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STAT3 in Human Th9 Differentiation 

 LOF:        loss of function 

STAT:       Signal transducer and activator of transcription 

SOCS:      Suppressors of cytokine signaling 

   IL:          Interleukin 

  Th:          T helper 
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 21 

Abstract:  22 

Background: Patients with loss of function (LOF) signal transducer and activator of 23 

transcription 3 (STAT3) mutations have dermatitis, enhanced IgE production despite a relative 24 

lack of immediate hypersensitivity, recurrent infection, and an increased rate of lymphoma, in 25 

addition to a number of skeletal and connective tissue abnormalities. Gain of function (GOF) 26 

STAT1 mutant patients also have susceptibility to candidiasis and sinopulmonary infection, as 27 

well as autoimmunity and squamous cell carcinoma, in addition to even more broad phenotypes.  28 

Objective: Because of the link between Th9 cells and allergic inflammation, autoimmunity and 29 

anti-tumor surveillance, and because evidence shows either the role for STAT3 or STAT1 in Th9 30 

differentiation conflicts, we wished to determine the status on this lineage of STAT1GOF and 31 

STAT3LOF in humans.   32 

Methods: We detected IL-9 levels and Th9 differentiation of STAT3LOF and STAT1GOF 33 

patients, together with Th9 transcript factors, and partially rescued their deficiency in vitro by 34 

adding cytokines they lacked or transfecting key molecules.  35 

Results: We found that PBMCs or sorted naïve CD4+ T cells from STAT3LOF and STAT1GOF 36 

patients had impaired Th9 generation/differentiation. STAT3 inhibition in normal Th9 cultures 37 

diminished early IL-21 induction and late IL-9 production, while exogenous IL-21 enhanced Th9 38 

differentiation even with STAT3 inhibition, by restoring SOCS3 expression and thus inhibiting 39 

excessive p-STAT1 activation. Furthermore, exogenous expression of SOCS3 or either T-bet or 40 

STAT1 RNAi in STAT3 LOF cells partially rescued IL-9 differentiation.  41 
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Conclusion: Collectively, these results suggest that human Th9 differentiation depends on 42 

normal p-STAT3 and IL-21 production to suppress p-STAT1 activation and T-bet transcription. 43 

 44 

Key message:   45 

● STAT3 LOF and STAT1 GOF patients have impaired Th9 production.  46 

● IL-21 could partially restore the Th9 defect in vitro by activating SOCS3 and inhibiting the 47 

excessive p-STAT1 and downstream T-bet which were preventing Th9 differentiation in these 48 

patients. 49 

 50 

Capsule Summary: STAT3 LOF or STAT1 GOF mutation patients have impaired Th9 51 

differentiation, at least in part due to excessive STAT1-mediated T-bet induction. IL-21 can 52 

partially rescue patients’ IL-9 secretion, providing a novel mechanism for its anticancer effects. 53 

 54 

Key words: human Th9; STAT1; STAT3; IL-21; anti-cancer; Allergy 55 

 56 

Abbreviations used: 57 

LOF: loss of function 58 

STAT: Signal transducer and activator of transcription 59 

GOF: Gain of function  60 

SOCS3: Suppressors of cytokine signaling 61 
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TGF-β: Transforming growth factor beta 62 

IRF4: Interferon regulatory factor 4 63 

TFH: T follicular helper 64 

HC: Healthy control 65 

TF: transcription factor 66 

HIES: Hyper IgE Syndrome 67 

ERBIN: ERBB2-interacting protein 68 

 69 

 70 

 71 

 72 
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Introduction 81 

 82 

CD4+ helper T cells orchestrate adaptive immune responses. Naïve CD4+ T cells can 83 

differentiate into distinct effector subsets upon encountering varied cytokine milieus, together 84 

with TCR stimulation. One of these CD4+ T helper subsets, Th9, produce IL-9 (1), and T-cell 85 

derived IL-9 appears to be a critical contributor to the pathogenesis of allergic disease (2) 86 

autoimmunity (3), and even anti-tumor activity (4, 5). 87 

 88 

Th9 cells can be generated in vitro by supplementing typical Th2 differentiation 89 

conditions—which include IL-4-- with TGF-β1, which, via STAT6 and Smad signaling, promote 90 

the expression of Th9-regulating transcription factors IRF4 and PU.1 respectively(2, 6-9). We 91 

have previously shown that TGF-β signaling is enhanced in STAT3LOF T-cells, therefore 92 

raising the question as to whether this might impact Th9 differentiation in these patients (10). 93 

