&D) were added. In certain experiments, cells voedeured with IFN, IL-6, IL-10, IL-12, IL-
21, IL-23, IL-27 (all 10ng/ml, R&D), or pre-treatedth 10ug/ml of anti-human PD-L1
monoclonal antibody (AMP-714; kindly supplied by Aimmune, Inc.), UltraLEAF purified

human isotype control IgG4 antibody (BioLegend}hwiih9 polarization. STAT3 antagonist

C188-9 was used in some experiments and been oed¢&8).

Intracellular cytokine staining and other flow cytometry

On day 5, cells were stimulated with 20 ng/mL PM#Al & uM ionomycin for 5 hours. 10

ug/mL brefeldin A was added after 2.5 hours. Celtse then fixed and permeabilized with
Cytofix/Cytoperm (BD Biosciences) as per manufaatgrprotocol, and stained with Live/Dead
Fixable Aqua dye, anti-human CD3, CD4, IL-9, ILpASTAT1, p-STAT5, GATAS, and anti-
mouse CD3 and IL-9 (BD Biosciences), anti-human 8@ ECD (Beckman Coulter) and anti-
human IL-21, T-bet, and anti-mouse CD4 CD44 ILBi¢sciences) antibodies. For SOCS3
stainning, DyLight 488 Anti-Mouse IgG (Abcam) wased following anti-SOCS3 (abcam).
PU.1 (BioLegend) and GATAS3 (BD Biosciences) antilesdvere used for TF staining, with
Foxp3 / Transcription Factor Staining kit (eBiosice), follow manufacturer's protocol. Events
were collected on an LSRFortessa with Diva 6.1f8wswe (BD Biosciences) and analyzed with
FlowJo 10 software (Treestar, Ashland, OR). Aditplare gated on live singlet CD3+ CD8-

CD45R0O+. All values used for analyzing proporti@ngesponses are background-subtracted.
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Real-time PCR

Cells were then washed and pelleted. Total RNAexaisacted from PBMC with the RNeasy
Mini Kit (Qiagen). For real-time PCR, g of total RNA was reverse transcribed (Invitrogen)
and the resulting cDNA was amplified by means oRR@th the ABI 7500 Sequencer and
TagMan expression assays (Applied Biosystems) wi&Sused as a normalization control. The

data were analyzed with the 2ACT method, and results are expressed as meamfthidtion.

SOCS3 transfection

Naive cells after 48h of anti-CD3/CD28 stimulativare transfected with either GFP control
(Lonza) or jig SOCS3-GFP construct (OriGene) using Amaxa HumaallMNucleofection Kit
(Lonza) following manufacturers protocol, using Ataawucleofection program U-014. Cells
were cultured under ThO or Th9 condition for 5 dafter transfection. For p-STAT5 analyzing,
24h after transfection, cells were harvested ainaétted with 80ng/ml IL-2 for 30m, and p-

STATS levels on CD4+ cells were detected.

sIRNA transfection

PBMC or Naive cells after 48h of anti-CD3/CD28 wesnsfected with 30pNSTAT1 or TBX21
SiIRNA (ThermoFisher Scientific) using Amaxa Humaiwdll Nucleofection Kit (Lonza) per
manufacturer’s protocol. Control cells were traaeséd with 30pM nonspecific, scrambled

SiRNA. Cells were cultured under ThO or Th9 comfitfor 5 days after transfection.

Stat3-mut HIES mouse and mouse Th9 differentiation
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All animal work was performed under an Animal Canel Use Committee—approved protocol.
All mice were derived from a C57BL/6 backgrounditdimates are obtained by breeding from
the original sources, and no outside WT mice weezlas controls or for breeding. The Stat3-
mut mouse was a gift from John O’Shea (NIA MS, NBé¢thesda, MD). The mouse has a single
aa deletion4V463) in the STAT3 DNA-binding domain to mimic theterozygous mutation
seen in patients (29). Naive cells were isolatethfsplenocytes and were cultured in RPMI
1640 with 10% FBS, 2-ME, and were activated wititgbound anti-CD3 (1 ug/ml, 2C11,
Biolegend) and soluble anti-CD28 (1 ug/ml, 37.5D, Biosciences) and cultured under Th9 (IL-
4 20 ng/ ml, PeproTech; TGF-b 5 ng/ml, PeproTeah},hO conditions (IL-2 1ng/ml,

PeproTech) in a 48-well plate.
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Results

Decreased Th9 levels and Th9 transcript factors expression in STAT3LOF and STAT1GOF

patient cells.

