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Abbreviations: Restored Treg function,

IPEX: Immune-dysregulation, polyendocrinopathy, enteropathy, X-linked;

FOXP3: Forkhead-box-P3; mut: mutated increased Treg stability

Treg: regulatory T cells; Teff: T effector cells; R: responder cells; ) i .

HS: Healthy subject; Pt: patient; via FOXP3-independent mechanism
Ebi3: Epstein-Barr-virus-Induced-3; i i

GITR: glucocorticoid-induced-TNFR-related. (by Increasing EB13 and TNFRSF1 8)
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Abstract.

Background: Immune-dysregulation, Polyendocrinopathy, EntetimpaX-linked (IPEX)
syndrome is a lethal disease caused by mutatioasramscription factor critical for the
function of thymus-derived (t) regulatory T cellg€gs), i.e., Forkhead-box-PB@XP3),
resulting in impaired Treg function and autoimmunét present, hematopoietic stem cell
transplantation is the therapy of choice for IPEXignts. If not available, multiple
immunosuppressive regimens have been used withdieegise-free survival at long-term
follow-up. Rapamycin has been shown to suppresphmmal T cells while sparing Tregs
expressing wild-type FOXP3, thereby proving benefim the clinical setting of immune-
dysregulation. However, the mechanisms of immunpgsion selective to IPEX patients’
Tregs are unclear.

Objective: To determine the cellular and molecular basihefdinical benefit observed
under rapamycin treatment in six IPEX patients wlifferentFOXP3 mutations.

Methods: We tested phenotype and functiorF@XP3-mutated Tregs from rapamycin-
treated IPEX patients by flow cytometry aimdsitro suppression assays, and the gene
expression profile of rapamycin-conditioned Tregsloplet-digital-PCR.

Results: Clinical and histological improvements in patientsrelated with partially restored
Treg function, independent of FOXP3 expression mygTirequency. Expression of Tumor-
Necrosis-Factor-Receptor-Superfamily-MemberIBNKRSF18, GITR) and Epstein-Barr-
virus-Induced3 EBI3, an IL-35 subunit) in patients’ Tregs increased wogirtreatment as
compared to that of Tregs from untreated healthjests. Furthermore inhibition of GITR
and Ebi3 partially reverteih vitro suppression biyn vivo rapamycin-conditioned Tregs.
Conclusion: Rapamycin is able to impact on Treg suppressimetionvia a FOXP3-
independent mechanism, thus sustaining the climgafovement observed in IPEX patients

under rapamycin treatment.
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Clinical Implications. Rapamycin therapy allows clinical, histologicalammunological
improvement in patients with Immune-dysregulatiBalyendocrinopathy, Enteropathy, X-
linked (IPEX) syndrome, supporting its preferentiaé to overcome their Treg dysfunction.
Capsule Summary. Rapamycin administration restores the suppre$sivetion ofFOXP3-
mutated regulatory T celisa a FOXP3-independent mechanism, leading to sigmfiand
persistent clinical and histological improvementaafoimmunity in Immune-dysregulation,

Polyendocrinopathy, Enteropathy, X-linked (IPEXhdsome.

Key words. FOXP3, regulatory T cells, IPEX, rapamycin, mT@®)3, GITR,

autoimmunity, suppression.
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Abbreviations.

ddPCR: Droplet digital polymerase chain reaction

Ebi3: Epstein-Barr-virus-Induced-3

FOXP3: Forkhead-box-P3

GITR: glucocorticoid-induced-TNFR-related

HS: Healthy subject

HPRT: Hypoxanthine-guanine phosphoribosyltransteras
IL: interleukin

IPEX: Immune-dysregulation, polyendocrinopathyeeopathy, X-linked
LRRC32: leucine-rich repeat containing protein 32

LV: Lentiviral vector

mADb: monoclonal antibody

MTOR: mammalian target of rapamycin

PB: peripheral blood

PBMC: peripheral blood mononuclear cells

PGK: Phosphoglycerate kinase

Pt: Patient

t: thymus-derived

TCR: T-cell receptor

Teff: Effector T

TGRB: Transforming Growth Factd

TNFRSF18: Tumor-Necrosis-Factor-Receptor-Superfaiiémberl18
Treg: Regulatory T cell

TSDR: Regulatory T cell-specific demethylated ragio

wt: wild-type
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Introduction

Forkhead-box-P3 (FOXP3) is a transcription factdioal for the function of thymus-derived
(t) regulatory T cells (Tregs), a subset of CO4ymphocytes devoted to the maintenance of
self-toleranc& FOXP3 mutations result in impaired Treg function, the keyhogenic event
leading to autoimmunity in Immune-dysregulationly@adocrinopathy, Enteropathy, X-
linked (IPEX) syndromfe Typically, 90% of patients manifest the diseasthiw the first year
of life®. The most common symptoms are enteropathy, skirdirs, type-1-diabetes (T1D),
cytopenia, hepatitis, although milder manifestagjancluding kidney abnormalities and
arthritis, have been reportecCurrent treatments include supportive and immuppeessive
therapies, and allogeneic hematopoietic stem reibplantation (HSCT)". According to the
largest reported IPEX patients cohort, HSCT isahly curative treatment with an overall
survival of 73.2% and a stable probability disasefsurvival of 56% up to 15 years post-
HSCT. In non-transplanted patients, multiple immunosepgive drugs have been used,
including systemic steroids often in conjunctiothngalcineurin inhibitors, either cyclosporin
A or tacrolimus, azathioprine, or less frequentigthotrexate/mycophenolate-mofetil,
without permanent control of autoimmuriitiRapamycin has been reported to induce clinical
remission in several patients with long-term follaw and its use in IPEX has become
common>"".

Rapamycin inhibits the mammalian-target-of-rapamyonTOR), a serine-threonine kinase
implicated in cell growth, protein synthesis, amdlferation, and is widely used to prevent
graft rejectiofi®. Rapamycin blocks signaling in response to cytegiand growth factors,
arrests T-cell cycle progression, and promotesllTaoergy and tolerance by exerting an
immunomodulatory actidit. In murine models, rapamycin facilitates the
proliferation/function of tTregs and enhances FoggBressioff. In humans, rapamycin

spares and expands CIiXD25' FOXP3 Tregsin vitro, while inhibiting the proliferation of
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effector T (Teff) cell§". Rapamycin treatment fosters the function of TiegElD patient¥’
and Treg expansion in kidney transplant recipién@linical improvement upon rapamycin
treatment has also been reported in patients withaoy immunodeficiencies with prevailing
lymphoproliferation, such as Autoimmune lymphopfetitive syndrome (ALPS), Activated
phosphoinositide 3-kinase d syndrome, LPS-respertsge-like anchor protein

(LRBA) deficiency, and CTLA4 insufficiend§ ™ However, to date, the beneficial effect of
rapamycin has only been reported for Tregs exprgsaild-type (wtjFOXP3.

Here, we have investigated the cellular and mosedaipact of rapamycin treatment in IPEX
patient Tregs, to determine if rapamycin increadbeshumber and/or function 6OXP3-
mutated Tregs, and if this increaseis FOXP3-dependent or -independent mechanisms.
Results indicate that the clinical improvementssaciated with partial restoration of Treg
function without increase of FOXP3 expression. WWappse that rapamycin increases the
stability of FOXP3-mutated Tregs, likely by restoring mTORC inhibititost due td-OXP3
mutations, and by modulating Treg-specific pathwaysh as those mediated by GITR and

Ebi3, thus resulting in better control of autoimrityn
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146 Methods

147  Patients and healthy subjects

148 IPEX syndrome was diagnosed based on clinicalFdP3-sequencing data. Peripheral
149 blood (PB) was obtained upon informed consentcaoalance with the OSR Ethical

150 Committee (TIGETO06/Periblood). IPEX patients retgdiunder TIGETO6 protocol follow
151 internal OSR numbering, previously applied to eagtiublication§* Rapamycin plasma
152 levels were monitored by routine laboratory test.