Furthermore IL-21, a Th17 and TFH-associated cytokine which can signal via STAT3, is also 94 

produced under Th9 polarization (3, 11), and yet the role of IL-21 and STAT3 in Th9 95 

differentiation and function is still unclear. Some mouse models have shown that IL-21 can 96 

inhibit Th9 differentiation (12), and that STAT3 deficiency in mice can increase Th9 97 

differentiation(13), while others have either shown no effect (7), or actual enhancement of Th9-98 

mediated anticancer effects by IL-21 (11). Other STAT3 activating cytokines, such as IL-23, 99 

have been reported to inhibit Th9 (3, 5), and adding IL-6 in Th9 culture also inhibits IL-9 100 

production by impairing p-STAT5 (14). Human Th9 induction can be augmented by adding IL-101 

21, as well as IL-6 (15), and ex vivo candida specific IL-9 production is reduced in patients with 102 

STAT3 loss of function mutations (16).  103 
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Counterregulation of STAT functions by different STAT proteins ensures specificity of 104 

cellular lineages and fates, and understanding of this counterregulation could help shed light on 105 

Th9 differentiation, as well as related patients’ pathogenesis and treatment. Suppressors of 106 

cytokine signaling (SOCS) proteins are induced by particular cytokines and regulate the p-107 

STATs and other signals via a negative feedback loop (17). We and others have shown naïve T 108 

cells from patients with STAT3 LOF have reduced SOCS3 transcripts (18, 19), and such 109 

deficiency causes excessive p-STAT1 levels both under cytokines stimulation and on terminal 110 

differentiated Th subsets (20). IL-27 can inhibit Th9 differentiation partially through a STAT1 111 

dependent, not STAT3 dependent pathway (21), by enhancing T-bet expression. T-bet is also 112 

reported to inhibit IL-9 production in innate lymphoid cells (ILCs) in lung (22). On the other 113 

hand, STAT1 -/- CD4+ T cells show impaired IL-9 and IL-21 production under Th9 condition 114 

with IL-1β, as STAT1 is reported to increase IL-9 production through binding to Irf1 promoter 115 

and promoting Irf1 expression (11). In humans, both IFNγ and IL-27 significantly inhibit IL-9 116 

production(15), and patients with STAT1 gain-of function mutations have fewer ex vivo candida 117 

specific Th9 cells, all suggesting STAT1 suppresses human Th9 differentiation (16). 118 

Patients with mutations leading to STAT1GOF and STAT3LOF provide an opportunity to 119 

better dissect the consequences of disruptions to the STAT pathways in Th9 differentiation. 120 

Further, the enrichment of neoplasms in both diseases (23), coupled with autoimmunity in 121 

STAT1GOF patients (23-26) and the relative protection from atopic disease in STAT3LOF 122 

despite high IgE (19, 27), raises the question as to how Th9 cells might contribute to these 123 

disorders.  124 

Here we found that both STAT3LOF and STAT1GOF patient cells have impaired Th9 125 

differentiation and ex vivo IL-9 production. This appears to be due at least in part to excessive 126 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

STAT1 activity leading to T-bet mediated IL-9 inhibition. IL-21, by enhancing SOCS3 127 

production and inhibiting STAT1 activity during differentiation, can partially rescue Th9 128 

differentiation in vitro. 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 
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Methods 147 

 148 

Human subjects and clinical studies 149 

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

mutations provided informed consent under approved protocols of the National Institute of 151 

Allergy and Infectious Diseases Institutional Review Board 10-I-0148 and 00-I-0159.  Patients 152 

with STAT3LOF or STAT1GOF all had validated known and/or published causal mutations and 153 

blood was drawn during visits for routine care. Additional genotype and phenotype information 154 

is included in Table S1. Blood from healthy controls not obtained via 10-I-0148 was obtained 155 

from the NIH Blood Bank. 156 

 157 

Th9 differentiation and cytokine analyses 158 

PBMC were isolated from whole blood by Ficoll-Hypaque gradient centrifugation. Naïve CD4+ 159 

T cells were isolated from PBMC using negative selection magnetic activated cell sorting 160 

microbeads (Miltenyi Biotec) as per manufacturer’s protocol.  Purity was >95% in all samples 161 

run.  PBMC or naïve cells were stimulated at 500,000 cells/well in 48-well plates that had been 162 

coated with anti-CD3 (1µg/mL, OKT3 eBioscience) antibodies. The cells were cultured in 163 

Roswell Park Memorial Institute (RPMI) 1640 medium (GIBCO) supplemented with 10% heat-164 

inactivated FCS (Gemini Bio-Products), 100 U/mL penicillin G, 100 µg/mL streptomycin, and 165 