To assess the frequencies of short term induceccéh® PBMC from healthy controls (HC),
and subjects with either STAT1GOF or STAT3GOF wsthaulated with anti-CD3/CD28 for 3
days in the presence of Th9 inducing/expandingkiyes. STAT1GOF and STAT3LOF IL-9
production was substantially lower than the heatthwytrols. (Fig. 1A) IL-21 production was
also impaired in STAT3LOF and, to a lesser extSMAT1GOF (Fig. 1A B), while both
STAT3LOF and STAT1GOF PBMC had increased IL-4 pituin under these conditions (Fig.
1B). To determine whether the reduced frequencihéf cells resulted from poor differentiation
from naive precursors, we isolated naive CD4 Tsdedim subjects and controls and placed
them under Th9 polarizing conditions for 5 days9lproduction was indeed lower in
STAT3LOF and STAT1GOF samples compared to HC (EId1E). Similarly, IL-21 induction
was lower in STAT3LOF cultures, compared to STATIhd HC, while IL-4 induction was
increased compared to control in STAT3LOF under, h not Th9 condition (Fig 1C D).
Expression of IRF4, and GATAS3, both Th9 associdtEdlownstream of IL-4/p-STAT6, were
normal, consistent with the normal p-STAT6 actisatobserved under Th9 conditions (Fig. 1 E,
Fig. S1A, Fig. S1B). PU.1, another Th9 relateddbwnstream of TGIB; was highly expressed
in PBMC from STAT3LOF patients (Fig. 1 F), considtevith our previous data showing

patients with STAT3LOF have enhanced T&Fesponses (10).

Taken together, we found CD4 T-cells from patienth STAT1GOF and-- in contrast to

mouse models-- STAT3LOF, have a significant IL-8darction deficiency both in PBMC
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(reflecting, at least in part, a lack of existinig9Tcells) and after naive T-cell differentiation
conditions, while a focal diminution of IL-21 exgaon was observed in STAT3LOF. This
defect occurred despite the normal PU.1 expressi®TAT3LOF PBMC., implying that other

factors prevent normal IL-9 production in STAT3L@Rd STAT1GOF mutant patients.

P-STAT3 signal blocking cause IL-21 disappearance and IL-21 can restore abnormal IL-9 levels

in STAT3LOF and STAT1GOF patient cellsin vitro.

To establish whether acute STATS3 inhibition-- wengenital loss of function in STAT3--
could recapitulate our results, we used a smalemaeé inhibitor of STAT3, C188-9 in naive
Th9 differentiation cultures of HC over 8 days. The defects were similar to those using
primary patient cells (Fig. 2A-C), while IL-4 wagyhly increased under low concentration of
inhibitor (Fig. 2D). We noted that over the timaucge of differentiation, the difference in IL-21
production was notable prior to that of IL-9, ragithe possibility that IL-21 might actually have
arole in IL-9 regulation during differentiation wh STAT3 signal is impaired, similar to that
reported in healthy controls (15). We thereforeeatlexogenous IL-21 into Th9 naive
differentiation culture conditions, and noted tB&AT3LOF and STAT1GOF IL-9 expression
could be partially rescued (Fig 2E-F). Interesyngle noted that most HC with normal IL-9
production had no response to IL-21, however séwsteose Th9 induction was on the lower
end, responded to IL-21 with increases in IL-9 mitbn. We also tested a series of other

cytokines, and found that other STAT3 agonists-6JLLL-23 could increase IL-9 levels in some
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patients as well (Fig. S2 A B). IL-27 and lfNvhich are strong activators of STAT1 as well,
were inhibitory (Fig. S2 A B). We also found PUel/¢ls were unaffected by IL-21 (Fig. S2 C),
while I1L-4 levels were decreased by adding IL-2iggesting IL-21 also affects Th2 cytokine

production (Fig. S2 D).