153 Rapamycin is administered as oral solution or tahlehildren. A usual practice, it has been
154 administered to the patients of the present catarting with a loading dose of 2-3 mg/mq
155 onday 1, followed by a maintenance dose of 1mglmg/than adjusted to target the

156 plasmatic level to 8-12 ng/mL, given the previugpexience in IPEX patients.

157 In Pt24, starting from 2 mg/mq, a rapid increasthefplasmatic concentration was observed
158 1 month after drug initiation, but rapidly norma&d:after temporary withdrawal. Rapamycin
159 plasmatic concentrations monitoring have been meltiperfomed. The timing of monitoring
160 was based on the starting plasmatic level, indafighatient features and stability of the

161 steady state concentrations. Possible adversdsifetude cytopenia, hypercholesterolemia,
162 hypertriglyceridemia, gastrointestinal manifestasiooral aphthous ulcers, acne, arthralgia,
163 peripheral edema, and were periodically monitored@propriate. No side effects were

164 observed in the present cohort except for Pt24 ddweloped severe oral aphtous lesions
165 which were dose-dependent and needed temporarydtiudrawal and prednisone

166 administration. As other immunosuppressive ageaggmycin increases the risk of

167 infections, which were also censored by physicah@&ration and blood tests when

168 necessary. Thus, monitoring of blood test and @aysixamination was performed in the

169 patients.

170 Endoscopy and histology
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171 Gut biopsies were fixed in 4%buffered formalin, exdbed in paraffin. 3um sections were
172 stained by routine haematoxylin/eosin by stand&tblogical techniques.

173 Cdl culture

174 Biopsies were processed as descfibadd cell suspensions were activatesitro in
175 the presence of plate-bound anti-CD3 10ug/ml (MifteBiotec, Bergisch Gladbach,

176 Germany), soluble anti-CD28 1ug/ml (BD, Franklirkea, NJ) mAbs and rhiL-2 100U/ml
177 (Proleukin, Novartis, Basel, Switzerland). Afterd@y expansion, T-cell lines were analysed

178 by flow-cytometry.

179 PB-mononuclear-cells (PBMC) were purified over Hittypaque gradientd=or suppression
180 assays and mRNA extraction CID25'CD127°" (Tregs) and CDLD25 (Teff) cells were

181 FACS-sorted (MoFIoXDP, Beckman-Coulter, Brea, CAl).samples were over 95% pure.

182  For Tpadifferentiation, CD4 T cells were isolated from PBMC by negative sétect

183  (Miltenyi-Biotec). CD4 T cells (>90% pure) werctivated with plate-bound anti-CD3

184 10ug/ml (Miltenyi-Biotec) and anti-CD28 1pg/ml (BDAbs in the presence or absence of
185 100nM Rapamune (Whyet, Madison, NJ) for three-reupfistimulation’. All cultures were
186 performed in X-VIVO15/5%human-serum (Lonza, BaSs¥jtzerland)/penicillin-

187 streptomycin (EuroClone, Pero, Italy).

188  Cytokine production

189 To detect intracellular cytokines, lamina proprexided T-cell lines were activated for
190 5hours with Phorbol-12-myristate-13-acetate (PMB)d/ml plus ionomycin 1ug/ml in the
191 presence of Brefeldin-A 10ug/ml (all from Sigma-Addh, Saint Louis, MO).

192  Flow-cytometry

193 Anti-CD4, anti-CD25, anti-CD62L mAbs (all from BDanti-TIGIT (eBioscience, San Diego,

194 CA), anti-CD39, anti-CD127, anti-CD95 and anti-Cid#bs (all from Biolegend, San
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195 Diego, CA) were used to prepare antibody cockfailsurface staining. Intracellular staining
196 with anti-CTLA4, anti-FOXP3, anti-Helios (all fromiolegend), anti-Ki67 (BD) mAbs was
197 performed after fixation/permeabilization with FOXBtaining-kit (eBioscience).

198 Intracellular-cytokine staining was performed aftgation (2%Formaldeyde, Thermo-Fisher-
199 Scientific, Waltham, MA), and permeabilization (@&Saponin, Sigma-Aldrich), using an
200 antibody cocktail containing anti-human-INBD), anti-IL-2, anti-IL17A, and anti-IL-4

201 mAbs (eBioscience). Samples were acquired on BD-$@&htoll and analyzed with FCS-
202 Express-Pro-Software-4 (De Novo, Glendale, CA)lonBo (BD).

203 Nucleic acid extraction and polymerase-chain-reaction

204 RNA was extracted with RNeasy-kits (Qiagen, Hild@ermany) and reverse-transcribed
205 with High-Capacity cDNA Reverse-Transcription-K&fdplied-Biosystems, Foster City,

206 CA). Gene expression was assessed on 20ng of RNA-eenia} droplet-digital-

207 polymerase-chain-reaction (ddPCR) (QX200, Bio-Réalcules, CA) with

208 Phosphoglycerate-kinase (PGK) used as normalizergét-gene expression (copies per
209 microliter of the target gene/PGK) and analyzeagi§)uantaSoft software (Bio-Rad). PGK,
210 FOXP3, Leucine-Rich-Repeat-Containing-32 (LRRC3IZBFB1, interleukin-10 (IL-10),

211  Tumor-Necrosis-Factor-Receptor-Superfamily-Memb@(-INFRSF18), Epstein-Barr-virus-
212  Induced-3 (Ebi3), and IL12A mRNAs were quantifiedhnAssay-on-Demand RT-PCR kits
213 (Applied-Biosystems). Relative expression is pldts Arbitrary-Units (AU: fold-change to
214 the average normalized expression in HS Teff cells)

215 Suppression assays

216 FACS-sorted CD4CD25 responder T cells (R) were labelled with e-flu@@groliferation-
217 dye (Invitrogen, Carlsbad, CA). T cells were adihat a density of 20000cells/well with
218 anti-CD3/CD28/CD2-coated beads (Milteny-Biotec)atad: T-cell] ratio [1:1]. FACS-sorted

219 Tregs were added at [R:Tregs] ratio of [1:1]/[1]Q150,25]. After a 6-day co-culture the
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percentage of divided precursors was assesse@wicitometry. Suppression was calculated
by comparing %divided cells in the absence or presef Tregs. When indicated, the
following mAbs were added: 10pg/ml anti-human-B&R,3, anti-human-GITR, and anti-
human-IL12A mADbs, isotype control (R&D-Systems, M@apolis, Ml), or anti-human-Ebi3
mADb (Millipore, Burlington, MA).

Satistical Analyses

Results are presented as median/range or meant&Eilicated. Analyses were performed
with non-parametric tests (Mann-Whitney/Wilcoxopx0.05 was considered significant.