29.2 µg/mL L-glutamine (all GIBCO), at 37° C/5% CO2 for 5 days in the presence of soluble 166 

anti-CD28(0.5 µg/mL, BD Pharmingen). For Th9, anti-IFNγ (10 µg/mL, BD Pharmingen), IL-4 167 

(30 ng/mL, R&D), IL-1β (10 ng/mL, Peprotech), and TGF-β (5 ng/mL, Peprotech) were added 168 
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in the culture. For Th0, 100 U/ml IL-2 (R&D) was added. For Th2, anti-IFNγ (10 µg/mL, BD 169 

Pharmingen), anti-IL10 (10 µg/mL, BD Pharmingen), IL-4 (30 ng/mL, R&D), IL-2 (100 U/mL, 170 

R&D) were added. In certain experiments, cells were cultured with IFNγ, IL-6, IL-10, IL-12, IL-171 

21, IL-23, IL-27 (all 10ng/ml, R&D), or pre-treated with 10µg/ml of anti-human PD-L1 172 

monoclonal antibody (AMP-714; kindly supplied by Amplimmune, Inc.), UltraLEAF purified 173 

human isotype control IgG4 antibody (BioLegend), with Th9 polarization. STAT3 antagonist  174 

C188-9 was used in some experiments and been described (28).  175 

 176 

Intracellular cytokine staining and other flow cytometry  177 

On day 5, cells were stimulated with 20 ng/mL PMA and 1 µM ionomycin for 5 hours.  10 178 

µg/mL brefeldin A was added after 2.5 hours.  Cells were then fixed and permeabilized with 179 

Cytofix/Cytoperm (BD Biosciences) as per manufacturer’s protocol, and stained with Live/Dead 180 

Fixable Aqua dye, anti-human CD3, CD4, IL-9, IL-4, p-STAT1, p-STAT5, GATA3, and anti-181 

mouse CD3 and IL-9 (BD Biosciences), anti-human CD45RO ECD (Beckman Coulter) and anti-182 

human IL-21, T-bet, and anti-mouse CD4 CD44 IL-4 (eBiosciences) antibodies. For SOCS3 183 

stainning, DyLight 488 Anti-Mouse IgG (Abcam) was used following anti-SOCS3 (abcam). 184 

PU.1 (BioLegend) and GATA3 (BD Biosciences) antibodies were used for TF staining, with 185 

Foxp3 / Transcription Factor Staining kit (eBiosicence), follow manufacturer's protocol. Events 186 

were collected on an LSRFortessa with Diva 6.1.3 software (BD Biosciences) and analyzed with 187 

FlowJo 10 software (Treestar, Ashland, OR).  All plots are gated on live singlet CD3+ CD8-188 

CD45RO+.  All values used for analyzing proportionate responses are background-subtracted.  189 

 190 
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Real-time PCR  191 

Cells were then washed and pelleted. Total RNA was extracted from PBMC with the RNeasy 192 

Mini Kit (Qiagen). For real-time PCR, 1 µg of total RNA was reverse transcribed (Invitrogen) 193 

and the resulting cDNA was amplified by means of PCR with the ABI 7500 Sequencer and 194 

TaqMan expression assays (Applied Biosystems). 18S was used as a normalization control. The 195 

data were analyzed with the 2−∆∆CT method, and results are expressed as mean fold induction. 196 

 197 

SOCS3 transfection 198 

Naïve cells after 48h of anti-CD3/CD28 stimulation were transfected with either GFP control 199 

(Lonza) or 5µg SOCS3-GFP construct (OriGene) using Amaxa Human T-cell Nucleofection Kit 200 

(Lonza) following manufacturers protocol, using Amaxa nucleofection program U-014. Cells 201 

were cultured under Th0 or Th9 condition for 5 days after transfection. For p-STAT5 analyzing, 202 

24h after transfection, cells were harvested and stimulated with 80ng/ml IL-2 for 30m, and p-203 

STAT5 levels on CD4+ cells were detected. 204 

 205 

siRNA transfection 206 

PBMC or Naïve cells after 48h of anti-CD3/CD28 were transfected with 30pM STAT1 or TBX21 207 

siRNA (ThermoFisher Scientific) using Amaxa Human T-cell Nucleofection Kit (Lonza) per 208 

manufacturer’s protocol.  Control cells were transfected with 30pM nonspecific, scrambled 209 

siRNA. Cells were cultured under Th0 or Th9 condition for 5 days after transfection.  210 

 211 

Stat3-mut HIES mouse and mouse Th9 differentiation 212 
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All animal work was performed under an Animal Care and Use Committee–approved protocol. 213 