IL-21 restores |L-9 levels by inhibiting p-STATL.

Because STAT1 agonist cytokines inhibité® @ifferentiation and both STAT3LOF and
STAT1GOF T-cells exhibit enhanced pSTAT1 activat{@f), we sought to measure pSTAT1
under Th9 conditions. We found that pSTAT1 waseased in STAT3LOF, in addition to the
expected increase of pSTAT1 in STAT1GOF, when caeg&o HC on day 5 of culture. (Fig.
3A-B). Addition of IL-21 brought the pSTATL1 leved®wn, in bimodal fashion, in the
STAT3LOF cultures (Fig. 3A-B). Of note, in the STAOOF patients, most IL-9+ and IL-21+
cells could be found in the p-STA population (Fig. 3C), strongly suggesting that AT
directly suppresses Th9 differentiation. (Fig. ®B For STAT1GOF patients, pSTATL1 levels
were also downregulated by adding IL-21, accompmhbiepartial IL-9 rescue, though not
dependent on pSTAT1 staining intensity and no behp&TAT1 activation was observed,
likely due to the underlying genetic predispositionenhanced pSTATL1. Similarly, because
there were no substantial elevations in pSTAT laaltty control cultures, no bimodal peak was
observed. Unlike samples from STAT3LOF patientsABIGOF Th9 cultures lead to relatively

normal IL-21 expression (Fig. 1C D), however nobgh to rescue Th9 differentiation.
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IL-21 increases SOCS3 expression through p-STAT1 and T-bet

Poor SOCS3 upregulation in STAT3LOF can lead tailare to suppress pSTAT1 (20), and
indeed SOCS3 message and protein levels were ISVAT3LOF Th9 cultures (Fig. 4A).
Addition of IL-21 enhanced SOCS3 expression in STADF cultures, potentially by acting via
the residual STATS3 function in these patients’£€H0). SOCS3 levels were unaffected in
STAT1GOF. STATL1 transcriptional target, T-bet, whantagonizes Th9 differentiation (21)
was elevated in STAT3LOF and STAT1GOF Th9 cultuaesi IL-21 partially reduced its
expression. (Fig. 4B). We found IL-21 can also éase IRF4 levels in STAT3LOF (Fig. 4B).
IRF4 is thought to be regulated by pSTAT6 howetiereé was no difference in short term IL-4
induced pSTAT6 comparing patients and control délig. S1). The elevated PU.1 levels seen

in STAT3LOF under Th9 differentiation conditions neenot affected by IL-21 (Fig. 4B).

To recapitulate the mechanism of IL-21 rescue,aumd that overexpression of SOCS3 in
STAT3LOF and STAT1GOF suppressed T-bet levels @&).and partially rescued IL-9
MRNA levels (Fig. 4D), and partially restored ILeQpression measured by intracellular staining
(Fig. S3 A B)—albeit to a limited extent due to fhefound effect SOCS3 overexpression has
on cell function. Meanwhile, SOCS3 overexpressesulted in significantly lower IL-2—induced
p-STATS5 in cells from HC and patients (Fig. S3 £3.p-STATS5 is actually a positive driver for
IL-9 induction(31), it is unlikely that the effeatd SOCS3 on IL-9 production in STAT3 LOF
and STAT1 GOF patients’ cells are via the STATSpaty. IRF4 mRNA was also increased by
overexpression of SOCS3 (Fig. 4D). Furthermoreckdown of STAT1 or T-bet in both
STAT3LOF and STAT1GOF partially rescued Th9 le#lg. 4E F), and excessive T-bet levels

in patients were effectively reduced by STAT1 anbet siRNA transfection, while IRF4 and
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PU.1 remained unchanged (Fig. 4F). As anticipaiedrexpression of T-bet in HC Th9 cultures
suppressed Th9 expression (Fig. 4G). IL-21 theeefestores IL-9 expression when STAT1
activation is relatively high and STAT3 activatimrelatively low through increasing SOCS3,

inhibiting excessive p-STAT1 and T-bet.