Statistical analysis was applied to groups of dvenore independent results.
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Results

1: Clinical and immunological evolution of IPEX pathology in response to rapamycin
treatment. We report the clinical follow-up of an IPEX Pati€Rt24) who received a 3-year-
treatment with rapamycin monotherapy with clinicahission of the disease. Pt24 was 9
years-old when he was referred to our clinic faese dyspepsia and failure to thrive.
Histology showed active inflammatory gastropaththwilcers and hypotrophic mucosa,
diffuse intestinal metaplasia of the glands indtgus/fundus without morphological or
immunohistochemical signs bfelicobacter Pilori infection or autoimmune gastritis. Mild
duodenal villous hypotrophy and increased intrdghil lymphocytes were observed, but
minimal involvement of colon (Fig.1A,B). A dysimmerrigin was suggested. Suspicion of
IPEX syndrome was raised based on high titer aftfmrtmonin-autoantibodies
(HAA>100UY° and low FOXP3 expression within the peripheral 8C@25'CD127°" T

cells (Fig.1C)FOXP3 sequencing revealed a mutation at exon+1 splicetipn
(c.210+1G>Cj, resulting in aberrant mRNA splicing isoforms (HEfj) and aberrant protein
expression (Fig.E2). We started rapamycin treatrftarget plasma level: 8-12ug/ml);
steroids were added to treat aphtosis at occurréimen treatment, growth and nutritional
indexes rapidly increased. The T-cell infiltratetloé gut mucosa decreased and improvement
of the lesions was visible 4 months after (Fig.13)mphocytes infiltrating the gut mucosa
were isolated and characterized prior and durieggaiy (Fig.2A,B). The frequency of Tregs
infiltrating the lamina-propria of theorpus/fundus increased during therapy, both in terms of
CD4'CD25CD127 T cells and of FOXP3 expression (Fig.2A), while frequency of T
effector cells, as determined by cytokine producaéter short-ternmn vitro expansion of
infiltrating T cells, drastically decreased oveminexcept for residual Th17 cells in tfluadus
(Fig.2B). The regulatory-skew of the T-cell infdte (Fig.2A) correlated with progressive

histological reduction of the mucosal inflammat{&ingl1D). Stable recovery of tissue
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255 architecture was achieved at 26 months of treatna¢thbugh residual patches of hypotrophic
256 mucosa were present (not shown).

257

258 2: Rapamycin treatment does not result in increased frequency of circulating FOXP3-mutated
259 Tregs. We monitored the frequency of Tregs in the PB @#Rdfter initiation of rapamycin
260 treatment (Fig.3). Unlike that observed in thetiggue, the frequency of peripheral FOXP3
261 T cells remained low upon treatment (Fig.3A), ameré was no correlation in increased
262 FOXP3 expression with rapamycin plasma levels (Bpaa’s correlation p>0,05, Fig.E3).
263  Accordingly, the sporadic peaks of FOXP3-expres3inglls were not due to expansion of
264 tTregs, as demonstrated by constant frequency DRF8emethylated cells in PB (Fig.E4).
265  Further,in vivo Treg proliferation, measured by the proliferatimarker Ki67, was not

266 increased (Fig.3B). The expression of Treg-assediatarkers, including Helios, CTLA4,
267 TIGIT, CD95, CD62L, was comparable to that detedteldS Tregs (Fig.3B), with the

268 exception of CD39 (p=0,0004, HS n=tHPt24 n=9, Mann-Whitney, Fig.3C) and CD?25,
269 whose expression was low during therapy (p<0,08i&lys Pt24 n=18, Mann-Whitney,

270 Fig.3C). Overall, these data indicate that rapamyesulted in enriched Tregs in the target
271 tissue, but did not increase the frequency of perglFOXP3-mutated Tregs, nor induced
272 mutant FOXP3 expression.

273

274 3. Rapamycin treatment restores the suppressive function of FOXP3-mutated Tregs.

275 At diagnosis and before any treatmehe CD4CD25 CD127°" Tregs of Pt24 did not show
276 suppressive functiom vitro (Fig.3D). The assay was repeated in 9 indepndesatya from 2
277 months to 3 years after initiation of rapamycinréipg at different [responder:Treg] ratios

278 ([1:1] n=9, [1:0,50] n=6; [1:0,25] n=6). Althoughé overall suppressor potency was reduced
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as compared to that of HS Tregs, rapamycin stastored Treg function (Fig.3E). Data were

also confirmed when Pt24 CD@D25 T cells were used as responders (Fig.E5).

We further analysed Tregs from 5 IPEX patients umdpamycin treatment (TableE1/Fig.4).
Unlike Pt24, for all other patients rapamycin was the only IS treatment, but rapamycin
was administered while tapering alternative IS dr(iigpbleE1 for concomitant medications at
time of sampling). Although only tested during treant, the frequency of peripheral Tregs,
measured as CD&D25'CD127°" T cells, was comparable to that measured in H®reds
expression of intracellular FOXP3 was highly valgap>0,5, Mann-Whitney; Fig.4A-
B/TableE?2), likely depending on FOXP3 mutation §itable E1). Similar to findings in Pt24
PBMC (Fig.3C), expression of CD25 in CD% cells was lower in patients under therapy
than in HS (*: p<0,05, Mann-Whitney; Fig.4C/TablgHikely due to reduced frequency of
activated CDAT cells. In contrast, CD39, whose expression ragthimpaired in Pt24
(Fig.3C), was higher in this cohort of patientsrtlimHS (**: p<0,01, Mann-Whitney;
Fig.4C/TableE2), in line with the known effect apamycin on CD3%. We tested the
suppressive ability of Tregs from 4 out of 5 trelaleEX patients (Pt25/28/30/31) at a
[Responder:Treg] ratio of [1:1] and [1:0,5] (Fig.4DVe found that some level of suppressive
activity was detectable in most patients, althotingdir function was significantly lower than
that detected in HS (p=0,02, Wilcoxon paired-tE&t,4D). These results indicate that
FOXP3-mutated Tregs exposéal rapamycinn vivo, display suppressive activity vitro,

which might sustain the clinical improvement obsehin these patients.

4: Rapamycin expands functional FOXP3-mutated Tregsin vitro.
It has been shown that a culture of activated wtP@XD4 T cells in the presence of
rapamycin, can prevent expansion of Teff cells jaronote the survival of Trefs To test

this effect with mutant FOXP3, CDZ cells from 3 IPEX patients who were not under
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304 rapamycin treatment at time of sampling (B#2824/26) were cultured in the presence of
305 rapamycin. Aftetin vitro expansion, as expected, the control HS T cellseéiter T,p) were
306 enriched for FOXP3-expressing cells, and displagféidient suppression, whereas those
307 expanded without rapamycin {dasium did not (Fig.E6A-B). In two (Pt20/26) out of tBe

308 IPEX patients tested, FOXP3-expressing cells wereeased in Jpacultures (Fig.E6A). kpa
309 from Pt24, with the splice-site mutation that pretgeFOXP3 expression (Fig.1,E1), did not
310 upregulate FOXP3-expressing cells (Fig.E6A). HoweVg,, of all the patients acquired

311 suppressive function, although less potent thandbserved by IROXP3 T;apa in line with
312 results fromex vivo Tregs (Fig.E6B).

313 These data suggest that the acquisition of supgpessiction by Tregs after expansion in the
314 presence of rapamycin is independent of the muta@XP3 residual expression.

315

316 5: Rapamycin upregulates Ebi3 and GITR expression in FOXP3-mutated Tregs.