All mice were derived from a C57BL/6 background. Littermates are obtained by breeding from 214 

the original sources, and no outside WT mice were used as controls or for breeding. The Stat3-215 

mut mouse was a gift from John O’Shea (NIA MS, NIH, Bethesda, MD). The mouse has a single 216 

aa deletion (∆V463) in the STAT3 DNA-binding domain to mimic the heterozygous mutation 217 

seen in patients (29). Naïve cells were isolated from splenocytes and were cultured in RPMI 218 

1640 with 10% FBS, 2-ME, and were activated with plate-bound anti-CD3 (1 ug/ml, 2C11, 219 

Biolegend) and soluble anti-CD28 (1 ug/ml, 37.51, BD Biosciences) and cultured under Th9 (IL-220 

4 20 ng/ ml, PeproTech; TGF-b 5 ng/ml, PeproTech), or Th0 conditions (IL-2 1ng/ml, 221 

PeproTech) in a 48-well plate.  222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 
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Results  234 

Decreased Th9 levels and Th9 transcript factors expression in STAT3LOF and STAT1GOF 235 

patient cells. 236 

 237 

To assess the frequencies of short term induced Th9 cells, PBMC from healthy controls (HC), 238 

and subjects with either STAT1GOF or STAT3GOF were stimulated with anti-CD3/CD28 for 3 239 

days in the presence of Th9 inducing/expanding cytokines. STAT1GOF and STAT3LOF IL-9 240 

production was substantially lower than the healthy controls. (Fig. 1A) IL-21 production was 241 

also impaired in STAT3LOF and, to a lesser extent, STAT1GOF (Fig. 1A B), while both 242 

STAT3LOF and STAT1GOF PBMC had increased IL-4 production under these conditions (Fig. 243 

1B). To determine whether the reduced frequency of Th9 cells resulted from poor differentiation 244 

from naïve precursors, we isolated naïve CD4 T-cells from subjects and controls and placed 245 

them under Th9 polarizing conditions for 5 days. IL-9 production was indeed lower in 246 

STAT3LOF and STAT1GOF samples compared to HC (Fig 1C D E). Similarly, IL-21 induction 247 

was lower in STAT3LOF cultures, compared to STAT1GOF and HC, while IL-4 induction was 248 

increased compared to control in STAT3LOF under Th2, but not Th9 condition (Fig 1C D). 249 

Expression of IRF4, and GATA3, both Th9 associated TF downstream of IL-4/p-STAT6, were 250 

normal, consistent with the normal p-STAT6 activation observed under Th9 conditions (Fig. 1 E, 251 

Fig.  S1A, Fig. S1B). PU.1, another Th9 related TF downstream of TGF-β, was highly expressed 252 

in PBMC from STAT3LOF patients (Fig. 1 F), consistent with our previous data showing 253 

patients with STAT3LOF have enhanced TGF-β responses (10).  254 

Taken together, we found CD4 T-cells from patients with STAT1GOF and-- in contrast to 255 

mouse models-- STAT3LOF, have a significant IL-9 production deficiency both in PBMC 256 
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(reflecting, at least in part, a lack of existing Th9 cells) and after naïve T-cell differentiation 257 

conditions, while a focal diminution of IL-21 expression was observed in STAT3LOF. This 258 

defect occurred despite the normal PU.1 expression in STAT3LOF PBMC., implying that other 259 

factors prevent normal IL-9 production in STAT3LOF and STAT1GOF mutant patients. 260 

 261 

 262 

P-STAT3 signal blocking cause IL-21 disappearance and IL-21 can restore abnormal IL-9 levels 263 

in STAT3LOF and STAT1GOF patient cells in vitro. 264 

       265 

To establish whether acute STAT3 inhibition-- vs. congenital loss of function in STAT3-- 266 

could recapitulate our results, we used a small molecule inhibitor of STAT3, C188-9 in naïve 267 

Th9 differentiation cultures of HC over 8 days. The IL-9 defects were similar to those using 268 

primary patient cells (Fig. 2A-C), while IL-4 was highly increased under low concentration of 269 

inhibitor (Fig. 2D). We noted that over the time course of differentiation, the difference in IL-21 270 

production was notable prior to that of IL-9, raising the possibility that IL-21 might actually have 271 

a role in IL-9 regulation during differentiation when STAT3 signal is impaired, similar to that 272 

reported in healthy controls (15). We therefore added exogenous IL-21 into Th9 naïve 273 

differentiation culture conditions, and noted that STAT3LOF and STAT1GOF IL-9 expression 274 

could be partially rescued (Fig 2E-F). Interestingly, we noted that most HC with normal IL-9 275 

production had no response to IL-21, however several, whose Th9 induction was on the lower 276 