In contrast to humans, STAT3mut mice cells have increased Th9 production.

In vitro cultures have shown that conditional deletf Stat3 in CD4+ T cells has no
influence (7) or increases IL-9 production (32).8rsure that the mutations causing STAT3 DN
LOF activity themselves were not the reason fomtloeise and human discrepancy, we cultured
naive CD4 cells from a mouse model of STAT3-mut H{EO). Similar to the pattern observed
with induction of Th9 cells when STAT3 is absemnr mouse T-cells, the hypomorphic
STAT3mut HIES mice had much higher IL-9 expressiompared with WT (Fig 5 A B),
Exogenous IL-21 has no obvious effect on IL-9 paiiin, while adding IL-27 —which acts via
STAT1 -- significantly diminished IL-9 responsesg A B). With respect to Th9
differentiation, STAT3 therefore plays differentas in humans vs. mice a discrepancy which

merits further study.



346 Discussion
347

348 In this study, we find that STAT3LOF and STEJOF patients have impaired IL-9

349 induction ex vivo and Th9 differentiation from naigells. Given that IL-21 induction appears to
350 precede IL-9 production in differentiation culturasd that this too was impaired in these

351 patients, we found that exogenous IL-21 could plytrescue IL-9 production in vitro. The

352 excessive STAT1 signaling leading to T-bet upretijuteappears to cause the Th9 defect in

353 patients’ cells, as IL-21 mediated induction of S&3Cor inhibition of STAT1/T-bet could also
354 partially rescue Th9 differentiation. Furthermates study also highlights the discrepancy of the
355 role for STAT3 in human vs. mouse Th9 differentiatias agonist-induced STAT1 activation
356 suppressed Th9 production in mice despite thetlfiatt in contrast to humans, loss of STAT3 in

357 mice leads to enhanced Th9 production.

358 Under Th9 differentiation conditions, T@Factivation of Smad proteins leads to PU.1

359 upregulation (8, 9), which in turn binds the ILe&Us altering the epigenetic environments for
360 lineage commitment (33). We previously showed 81BAT3 negatively regulates TGF-

361 signaling via ERBB2-interacting protein (ERBIN)S8MAD anchor for receptor activation and
362 SMADZ2/3 binding protein(10), and indeed STAT3LOFNAB, but not STAT1GOF have

363 enhanced PU.1 induction in the presence of BGPBespite these high levels of PU.1, poor Th9
364 differentiation in STAT3LOF further highlights thmportance of a normal STAT1 signaling in

365 human Th9 development even in the presence of né&tbha levels.

366 Multiple signals are involved in Th9 differeaion. STAT6 (2, 6, 7, 14) not only to binds the
367 1L-9locus together with STATS (34), but also inhibitdet (35) and TGB-induced FOXP3

368 expression (6). STAT6 also upregulates several dowam molecules, such as IRF4 and BATF
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(36), and we found patients had both normal pSTaig6als as well as downstream IRF4 (Fig.
S1, Fig. 1E). Our results show that despite thessiwe TGH3 signaling, IL-9 levels in
STAT3LOF are lower, and that, in conditions of STADF and STAT1GOF, STAT6

activation alone could not restrain T-bet (Fig. 4Bhother critical factor in Th9 induction is p-
STAT5(31), which in our hands (Fig. S3 C) and iaypous reports has been reported to be
suppressed by transfecting SOCS3 (37). It is tbezdiighly unlikely that SOCS3 increases IL-9

production in STAT3LOF and STAT1GOF patient celisough STATS.