317 To test the hypothesis that rapamycin-mediatedrasbn of the suppressive function in
318 FOXP3-mutated Tregs, igia a direct impact on key Treg-associated moleéfjles

319 analyzed the expression of various genes by ddR@ig #ACS-sorted

320 CD4'CD25'CD127°" Tregs and CDLD25 Teff cells from IPEX patients under rapamycin
321 treatment (n=6 samples from 4 patients: Pts24/2312&nd HS (n=7) (Fig.5A/TableE3-E4).
322 FOXP3 mRNA was highly expressed by IPEX Tregsnad$ Tregs. As expected, LRRC32
323 (Glycoprotein-A-Repetition-Predominant (GARP)) wasferentially expressed by Tregs,
324 where it contributes to Treg-mediated suppressiobiding latent-TGB on activated

325 Treg$?® with no alterations in patients Tregs (Tregs-estTp<0,0) (Fig.5A/TableE3-E4).
326 TGH31 mRNA was expressed at comparable levels in boggsrand Teff cells from HS and
327 patients. In addition, IL-10 mRNA was preferengadixpressed by Tregs both in patients and

328 HS (Fig.5A/TableE3-E4).
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329 The mRNAs for 2 proteins, i.e. Glucocorticoid-InédeTNFR-Related-Protein (GITR) and
330 Ebi3, showed significant increases when compariS8gHd IPEX patient Tregs. While HS
331 Tregs expressed 3-fold higher Glucocorticoid-IndiT®&FR-Related-Protein (GITR) mRNA
332 (TNFRSF18, considered a marker of active Tfdghan Teff cells (p<0,05), the rapamycin-
333 conditioned IPEX Tregs displayed significant uptiegjon of GITR mRNAvs HS Tregs

334 (p<0,01), suggesting contribution of this moledwl@ reg-suppression during treatment. In
335 addition, the two subunits of the immunosuppressiekine IL-35, i.e., Ebi3 and

336 p35/IL12A, were also analyzed. Expression of IL1#&s equally enriched in Tregs from
337 both patients and HS. In contrast, Ebi3 mRNA wagsificantly higher in both Treg and Teff-
338 derived IPEX samples, as compared to HS, with @dbihcrease in rapamycin-conditioned
339 vsHS Tregs (p<0,01 Mann-Whitney; Fig.5A/TableE3)wéwer, the overall expression of
340 IL-35 subunits was low in all samples tested (TBHB)e Of note, when Ebi3 and GITR

341 mRNA expression was measured in Tregs and Tef &elin 2 IPEX patients who were not
342 under rapamycin therapy (Pts29/30), expressioncaagarable to that observed in HS

343 (Fig.E8). In summary, expression of Ebi3 and GITRIFRSF18) increases during

344 rapamycin treatment in IPEX patients’ Tregs, whitdly contribute to the partial recovery of
345 Treg-function.

346  We further tested the expression of IL-35 subuait$ GITR MRNA in Tapamediun- from HS
347  (n=5). TrapaeXxpressed 2,5-fold more Ebi3, and 3-fold more 2&than Tnedium ON the

348 contrary, GITR mRNA expression was not upregulatedS T.pa (Fig.E7). Therefore, while
349 IL-35 subunits were upregulated upon rapamycirtrmeat in bothFOXP3-mutated and wt T
350 cells, GITR upregulation was a specific effectrofivo treatment on IPEX Tregs.

351

352 6: Blockade of Ebi3/p35 and GITR reverts the suppressive activity of rapamycin-conditioned

353 FOXP3-mutated Tregs.
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We tested the effect of GITR and IL-35 blockaderyim vitro suppression assays using
multiple Treg samples from Pt24/Pt28 (Fig.5B). RtTreg] ratio of [1:1] no significant
alteration of suppression was detected using b&f t¢gs (n=4-6) and rapamycin-
conditioned Tregs from patients (n=3-5 independaperiments), except for a non-
significant reduction of the suppressive abilityboth HS and Pt Tregs in the presence of
anti-Ebi3/IL-12A mAbs (p>0,05, Wilcoxon paired tgsAt [R:Treg] ratio of [1:0,5] the
suppression of HS Tregs in the presence of blockniipodies was still comparable to that
detected in control cultures, whereas in the presehanti-Ebi3/IL-12A and anti-GITR-
mADbs rapamycin-conditioned Tregs from IPEX patidass from 30 to 50% of thein vitro
inhibitory capacity, respectively (n=3-4, p=ns).tihe same conditions, addition of anti-T&F
mAb did not affect Treg functidfi These data suggest that, among the Treg-asabciate
molecules we tested, Ebi3/IL-12A and GITR mainiytributed to improve suppressive

ability of FOXP3-mutated Tregs during rapamyciratneent.
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368 Discussion

369 We investigated the effects of rapamycin on Telf &reg cells carrying different

370 FOXP3 mutations, all causative for IPEX syndrome. Oudgtstarted from a detailed

371 monitoring of the response to rapamycin monothemmne patient, followed by validation
372 of the results in additional patients undergoirgaraycin therapy. We found that the T-cell
373 inflammatory infiltrate in the gut decreased durragamycin therapy in favour of a

374 regulatory-like T-cell infiltrate, a finding thaborelated with tissue healing and clinical

375 improvement. Concomitantl{5OXP3-mutated Tregs that had been conditioned by rapemyc
376 acquired suppressive function, independent of wdrdtiere was residual FOXP3 expression.
377 In addition we observed an upregulation of the imomodulatory proteins GITR

378 (TNFRS18) and Ebi3, that we found to affect theawesd suppressive function in IPEX

379 Tregs. We propose that the beneficial effect oanaycin in the treatment of IPEX relies on
380 both the inhibition of Teff cells and the stabiliva of Treg phenotype and function, and that

381 this benefit is independent BOXPS.

382 Rapamycin inhibits the mTORC1-complex, which retgdacell growth and

383 metabolism in response to environmental signasyltiag in decreased

384 proliferation/differentiation of Teff celfs. Accordingly, we report inhibition of mucosal T
385 cells from gastric biopsies of an IPEX patient undg@amycin monotherapy. The

386 immunomodulatory effect of rapamycin was also ewide PB, where we found reduced

387 CD25 expression on CDA cells in all patients, indicating reduced adiiva of Teff cells.

388 Decreased inflammation was associated with incteBb€3 expression by Teff cells. Murine
389 EBI3 is a negative regulator of IL-17 expres$foltve speculate that Ebi3 up-regulation may
390 contribute to both the dampening of Teff cells)uding Th17 cells in the gut tissue, and the

391 increase in tissue Tregs in the target organ.
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Unlike other immunosuppressants, rapamycin can pteffireg expansidh?’,
although the underlying mechanism is not fully defl. This pro-tolerogenic effect of
rapamycin has been attributed to increased expressiwtFOXP3, leading to acquisition of
suppressive function. Other studies have repohatstable inhibition of mMTORC1 activity
in Tregs is dependent on FOX®a the Smgs1-PP2A pathwdyThus,FOXP3 mutations
may re-activate mTORCL1 in Tregs with consequentedesed suppressive function, as
reported in PP2A knock-at In line with our results, recently published wdnkthe group
of T.A. Chatila demonstrates that Foxp3 deficiedggregulates mTORC2 signaling and
metabolic pathways in Treg cells and that mTORUbitbis restored suppressive function in
Foxp3-deficient Tregs by enforcing a metabolic stvitvhich suppresses the Teff-like
reprogramming of dysfunctional TrégsAlthough further studies are needed to dissext th
underlying molecular mechanism, our data suppertiypothesis that rapamycin re-
establishes mMTORC inhibition FOXP3-mutated Tregs, thus compensating for FOXP3
dysfunction and partially reverting dysregulation.