end, responded to IL-21 with increases in IL-9 production. We also tested a series of other 277 

cytokines, and found that other STAT3 agonists-- IL-6, IL-23 could increase IL-9 levels in some 278 
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patients as well (Fig. S2 A B). IL-27 and IFNγ, which are strong activators of STAT1 as well, 279 

were inhibitory (Fig. S2 A B). We also found PU.1 levels were unaffected by IL-21 (Fig. S2 C), 280 

while IL-4 levels were decreased by adding IL-21, suggesting IL-21 also affects Th2 cytokine 281 

production (Fig. S2 D). 282 

 283 

IL-21 restores IL-9 levels by inhibiting p-STAT1. 284 

 285 

        Because STAT1 agonist cytokines inhibited Th9 differentiation and both STAT3LOF and 286 

STAT1GOF T-cells exhibit enhanced pSTAT1 activation (20), we sought to measure pSTAT1 287 

under Th9 conditions. We found that pSTAT1 was increased in STAT3LOF, in addition to the 288 

expected increase of pSTAT1 in STAT1GOF, when compared to HC on day 5 of culture. (Fig. 289 

3A-B). Addition of IL-21 brought the pSTAT1 levels down, in bimodal fashion, in the 290 

STAT3LOF cultures (Fig. 3A-B). Of note, in the STAT3LOF patients, most IL-9+ and IL-21+ 291 

cells could be found in the p-STAT1low population (Fig. 3C), strongly suggesting that pSTAT1 292 

directly suppresses Th9 differentiation. (Fig. 3 B D). For STAT1GOF patients, pSTAT1 levels 293 

were also downregulated by adding IL-21, accompanied by partial IL-9 rescue, though not 294 

dependent on pSTAT1 staining intensity and no bimodal pSTAT1 activation was observed, 295 

likely due to the underlying genetic predisposition for enhanced pSTAT1. Similarly, because 296 

there were no substantial elevations in pSTAT1 in healthy control cultures, no bimodal peak was 297 

observed. Unlike samples from STAT3LOF patients, STAT1GOF Th9 cultures lead to relatively 298 

normal IL-21 expression (Fig. 1C D), however not enough to rescue Th9 differentiation.  299 

 300 
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IL-21 increases SOCS3 expression through p-STAT1 and T-bet 301 

 302 

Poor SOCS3 upregulation in STAT3LOF can lead to a failure to suppress pSTAT1 (20), and 303 

indeed SOCS3 message and protein levels were low in STAT3LOF Th9 cultures (Fig. 4A). 304 

Addition of IL-21 enhanced SOCS3 expression in STAT3LOF cultures, potentially by acting via 305 

the residual STAT3 function in these patients’ cells (30). SOCS3 levels were unaffected in 306 

STAT1GOF. STAT1 transcriptional target, T-bet, which antagonizes Th9 differentiation (21) 307 

was elevated in STAT3LOF and STAT1GOF Th9 cultures, and IL-21 partially reduced its 308 

expression. (Fig. 4B). We found IL-21 can also increase IRF4 levels in STAT3LOF (Fig. 4B). 309 

IRF4 is thought to be regulated by pSTAT6 however there was no difference in short term IL-4 310 

induced pSTAT6 comparing patients and control cells (Fig. S1). The elevated PU.1 levels seen 311 

in STAT3LOF under Th9 differentiation conditions were not affected by IL-21 (Fig. 4B).  312 

To recapitulate the mechanism of IL-21 rescue, we found that overexpression of SOCS3 in 313 

STAT3LOF and STAT1GOF suppressed T-bet levels (Fig. 4C) and partially rescued IL-9 314 

mRNA levels (Fig. 4D), and partially restored IL-9 expression measured by intracellular staining 315 

(Fig. S3 A B)—albeit to a limited extent due to the profound effect SOCS3 overexpression has 316 

on cell function. Meanwhile, SOCS3 overexpression resulted in significantly lower IL-2–induced 317 

p-STAT5 in cells from HC and patients (Fig. S3 C). As p-STAT5 is actually a positive driver for 318 

IL-9 induction(31), it is unlikely that the effects of SOCS3 on IL-9 production in STAT3 LOF 319 

and STAT1 GOF patients’ cells are via the STAT5 pathway. IRF4 mRNA was also increased by 320 

overexpression of SOCS3 (Fig. 4D). Furthermore, knockdown of STAT1 or T-bet in both 321 