IL-21 is used in cancer treatment (38-41) fhding that IL-21 can partially restore Th9
cells, in vitro, in these rare monogenic diseag@stp to a set of distinct pathways —impaired
STAT3 or enhanced STAT1-- which might help bettederstand patient responses to such

therapy.
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Figures:

Fig. 1. STAT3LOF and STAT1GOF patient cells have impaired Th9 differentiation.
(A) PBMC from HC, STAT3LOF and STAT1GOF patients wenéured under ThO or
Th9 conditions for 3 days with varied concentrasioh TGF$ as indicated. IL-9 and IL-
21 levels were detecte(B) Quantification of (A), plus IL-4 levels() Naive cells from
HC, STAT3LOF and STAT1GOF patients were culturederirh2 or Th9 conditions for
5 days, IL-9, IL-21 and IL-4 expression were degdotD) Quantification of (C)(E) IL-
9, and IRF4 mRNA levels of (CjF) PU.1 and GATAS protein and PU.1 mRNA levels
in PBMC from HC, STAT3LOF and STAT1GOF. *P < 0.05P<0.01, ***P<0.001.
****P<(0.001. Data are representative of three inglegient experiments unless otherwise

indicated on graph. Graphs show mean + SEM.

Fig. 2. Inhibition p-STAT3 on HC resultsin reduced I1L-21 and IL-9 production, whilelL-
21l canrestorelL-9levelsin STAT3LOF and STAT1GOF patient cells. (A) Naive T
cells from HC were cultured under Th9 conditionnA8TAT3 antagonist as indicated
concentrations. Cell viability, IL-9 and IL-21 |egevere detected on dayd®) IL-9, (C)

IL-21 and(D) IL-4 levels of cells in (A) on day2, 3, 4, and 8P* 0.05 betweenu®
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and 0.1M groups.(E) Naive T cells from HC and patients were culturader Th9
conditions with or without exogenous IL-21 for 5ydalL-9 and IL-21 expressions were
analyzed(F) Quantification of (E). ***P<0.001. Data are repeatative of three
independent experiments unless otherwise indiaategtaph. Graphs show mean +

SEM.

Fig. 31L-21restoresIL-9levelsin STAT3LOF and STAT1GOF by inhibiting abnormal p-

STAT1level. (A) p-STATL levels of naive cells from HC and STAT3L@dtients
cultured under ThO, Th9 or Th9 with exogenous ILe®hditions for 5 day¢B) p-
STATI" group ratio of naive cells from HC, STAT3LOF antAS 1GOF patients
cultured under condition in (AJC) IL-9 and IL-21 expression of p-STAPY and p-
STAT1" gating of cells in (A)(D) Quantification of IL-9 levels of cells in (B). *R

0.05, **P<0.01. Data are representative of threlependent experiments. Graphs show

mean = SEM.

Fig.41L-21restores|L-9levelsin STAT3LOF by increasing SOCS3, and down-regulating

T-bet. (A) SOCS3 MFI of naive cells from HC and patients,well under Th9
condition with or without IL-21 for 2 days. SOCSRIMA levels on 4h(B) T-bet, IRF4
and PU.1 mRNA levels of cells in conditions of f&j 3days and 24h re-stimulation of
anti-CD3.(C-F) Naive cells of HC and patients were transfectetd 8®CS3-GFP or
GFP control plasmid (C DETAT1 RNAI, TBX21 RNAi or scramble RNAI (E F) and
then cultured under Th9 condition for 5 days. Tgiressions on GFP+ gate (C) and

IL-9, IL-21 (E) expression was detected, and [[Fhet, IRF4 and PU.1 mRNA levels
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on day 3 of culture (D F)(G) IL-9 and IL-21 levels of HC naive cells polarizedTh9
for 5 days, followed transfection with T-bet-GFPGQIFP control plasmid. *P < 0.05,
**P<0.01, **P<0.001. "P<0.05 compared with HC-3¢P<0.01. #P<0.05 compared
with STAT3LOF-Sc, ##P<0.01. &P<0.05 compared wiltrA$1GOF-Sc, &&P<0.01.