CD39 is an ectoenzyme that dephosphorylates ATérmo AMP, thus contributing to
the adenosine-mediated inhibitory function of TF&ghe reported enhancing effect of
rapamycin on CD39 expression in H8as confirmed in all patients tested but Pt24, seho
mutation abrogated full-length FOXP3 expressioggesting that restored Treg function
under rapamycin treatment may involve multiple nagséms.

Our data support a specific function for GITR arm3&En the beneficial effects
observed in rapamycin-conditione@XP3-mutated Tregs. First, we find an increase in GITR
expression, which leads to an activated or motdestreg phenotype during therapy.
Second, there is a consistent increase of Ebi3eemganRNA in T cells of patients under
rapamycin treatment. While there is consideralediure highlighting the suppressive

potential of the Ebi3-containing cytokine IL-35rmuse modefé*2 comparable validation
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for the human counterpart is limited. Earlier sasdiailed to detect IL-35 production by
human Treg¥. Later studies highlighted that IL-35 is assoalatéth maximal Treg function
or may mark highly suppressive human Tf&g8ur results suggest that, although absolute
Ebi3 mRNA levels were low, and no IL-35 cytokinesagetected in PBMC supernatants (not
shown), the up-regulation of Ebi3 may play a fumadl role in the beneficial effects
observed. We conclude that the Ebi3 subunit edlwre, or as part of a yet unidentified
cytokine, is required for the rapamycin-mediatedhumomodulatory effect observed in
Tregs. Based on the reported Ebi3-dependent irmtuofiIL-17°°, rapamycin may improve
the stability of Tregs by inhibiting the Th17-skefvunstable Tregs, a switch that has been
observed when wtFOXP3 is abséht

In conclusion, rapamycin partially compensatedHOXP3 dysfunction in IPEX, by
modulating Teff cells and empowering multiple pa#ly& in Tregs, including restoring
MTORCL1 inhibition and upregulating GITR and Ebl8)g leading to improved suppression

and control of autoreactive cells.
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Figure L egends

Figure 1. Altered gut histology and reduced FOXP3 expression in IPEX patient with
activedisease. A, Images of Corpus/Fundus from endoscopy of Pt24agnosisB,
Hematoxylin/eosin staining of gut biopsies of P#4liagnosisC, FOXP3 expression in
PBMC of Pt24 at diagnosis (upper panels) and oSdlbwer panels). Left/middle panels:
gate on CDZ% right panels: gate on CD@D25'CD127°". D, Images of Corpus/Fundus from
endoscopy of Pt24 after 4 months therapy (righefgrand hematoxylin/eosin staining of gut
biopsies of Pt24 on rapamycin therapy (26 montfsphanels).

Figure 2. Decreased inflammatory infiltratesin IPEX during therapy with rapamycin.
Single-cell suspensions from biopsies (gastric magof Pt24 were activated with anti-
CD3/CD28mAbs/rhiL-2 for 10 day4#\, Right Y axis: frequency of Tregs (%FOXP&:Ils-
dashed line, % CD2ED127°"-grey line) within CDZ; left Y axis: %FOXP3+ within
CD4'CD25'CD127°" Tregs (black filled line)B, Intracytoplasmic staining after stimulation
with PMA/ionomycin/BrefeldinA. Black filled line: D4 /IFNY*IL-2 IL17A’IL-4" (Th1),
dashed line: %CDAFNYIL4*IL17A (Th2), grey line: CD¥IFNYIL17A*IL-4™ (Th17).
Figure 3. FOXP3 expression in circulating Tregs during rapamycin therapy in | PEX
syndrome. A, Frequency of Tregs in PB of Pt24 before and dyitirerapy: green line
%FOXP3+; red line %CDLD25'CD127°" (within CD4"). Shaded areas: median values and
range in HS (n=27). On X axis age of Pt24 is pthtBs Expression of the Treg-associated
markers Helios/CTLA4/TIGIT/CD95/CD62L and the pfeliation-marker Ki67 was assessed
at multiple timepoints during therapy (HS:10; Pt24: n=2-16, gate CD@D25'CD127°",
median/range, p=ns, %CD39 within CD4'CD25 CD127°" and %CD25within CD4"

prior and at multiple timepoints during therapy (HS10; Pt24: pre-therapy n=1; on-therapy
n=18, median and range; ***:p<0,001, Mann-WhitnBy %Suppression of Tregs from HS

(n=2) and Pt24 pre-therapy ([R:Treg]=[1:0,5]: %stggsion PtTregs: 0, n=1, HSTregs
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572 64,5/55-74%-median/range n=2; [1:0,25]: %suppresBioTregs: 7, n=1; HSTregs 47,5/39-
573 57% n=2).E, %Suppression of Tregs from HS and Pt24 on-thefag@gian/range PtTregs
574 [1:1]: 53,4/18,9-80,0%, n=9; [1:0,5]: 38,2/18,2-B%, n=6; [1:0,25]: 26,6/0,0-72,2%, n=6;
575 HSTregs [1:1]: 68,0/20,4-86,5%, n=9; [1:0,5]: 6140-100%, n=6; [1:0,25]: 38,7/0,0-

576 89,6%, n=6). p=ns, Mann-Whitney.

577 Figure4. Tregfrequency and function in IPEX patientsunder rapamycin therapy. A,
578 %CD4'CD25CD127°" and %FOXP3within CD4" andB, %FOXP3 within

579 CD4'CD25'CD127°" in PB of patients on-therapy (n=5) and HS (n=p&ns, Mann-

580 Whitney.C, %CD25/CD39 in the indicated cell-gate. *: p<0®5p<0,01 vs HS (n=16),
581 Mann-Whitney D, %Suppression of Tregs from HS/Pts at [R: Tregpsatf [1:1] or [1:0,5].
582 Bars and errors indicate median and range; dotesept single assays. %suppression
583 median/<range> at [1:1] ratio: Pts 34/<12-57>, l9$<83-98>, n=4; at [1:0,5] ratio: Pts

584 0/<0-10>, HS 72/<52-100>, n=3; *: p<0,05, Wilcoxpaired-test.

585 Figureb5. Rapamycin modulates IPEX Treg expression profile. A. The expression of

586 FOXP3/TGFB1/LRRC32/IL-10/TNFRSF18/EBI3/IL12A mRNAy ddPCR on FACS-

587 sorted Tregs and Teff (n=6 samples from n=4 pagidPiis24/27/28/31; HS n=7). **: p<0,01;
588 *: p<0,05, Mann-Whitney. Arbitraty-Units: fold-chga to average in HS Tefs,

589 %Suppression of Tregs from HS/Pts on-therapy irptesence of anti-TGB4,2,3 (black),
590 antiEbi3/-IL12A (light-grey), anti-GITR (dark-greyhAbs, or isotype-control (white).

591 MeantSEM: [R:Treg]=[1:0,5]: Isotype-control: 3A8,9%, n=5; anti-Ebi3/IL-12A:

592 26,6t7,0%, n=4; anti-GITR: 18014,5%, n=3. HS n=4-6; Pt n=3-5 independent expamis
593 on 2 patients on-therapy (Pt24/28).