STAT3LOF and STAT1GOF partially rescued Th9 levels (Fig. 4E F), and excessive T-bet levels 322 

in patients were effectively reduced by STAT1 and T-bet siRNA transfection, while IRF4 and 323 
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PU.1 remained unchanged (Fig. 4F). As anticipated, overexpression of T-bet in HC Th9 cultures 324 

suppressed Th9 expression (Fig. 4G). IL-21 therefore restores IL-9 expression when STAT1 325 

activation is relatively high and STAT3 activation is relatively low through increasing SOCS3, 326 

inhibiting excessive p-STAT1 and T-bet. 327 

 328 

In contrast to humans, STAT3mut mice cells have increased Th9 production. 329 

In vitro cultures have shown that conditional deletion of Stat3 in CD4+ T cells has no 330 

influence (7) or increases IL-9 production (32). To ensure that the mutations causing STAT3 DN 331 

LOF activity themselves were not the reason for the mouse and human discrepancy, we cultured 332 

naïve CD4 cells from a mouse model of STAT3-mut HIES(29). Similar to the pattern observed 333 

with induction of Th9 cells when STAT3 is absent from mouse T-cells, the hypomorphic 334 

STAT3mut HIES mice had much higher IL-9 expression compared with WT (Fig 5 A B), 335 

Exogenous IL-21 has no obvious effect on IL-9 production, while adding IL-27 –which acts via 336 

STAT1 -- significantly diminished IL-9 responses (Fig. 5 A B). With respect to Th9 337 

differentiation, STAT3 therefore plays different roles in humans vs. mice a discrepancy which 338 

merits further study. 339 

 340 

 341 

 342 

 343 

 344 

 345 
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Discussion  346 

 347 

      In this study, we find that STAT3LOF and STAT1GOF patients have impaired IL-9 348 

induction ex vivo and Th9 differentiation from naïve cells. Given that IL-21 induction appears to 349 

precede IL-9 production in differentiation cultures, and that this too was impaired in these 350 

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

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

patients’ cells, as IL-21 mediated induction of SOCS3, or inhibition of STAT1/T-bet could also 353 

partially rescue Th9 differentiation. Furthermore, this study also highlights the discrepancy of the 354 

role for STAT3 in human vs. mouse Th9 differentiation, as agonist-induced STAT1 activation 355 

suppressed Th9 production in mice despite the fact that, in contrast to humans, loss of STAT3 in 356 

mice leads to enhanced Th9 production. 357 

    Under Th9 differentiation conditions, TGF-β activation of Smad proteins leads to PU.1 358 

upregulation (8, 9), which in turn binds the IL-9 locus altering the epigenetic environments for 359 

lineage commitment (33). We previously showed that STAT3 negatively regulates TGF-β 360 

signaling via ERBB2-interacting protein (ERBIN), a SMAD anchor for receptor activation and 361 

SMAD2/3 binding protein(10), and indeed STAT3LOF PBMC, but not STAT1GOF have 362 

enhanced PU.1 induction in the presence of TGF-β. Despite these high levels of PU.1, poor Th9 363 

differentiation in STAT3LOF further highlights the importance of a normal STAT1 signaling in 364 

human Th9 development even in the presence of normal PU.1 levels.     365 

    Multiple signals are involved in Th9 differentiation. STAT6 (2, 6, 7, 14) not only to binds the 366 

IL-9 locus together with STAT5 (34), but also inhibits T-bet (35) and TGF-β-induced FOXP3 367 

expression (6). STAT6 also upregulates several downstream molecules, such as IRF4 and BATF 368 
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(36), and we found patients had both normal pSTAT6 signals as well as downstream IRF4 (Fig. 369 

S1, Fig. 1E). Our results show that despite the excessive TGF-β signaling, IL-9 levels in 370 

STAT3LOF are lower, and that, in conditions of STAT3LOF and STAT1GOF, STAT6 371 

activation alone could not restrain T-bet (Fig. 4B). Another critical factor in Th9 induction is p-372 

STAT5(31), which in our hands (Fig. S3 C) and in previous reports has been reported to be 373 

suppressed by transfecting SOCS3 (37). It is therefore highly unlikely that SOCS3 increases IL-9 374 

production in STAT3LOF and STAT1GOF patient cells through STAT5. 375 

      IL-21 is used in cancer treatment (38-41). Our finding that IL-21 can partially restore Th9 376 

cells, in vitro, in these rare monogenic diseases points to a set of distinct pathways –impaired 377 

STAT3 or enhanced STAT1-- which might help better understand patient responses to such 378 

therapy. 379 

 380 

 381 

 382 

 383 
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Figures:  394 

 395 

 396 

Fig. 1. STAT3LOF and STAT1GOF patient cells have impaired Th9 differentiation.   397 