Data are representative of three independent expats. Graphs show mean + SEM.

Fig. 5 Stat3-mut mice haveincreased |L-9 production. (A) Naive CD4+ T cells from WT and
STAT3-mut HIES mice were cultured under ThO or Eo@dition with IL-21 or IL-27 as
indicated. After 5 days, cells were harvested amauated with PMA and ionomycin for
5 hours, IL-9 and IL-4 levels on CD4+CD44+ cellsrevdetected by FAC$B)
Quantification of IL-9 levels of cells in (A). **Rx01. Data are representative of three

independent experiments. Graphs show mean + SEM.
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Supplementary Fig. 1 STAT3 LOF and STAT1 GOF cellshave normal pSTAT6. (A)
pPSTATG6 in HC and patients PBMCs after stimulatiathvii-4 for 30 minutes(B)

GATAZ3 levels of Th9 culture from naive cells of H@d patients.

Supplementary Fig. 2 Cytokines and antibody affects HC and patients Th9 differentiation.
(A) Naive cells from HC, STAT3LOF and STAT1GOF patientse cultured under Th9
conditions for 5 days with cytokines or antibodiedicated.(B) IL-9 relative levels
change by adding variety of cytoking€) PU.1 and GATAS3 levels on PBMC from HC
and patients stimulated under Th9 with or withdu®l for 4 hours.D) IL-4 levels
change by adding IL-21 on Naive cells under Th@&podtion. Data are representative of

three independent experiments.

Supplementary Fig. 3 Over expression SOCS3 partially restores|L-9. (A) Naive cells of HC
and patients were transfected with SOCS3-GFP or ¢@RRol plasmid and cultured
under Th9 conditions for 5 days. IL-9 and IL-21ds/were detected on harvest day. (
Quantification of IL-9 levels of cells in (A). (@4h hours after transfection, cells were
stimulated by adding IL-2, and 30m later, p-STA&&dls on GFP+ groups were

analyzed. *P<0.05. Data are representative of tim#gpendent experiments.



Table S1.

Genotype and phenotype information on thpatients in the study. Naive
cells from patients were cultured under Th9 conditons for 5 days, and IL-9% was

detected.
Disease
Age/sex | Mutation CMC? | Otherinfectious history Other clinical features IL-9 level
Domain %
STAT3 LOF . large liver
Sino-oto-pulmonary )
) . : hemangioma
1144C-T; infections with requiring resection 0.78
36/F o yes bronchiectasis, SSTI, d g ’ :
R382W; DNA . . with persistent
Bindi ' UTI with urosepsis, biliary leak post-
inding recurrent HSV y' P
operatively
STAT3 LOF severe scoliosis
1144 C-T; SSTI, sinus/ ear ) 2.62
13/F ’ no ) . requiring rod
R382W; DNA infections
o placement
Binding
STAT3 LOF
Sino-oto-pulmonary | Non-Hodgkin's
1144 C-T; e . 0.73
32/M R382W: DNA yes infections with lymphoma,
o bronchiectasis, SSTI | Cardiomyopathy
Binding
STAT3 LOF , o
Sino-oto-pulmonary | severe scoliosis
1027 G-T; . - . . 1.31
18/M yes infections with requiring rod
V343F; DNA . .
oo bronchiectasis, SSTI placement
Binding
STAT3 LOF largyneal abscess
Sino-oto-pulmonar leading to
. . P , y tracheostomy; 0.62
42/F 1909 G-A; yes infections with L
. . severe scoliosis
V637M; SH2 bronchiectasis, SSTI .
leading to rod
placement
STAT3 LOF .
. Recto-vaginal
1144 C-T; Sino-oto-pulmonary . 0.95
11/F ! no . . fistulae s/p
R382W; DNA infections, SSTI .
T correction
Binding
STAT3 LOF .
1151 T-C Sino-oto-pulmonary 1.47
46/F F384S'_D;\IA yes infections with '
o bronchiectasis, SSTI
Binding
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Supplemental Fig. 2
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