594



B Duode

4 st

num
By 2%

Pt24

78,9%

e |
410" -10'10%" 10" 10° 10° 10°
| CcD4

Corpus

Figure 1



A Tregs in gut B Teff in gut

%FOXP3+ Treg cells

%FOXP3+ Treg cells

Corpus Corpus
s 25 2 309
5
og 2
20 X 3
8 39 8 o
A
4 25 2 )
28§ o \——/
-3 5
2 b
5
. : : —Lo ol - ; +
Fundus Fundus
907 -©-%FOXP3+in CD4 25 309 - Tht
8 %CD25+CD127-in CD4 | 205 Th17
~@-%FOXP3+ in Tregs 4 o= ) - Th2
7 '1 15 30 3 204
w O
o N
6 -=-=7"" 0o 2
o £ 104
5 5 a8 95‘,
8 ~
T T T T s F ol T v :
0 4 12 26 0 4 12 26
Rapamycin therapy (months) Rapamycin therapy (months)

Figure 2



D

» 907 %}art therapy 20 § -6~ plasma rapamycin

3 50+ m ‘15,\ 3 -6~ %FOXP3+ (CD4+ T cell gate)

— ]8;; ! o 105 9.-e- %FOXP3+ (Treg cell gate)

+ @ o = _.

g 5 f Sl \\f\*\gﬂ 2 3 #5HS %FOXP3+ (CD4+T cell gate) median/range (n=27)
8 [ 2,_’ = HS %FOXP3+ (Treg cell gate) median/range (n=27)
< 0 ——=oo = lo 3

9.5 10.0 105 11.0 11.5 12.0 125 13.0 13.5
Age (years)

» 1007 0 HS C . oHs
3 © 801 sl =rr4 070 I Pt24 (on therapy)
© g + (on therapy) [ wxx [ Pt24 (pre-therapy)
': =60 -

o @ +
8 € 401 E:’ 35 &_ ?;_

g 2204 5

o ':/ é E
> 0 $ 0 4

I‘L
\3@}\ '\\Y'\\Q\ & c,<3'cb P 00 g‘J\ OOQD‘\
SRS
_ 100 oHS E 100 OIHS
S o Pt24 s m Pt24
75 o 9

? — (pre Rapa) 3 75 (post Rapa)

o o o o

S 50 hd S 50

g- o Q

a 25 @ 25

S - R

[1:0,5] [1:0,25] Ratio [R:Treg]

[1:1] [1:0,5] [1:0,25] Ratio [R:Treg]
Figure 3



—— 0%

oo

oo

DN DD

ATAT

— (%)
I

x
2
o

O O O o o o

o o © <

=

uolssalddns o,

A

[ [
ks

anisod JaxJew o,

HS

% g8 o
ot -

o O o o o
o ©® © < «

T sBaul Ul +6dX04 %

Pts

o

o [t o 0 o
Y

Figure 4




Figure 5

2.0 TGFB1
15 o o
0e?® ° © o
— O o 000
%ee © S eos) 08
05 o
0,0 .
150 u. EBI3
100{ ¢ ®
°
5500 *k
. *
25
°
° ° 0o

o e 88

A .FOXP3 LRRC32
£2000 g — 15
2 'Y o * *%
F 150 °
;100' ':_l‘ Cbc 100 08
g so+ @ o©
o 30 b 501 oo o
i ’
2 o0 S @ P @
g 604 . IL10 . 2 +« TNFRSF18
o 451 o 10]- «® .
o 30+ 107
g T ® .
4 oo
g 2] © 8 ] ®e @ o
3 .
g 10 oo e -090-
2 ot e O am ol e °0 &p
Treg Teff Treg Teff
6
g N |L12A Pts HS
2
2 . o B 80+
e
ug’: [ O s < 604
5§ 21— o5 © %
b ] & o
g Lo ~s dmg & 401
2 Treg Teff Treg Teff %
Pts HS X 204
0
HS Pt

[1:1] [1:1]

Treg Teff Treg Teff

Pts HS
[Jisotype control
[Janti-Ebi3/L-12A
Il anti-TGFB
[Eanti-GITR
HS Pt
[1:0,6] [1:0,5]



Ref
Seq

Mut.
Seq

-
-
=
o
©
o]

76 54 32 1

transcript

protein

1Iength (bp) MW (KDa)

1
o
X
E
[

1379
1484

3?

FOXP3

1008

FOXP3

1147

FOXF3

1252

1
o
X
i
o

1538

|
1

434
472

222
342
39,6
492

primers #1
—primers #2
primers #3
primers #4

B

bp 1000

655 bp wt
~550 bp wt
—423 bp mut
—318 bp mut

—179 bp mut

328 bp mut
274 bp wt

169 bp wt

302 bp

Primers #1 Primers #2 Primers #3 Primers #4

Figure E1



HS Pt24

51KDa

anti-FOXP3 mAb 34KDa
anti-H3 mAb 19KDa
14KDa

Figure E2



N
M

(CD4* T cell gate)

%FOXP3* cells

o

Spearman’s correlation r=-0,15 B Spearman’s correlation r=0,34

p>0,05 50, P70.05
. 25 407
‘‘‘‘‘‘‘‘ ®e ° ”_,——"”- 8 g 30
~———aa8 - ?0 %
L] & o 20
e o3
- o T . € 10
° ~. :\I; t
T T T 1 0 ) L) ) L]
0 5 10 15 20 0 5 10 15 20

Rapamycin in plasma (pg/ml) Rapamycin in plasma (ug/ml)

Figure E3



%TSDR
aLed cells

demethyl

-o- plasma rapamycin

80 start therapy 20 3 ~* %TSDR demethylated cells
60 ’2 g ---HS %TSDR demethylated cells, median/range (n=40)
\ 15
1 ~<
o)
0 | ba_ L10 &>
5T 'I Sg--———"— e\s 3 5
L5 ~— T
] (2]
0l—¢ 0 3
9.5 10.0 10.5 11.0 11.5 12.0 12,5 13.0 13,5 o

Age (years)
Figure E4



O HS
o Pt24 (post Rapa)

o
@ o (]
o o ©
] - _._O_._
o -e-
e

—O - O—0—
[1:1] [1:0,5] [1:0,25] Ratio [R:Treg]

Figure E5



>

v 307

o) [ ] O o

o le)

|_20. ——

&

o 10 "‘".' -O%

x °

(@)

L

© 0 v v T v

S Pts HS Pts HS
TRAPA TMEDIUM

B

g 80

® o

§ 60

g o ©

38 °

7] ° o

a0 e
Pts HS Pts HS
TRAPA TMEDIUM

Figure E6



N
:
£
© -
et
[T
n
x
W ©
Q
Z|
o v o v o
N - - o o
(“""* 0y abueyo pjod) NV
§
— 3
L _Im
<
AN
-
|
- ©
._ &
T
L ¥ ® N - O
(“""* 0y abueyo pjod) NV
§
:
Tm
®
m
L
o
g
T
© © <+ o O

A.h..__vos

1 0} abueyo pjod) NV

Figure E7



TNFRSF18
Treg Teff Treg Teff

o oo 2] o

8 =+

(o1 SH 03 abueyo piod) NV

EBI3

Treg Teff Treg Teff

Egabt——=——=

now . I3
- -

(5oL SH 03 abueyo pjod) NV

HS
Figure E8

Pts

HS

Pts



Supplementary Materials
Supplementary Material and Methods:
Western blotting

Polymerase chain reaction

Statistical Analyses

Supplementary Figures:
Fig. E1. FOXP3-mutation ¢.210+1G>C results in almrt mRNA splicing isoforms.
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Rapamycin treatment.