(A) PBMC from HC, STAT3LOF and STAT1GOF patients were cultured under Th0 or 398 

Th9 conditions for 3 days with varied concentrations of TGF-β as indicated. IL-9 and IL-399 

21 levels were detected. (B) Quantification of (A), plus IL-4 levels. (C) Naïve cells from 400 

HC, STAT3LOF and STAT1GOF patients were cultured under Th2 or Th9 conditions for 401 

5 days, IL-9, IL-21 and IL-4 expression were detected. (D) Quantification of (C). (E) IL-402 

9, and IRF4 mRNA levels of (C). (F) PU.1 and GATA3 protein and PU.1 mRNA levels 403 

in PBMC from HC, STAT3LOF and STAT1GOF. *P < 0.05, **P<0.01, ***P<0.001. 404 

****P<0.001. Data are representative of three independent experiments unless otherwise 405 

indicated on graph. Graphs show mean ± SEM. 406 

 407 

Fig. 2. Inhibition p-STAT3 on HC results in reduced IL-21 and IL-9 production, while IL-408 

21 can restore IL-9 levels in STAT3LOF and STAT1GOF patient cells. (A) Naïve T 409 

cells from HC were cultured under Th9 condition with STAT3 antagonist as indicated 410 

concentrations. Cell viability, IL-9 and IL-21 levels were detected on day4. (B) IL-9, (C) 411 

IL-21 and (D) IL-4 levels of cells in (A) on day2, 3, 4, and 8. * P < 0.05 between 0µM 412 
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and 0.1µM groups. (E) Naïve T cells from HC and patients were cultured under Th9 413 

conditions with or without exogenous IL-21 for 5 days. IL-9 and IL-21 expressions were 414 

analyzed. (F)  Quantification of (E). ***P<0.001. Data are representative of three 415 

independent experiments unless otherwise indicated on graph. Graphs show mean ± 416 

SEM. 417 

 418 

Fig. 3 IL-21 restores IL-9 levels in STAT3LOF and STAT1GOF by inhibiting abnormal p-419 

STAT1 level.  (A) p-STAT1 levels of naïve cells from HC and STAT3LOF patients 420 

cultured under Th0, Th9 or Th9 with exogenous IL-21 conditions for 5 days. (B) p-421 

STAT1hi group ratio of naïve cells from HC, STAT3LOF and STAT1GOF patients 422 

cultured under condition in (A). (C) IL-9 and IL-21 expression of p-STAT1low and p-423 

STAT1hi gating of cells in (A). (D) Quantification of IL-9 levels of cells in (B). *P < 424 

0.05, **P<0.01. Data are representative of three independent experiments. Graphs show 425 

mean ± SEM. 426 

 427 

Fig. 4 IL-21 restores IL-9 levels in STAT3LOF by increasing SOCS3, and down-regulating 428 

T-bet. (A) SOCS3 MFI of naïve cells from HC and patients, cultured under Th9 429 

condition with or without IL-21 for 2 days. SOCS3 mRNA levels on 4h. (B) T-bet, IRF4 430 

and PU.1 mRNA levels of cells in conditions of (A) for 3days and 24h re-stimulation of 431 

anti-CD3. (C-F) Naïve cells of HC and patients were transfected with SOCS3-GFP or 432 

GFP control plasmid (C D), STAT1 RNAi, TBX21 RNAi or scramble RNAi (E F) and 433 

then cultured under Th9 condition for 5 days. T-bet expressions on GFP+ gate (C) and 434 

IL-9, IL-21 (E) expression was detected, and IL-9, T-bet, IRF4 and PU.1 mRNA levels 435 
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on day 3 of culture (D F).  (G) IL-9 and IL-21 levels of HC naïve cells polarized to Th9 436 

for 5 days, followed transfection with T-bet-GFP or GFP control plasmid. *P < 0.05, 437 

**P<0.01, ***P<0.001. ^P<0.05 compared with HC-Sc, ^^P<0.01. #P<0.05 compared 438 

with STAT3LOF-Sc, ##P<0.01. &P<0.05 compared with STAT1GOF-Sc, &&P<0.01. 439 

Data are representative of three independent experiments. Graphs show mean ± SEM. 440 

 441 

Fig. 5 Stat3-mut mice have increased IL-9 production. (A) Naive CD4+ T cells from WT and 442 

STAT3-mut HIES mice were cultured under Th0 or Th9 condition with IL-21 or IL-27 as 443 

indicated. After 5 days, cells were harvested and stimulated with PMA and ionomycin for 444 

5 hours, IL-9 and IL-4 levels on CD4+CD44+ cells were detected by FACS. (B) 445 

Quantification of IL-9 levels of cells in (A). **P<0.01. Data are representative of three 446 

independent experiments. Graphs show mean ± SEM. 447 

 448 
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Supplementary Fig. 1 STAT3 LOF and STAT1 GOF cells have normal pSTAT6. (A) 

pSTAT6 in HC and patients PBMCs after stimulation with IL-4 for 30 minutes. (B) 

GATA3 levels of Th9 culture from naïve cells of HC and patients. 