Supplementary Tables:
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Supplementary Materials:

Supplementary Materials and Methods

Polymerase chain reaction

To detect different FOXP3 mRNA isoforms non-quantivte RT-PCR was performed using cDNA
from activated PBMC of Pt24. Primer pairs were giesd spanning different coding regions
(sequences available upon request): exons+1 torBgppair 1); exons-1 to 5 (primer pair 2);
exons+2 to 5 (primer pair 3); exons+5 to 10 (primpar 4) (FigEl). PCR products were run onto
2% Agarose gels (Euroclone) to assess amplicontHeargl sequenced by Sanger sequencing

(Primm) to reconstruct the mutated isoforms.
Western blotting

Cells were lysed in lysis buffer (1%SDS, 10mM HER#E 2mM EDTA pH7.4), heated at 95°C
for 5 min and sonicated. Proteins (@Qper lane) were separated onto NUPAGE® (4-12%) Bis
TrisIMOPS (Thermo-Fisher) and transferred ontcoogtlulose filters (Biorad). After blocking in
TBS with 0.05%TWEEN 20 plus 5% non-fat dried milkembranes were probed with mouse anti-
human FOXP3 (Biolegend), followed by goat anti-neigG-HRP Ab (Dako). Rabbit anti-human
anti-H3 mAb (AbCam) was used as control for loadfietjowed by rabbit anti-mouse-IgG-HRP

Ab (Dako).

Statistical Analyses

To evaluate the correlation between the frequeh&OXP3-expressing cells and the plasma levels
of rapamycin the non-parametric Spearman’s ranketaiion coefficient was used. p<0,05 was

considered significant.



References

1.

Barzaghi F, Passerini L, Gambineri E, Ciullini Manita. S, Cornu T, Kang ES, et al.
Demethylation analysis of the FOXP3 locus showshtjtaive defects of regulatory T
cells in IPEX-like syndrome. J Autoimmun. 2012;38-88.

Lampasona V, Passerini L, Barzaghi F, LombardorB#&zzigaluppi E, Brigatti C, et al.
Autoantibodies to harmonin and villin are diagnostiarkers in children with IPEX
syndrome. PLoS One. 2013;8: e78664.

Passerini L, Olek S, Di Nunzio S, Barzaghi F, Haetdonh S, Abinun M, et al. Forkhead
box protein 3 (FOXP3) mutations lead to increased 7 cell numbers and regulatory T-

cell instability. J Allergy Clin Immunol 2011;12876-1379¢el.



Online Repository Figure Legends

Figure E1. FOXP3-mutation ¢.210+1G>C results in aberrant mRNA splilng isoforms. A
Reference sequences off@XP3encoding mMRNA (UCSC Genome Browser) and reconsbimic
of the aberrant splicing isoforms detected in RNznf activated PBMC of Pt24, carrying the
genomic mutation ¢.210+1G>C. Position of primemsdu®r amplification of the different isoforms
are reported as arrows at the bottom. Transciypigth and predicted molecular weight of the
corresponding proteins are reported in the lefiirwis.B, Primers reported in A were used to
amplify cDNA from activated PBMC of Pt24 and a H&8lative PCR products are shown. Single
amplicons were subjected to Sanger sequencingpsecation of the corresponding transcripts
detected in Pt24 is reported in B. Mutated isofédris likely to be expressed at extremely low
level, since it can be detected only when spepffimers are used (primers#1). Numbers on the

right indicate the length of the amplicons.

Figure E2. Aberrant FOXP3 isoform expression in IPEX Pt24 perpheral blood. PBMC from
HS or Pt24 were activated for 72 hours in the presef anti-CD3 and anti-CD28 mAbs, prior to
cell lysis and protein extraction. 10ug of totabgeins were loaded per lane of a poly-acrylamide
gel. After transfer onto nitrocellulose filters, mranes were probed with mouse anti-human
FOXP3 mAb (upper panel) and anti-human H3 mAb (lopanel). Molecular weight was
determined based on pre-stained molecular weighkenaun in parallel. HS: healthy subject; Pt:

patient.



Figure E3. FOXP3 expression in peripheral CDAT cells does not significantly correlate with
rapamycin plasma levelsThe correlation betweehe levels of rapamycin measured in the serum
of Pt24 and the frequency of FOXP3-expressing @ellse CD4 T cell compartmentX) or in the
CD4'CD25'CD127°" Treg subsetR) measured by flow cytometry was tested by Speasmank
correlation coefficient (=17 independent measurdés)eCorrelation coefficients are indicated in
the graphs.

Figure E4. Constant frequency of circulating TSDR-demethylatedTregs during Rapamycin
therapy. The frequency of tTregs in PB was measured by cotde TSDR assay and is reported as
% over total nucleated cells in PB. Dark lineslirgeaphs depict rapamycin plasma levels
measured at different time-points. Shaded areasatereference values in H@nedian and range

n=40).

Figure E5. Rapamycin-conditioned IPEX Tregs displayin vitro suppressive function vs
autologous responder cellsThe suppressive ability of Pt24 Tregs was testedral times during
rapamycin therapy at different [R:Treg] ratio uspagient’s CDACD25 Teff cells as Responders
(R). %suppression median/range was: Pt ratio [#4]1/0,0-62,0%, n=3; [1:0,5]: 39,1/11,0-54,0%,
n=3; [1:0,25]: 41,0/0,0-44,0%, n=3; HS ratio [1:4},,0/33,7-79,2%, n=3; [1:0,5]: 51,1/48,0-59,8%,
n=3; [1:0,25]: 31,4/0,0-44,0%, n=3. Relative %sg3sion is plotted in the graphs, lines indicate

median. R: responder cells; Pt: patient; HS: hgadtibject.

Figure E6. IPEX CD4" T cells expandedn vitro in the presence of rapamycin acquire
suppressive ability.Purified CD4 T cells were expanded vitro in the presence of rapamycin
100nM. After three rounds of stimulatiofy; intracellular FOXP3 staining (%0FOXPT cells
median, <range>: HSzha25,2% <22,0-25,74>; HSyEqium 10,8%, <8,6-12,2>, n=3; Ptsafa
20,6%, <6,8-25,9>; PtspEqium11,5% <10,3-12,1>, n=3) ard] in vitro suppression assay using
HS PBMC as responder cells at [R:S] ratio of [Iv&}e performed (% nhibition of CDA cell

proliferation median, <range> was: 63,0%, <52,06&t [R:HS T.pd=[1:1]; 46,6%, <43,0-48,0>



at [R:Pts Tapd=[1:1], n=3). Lines in the graphs indicate mediafues. Pts: patients; HS: healthy
subjects; Tpa CD4" T cells expandeih vitro with rapamycin and IL-2; Jegium control CD4 T
cells expandeah vitro with IL-2 alone; R: responder cells. Clinical amdlecular details of Pt20
were previously described fn® Pt26 is an adult IPEX patierf@XP3mutation R347H) devoid of

IS therapy at time of sampling.

Figure E7. Trapa cells from HS upregulate IL12A and Ebi3 expressionEbi3, IL12A (p35) and
TNFRSF18 mRNA expression in HS CD# cells after three rounds wof vitro stimulation in the
presence (grey bars;afacells) or absence (white barssediumcells) of rapamycin is plotted in the
graphs. Expression of the target genes was norasalithe expression of the housekeeping gene
PGK and plotted as fold change to the average sgjme detected inykgiumcells, arbitrarily set as
1. AU median, <range>: Ebi3apa 2,5, <0,6-6,1> VS fedium 0,8, <0,3-2,0> fold change to average
TmedumCells; IL12A (p35): Tapa 3,1, <1,3-4,2> VS feqium0,6, <0,3-1,93 TNFRSF18 Tapa 0,9,
<0,7-1,9> vS Tediuml,0, <0,7-1,3>, n=5p=ns, Non-parametric Mann-Whitney. AU: Arbitrary

Units.