 

 

Supplementary Fig. 2 Cytokines and antibody affects HC and patients Th9 differentiation. 

(A)  Naïve cells from HC, STAT3LOF and STAT1GOF patients were cultured under Th9 

conditions for 5 days with cytokines or antibodies indicated. (B) IL-9 relative levels 

change by adding variety of cytokines. (C) PU.1 and GATA3 levels on PBMC from HC 

and patients stimulated under Th9 with or without IL-21 for 4 hours. (D) IL-4 levels 

change by adding IL-21 on Naïve cells under Th9 polarization. Data are representative of 

three independent experiments. 

 

 

 

Supplementary Fig. 3 Over expression SOCS3 partially restores IL-9. (A) Naïve cells of HC 

and patients were transfected with SOCS3-GFP or GFP control plasmid and cultured 

under Th9 conditions for 5 days. IL-9 and IL-21 levels were detected on harvest day. (B) 

Quantification of IL-9 levels of cells in (A). (C) 24h hours after transfection, cells were 

stimulated by adding IL-2, and 30m later, p-STAT5 levels on GFP+ groups were 

analyzed. *P<0.05. Data are representative of three independent experiments. 
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Table S1.  Genotype and phenotype information on the patients in the study. Naïve 
cells from patients were cultured under Th9 conditions for 5 days, and IL-9% was 
detected. 
 
 

Age/sex 

Disease 

CMC?  Other infectious historyOther infectious historyOther infectious historyOther infectious history    Other clinical featuresOther clinical featuresOther clinical featuresOther clinical features    

    

ILILILIL----9 level 9 level 9 level 9 level     

%%%%    

Mutation 

Domain 

36/F 

STAT3 LOF 

yes 

Sino-oto-pulmonary 

infections with 

bronchiectasis, SSTI, 

UTI with urosepsis, 

recurrent HSV  

large liver 

hemangioma 

requiring resection, 

with persistent 

biliary leak post-

operatively  

 

 

0.78 1144C-T; 

R382W; DNA 

Binding 

13/F 

STAT3 LOF 

no 
SSTI, sinus/ ear 

infections 

severe scoliosis 

requiring rod 

placement  

 

2.62 1144 C-T; 

R382W; DNA 

Binding 

32/M 

STAT3 LOF 

yes 

Sino-oto-pulmonary 

infections with 

bronchiectasis,  SSTI 

Non-Hodgkin's 

lymphoma, 

Cardiomyopathy 

 

0.73 

 

 

1144 C-T; 

R382W; DNA 

Binding 

18/M 

STAT3 LOF 

yes 

Sino-oto-pulmonary 

infections with 

bronchiectasis, SSTI 

severe scoliosis 

requiring rod 

placement  

 

1.31 1027 G-T; 

V343F; DNA 

Binding 

42/F 

STAT3 LOF 

yes 

Sino-oto-pulmonary 

infections with 

bronchiectasis, SSTI 

largyneal abscess 

leading to 

tracheostomy; 

severe scoliosis 

leading to rod 

placement 

 

 

0.62 
1909 G-A; 

V637M; SH2 

11/F 

STAT3 LOF 

no 
Sino-oto-pulmonary 

infections, SSTI 

Recto-vaginal 

fistulae s/p 

correction 

 

0.95 1144 C-T; 

R382W; DNA 

Binding 

46/F 

STAT3 LOF 

yes 

Sino-oto-pulmonary 

infections with 

bronchiectasis, SSTI 

  

 

1.47 

 
1151 T-C; 

F384S; DNA 

Binding 

33/F STAT3 LOF yes Sino-oto-pulmonary hypothyroid  
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1144 C-T; 

R382W; DNA 

Binding 

infections with 

bronchiectasis, SSTI 

2.25 

10/M 

STAT3 LOF 

no  
Sino-oto-pulmonary 

infections, SSTI 
  

 

5.73 1309 C-T; 

H436Y; DNA 

Binding 

44/F 

STAT3 LOF 

yes 

Sino-oto-pulmonary 

infections with 

bronchiectasis, SSTI 

  

 

0.82 

 
1909 G-A; 

V637M; SH2 

19/F 

STAT3 LOF 

no Sinus    

 

3.85 1268 G-A; 

R423Q; DNA 

Binding 
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