Figure E8. Normal expression of Ebi3 and GITR mRNAIn Tregs from IPEX patients devoid

of Rapamycin treatment. The expression of EBI3 and TNFRSF18 mRNA was deteby ddPCR
using RNA extracted from CD&D25'CD127°" Tregs and CDAD25 Teff FACS-sorted from

PB of n=2 IPEX patients who were not under Rapamyr@atment at the time of analysis (Pts 29 —
sibling of Pt28, with no clinical manifestationstbk disease and devoid of therapy at the time of
analysis - and Pt30, TableE1l) and HS (n=7). Expyegsletected as target transcript copies/ul of
PCR reaction) was normalized to the expressiohehbusekeeping gene PGK and plotted as fold

change to the average expression detected in HS Tef

Table E1.Clinical features of patients with IPEX syndrome urder Rapamycin therapy.

Patients were treated with rapamycin alone or ml@aation with other IS agents.



Rapa: Rapamycin; Predn.: Prednisolone; Aza: Azptine; mo: months; ys: years; FTT: failure to
thrive.
*Clinical and immunological data refer to the inalied therapy duration.

°Tapering ongoing.

Table E2. Treg phenotype in PB of IPEX patients undr Rapamycin treatment Frequency of
the indicated T cell population was measured by tgtometry in PB of IPEX patients during
Rapamycin therapy and HBata are reported as % marker positive cells, meaina range, in the
indicated cell gate.

ns: not significant; Non-parametric Mann-Whitney.

Table E3.Gene expression analysis — fold change to HS Teflls. Droplet digital (dd) PCR
analysis of gene expression on sorted peripherdCD25'CD127°" Tregs CDACD25CD127
Teff cells from IPEX patients with ongoing rapamytherapy and HS. Data are expressed as AU
(fold change to the average expression in HS Tedl§)c Median values and range of each target

gene are listed.

Table E4.Gene expression analysis — relative expressiddroplet digital (dd) PCR analysis of
gene expression on sorted peripheral GQIRR5CD127°" Tregs and CDAD25 Teff cells from
IPEX patients with ongoing rapamycin therapy and B&a are expressed as number of copies/ul
of the test gene normalized to number of copiesfflGK, used as housekeeping gene for

normalization of samples. Median expression/rarfggaoh target gene are listed.



Table E1.Clinical features of patients with IPEX syndrome urder Rapamycin therapy.Patients were treated with rapamycin alone or in

combination with other IS agents.

Pt Mutations FOXP3 Ongoing | Duration Major autoimmune IgE Lympho Treg Eos | HAA/
protein Therapy at of manifestations Ul/ml /mmc % of CD4 | /mmc | VAA
expression| sampling | therapy pre Rapa on Rapa on Rapa
Rapa 3ys » Solved pos/
Pt24 | c.210+1G>C| no gastritis, FTT N 20.0 3600 4.9 800
gastritis neg
p.R347H CsA° 10mo diarrhea, Solved pos/
Pt25 yes _ 0.4 1900 7.4 380
(c.1040G>A) Rapa 7mo FTT, eczema| diarrhea nt
Rapa 16mo i Recurrence
p.V480M diarrhea, _ pos/
Pt27 yes Predn 4ys of chronic | n.a. 3180 5.8 90
(c.1222G>A) _ FTT _ neg
Anti-TNFa | 4ys diarrhea
Steroids® | 11mo _
p.R397Q Diarrhea, Solved pos/
P28 yes Rapa 24mo o _ 80.3 5800 7 200
(c.1190G>A) thyroidis diarrhea neg
Aza 8mo
diarrhea, Improved pos/
Pt30 | c.736-1G>A | yes Rapa 2mo ) n.a. 2340 8.4 10
FTT diarrhea pos
_ Diarrhea,
Steroids 2mo
p.R337Q T1D, Improved pos/
Pt31 yes Rapa 2mo ) n.a. 2725 6 408
(c.1010G>A) o eczema, diarrhea neg
Rituximab | 4doses
nephropathy
Rapa: Rapamycin; Predn.: Prednisolone; Aza: Azpthie; mo: months; ys: years; FTT: failure to tleriiTapering ongoing; n.a. not available;

n.t.: not tested.




Table E2. Treg phenotype in PB of IPEX patients undr Rapamycin treatment

IPEX Pts (n=5) HS (n=16/27) p
Markers (gating strategy) %positive Median %positive Median
(range) (range)
CD25'CD127°" (CD4") 7,0 (5,8-8,4) 5,2 (1,8-9,4) ns
FOXP3" (CD4") 9,0 (2,3-16,8) 6,0 (1,8-10,8) ns
FOXP3* 67,3 (27,2-82,6) 74,5 (42,6-91,6) ns
(CD4*CD25'CD127°%)

CD25' (CD4") 15,3 (13,1-17,5) 28,2 (11,3-37,0) 0,01
CD39' (CD4") 15,7 (10,6-19,3) 6,6 (1,8-10,6) <0,0001
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Table E3.Gene expression analysis — fold change to HS Te#lis.

Gene target| IPEX Treg (n=6) | HS Tregs (n=7) | IPEX Teff (h=6)| HS Bff (n=8)
FOXP3 101,1/56,9-182,7| 115,0/73,0-180,5| 4,2/1,6-36,1 0,7/0,3-2,9
LRRC32 42,4/24,7-123,7 82,7/49,0-111,9 0,6/0,0-2,8 0,8/)12
TGFB1 1,1/0,8-1,3 0,9/0,8-1,4 0,9/0,7-1,2 1,0/0,6-1,5
IL12A 1,8/0,6-5,2 2,2/1,5-4,6 0,9/0,5-1,2 0,9/0,5-1,7
EBI3 52,9/14,6-105,8 8,5/0-18,5 6,4/2,4-126,3 0,9/0,0-2,1
TNFRSF18 7,1/5,4-15,8 3,0/1,2-5,6 0,6/0,2-5,6 0,8/0,2-2,1
IL10 9,5/5,2-28,4 9,5/3,8-49,0 0,8/0,0-1,7 0,8/0,2-1,8
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Table E4.Gene expression analysis — relative expression.

Gene target IPEX Treg HS Tregs IPEX Teff HS Teff
1,02/ 1,28/ 0,04/ 0,01/
FOXP3
0,57-1,85 0,74-1,82 0,02-0,36 0,00-0,03
0,048/ 0,095/ 0,001/ 0,001/
LRRC32
0,028-0,142 0,056-0,128 0,000-0,003 0,000-0,004
2,49/ 2,20/ 2,22/ 2,38/
TGFB1
1,98-3,09 1,92-3,40 1,60-2,86 1,51-3,45
0,015/ 0,022/ 0,008/ 0,009/
IL12A
0,006-0,028 0,015-0,047 0,005-0,012 0,006-0,017
0,0031/ 0,0005/ 0,0004/ 0,0001/
EBI3
0,0009-0,0062 0,0000-0,0011 | 0,0001-0,0074| 0,0000-0,0001
0,097/ 0,040/ 0,008/ 0,011/
TNFRSF18
0,073-0,214 0,017-0,075 0,003-0,076 0,003-0,028
0,009/ 0,009/ 0,001/ 0,001/
IL10
0,005-0,027 0,004-2,953 0,000-0,002 0,000-0,002
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