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ABSTRACT

Background. FOXP3 is a key transcription factor in regulatdrgell (Treg) function.
FOXP3 gene mutations cause IPEX, a fatal autoimmunersymel FOXP3 has also
been proposed to act in effector T cells (Teff) bmtdate this role has not been
confirmed.

Objective. To evaluate the effect of reduced FOXP3 expressiomuman Treg and
Teff cell development and correlate it with the ®iEnmune pathology.

Methods. We developed a humanized mouse model in which hienan
hematopoietic system is stably knocked down (KD)knocked out (KO) for the
FOXP3 gene (KD/KO huMice).

Results. SinceFOXP3-KD/KO was not 100% effective, residual FOXP3 expi@s in
HSPCs was sufficient to give rise to Tregs with mak expression of FOXPS3.
However, numerous defects in the Teff compartmppeared. Compared to controls,
FOXP3-KD/KO huMice showed altered thymocyte differentatj with KD/KO
thymocytes displaying significantly reduced TCRnsilling strength and increased
TCR repertoire diversity. Peripheral KD/KO Teff lselvere expanded and showed
signs of homeostatic proliferation, such as sigaiftly contracted TCR repertoire,
severely reduced naive compartment, decreased TERp&ssion, and a skew
towards a Th2 profile, resembling an aged immurstesy. Consistent witROXP3-
KD/KO huMice results, analysis of IPEX patients yaded evidences of defects in
the Teff compartment at both thymic and periphkratls.

Conclusions. These findings support an intrinsic role for hunk&XP3 in controlling
thymocyte maturation and peripheral expansion df dells and reveal a previously
not described pathogenic mechanism, through aredlféeff compartment, in IPEX

syndrome.
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KEY MESSAGES

FOXP3 controls human thymocyte development byialgeFCR signaling strength

and impinges peripheral T cell expansion.

FOXP3 plays an intrinsic role in the control of hameffector T cells that accounts
for the alterations found in the peripheral T celimpartment in IPEX patients.

CAPSULE SUMMARY
We identified a novel role for FOXP3 as intrinsegulator of early maturation and
peripheral homeostasis of effector T cells, whicliynsontribute to IPEX syndrome

pathology.

KEY WORDS

FOXP3, effector T cells, regulatory T cells, immuokerance, humanized mice, T

cell differentiation, IPEX syndrome, autoimmunity.
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ABBREVIATIONS

APECED
AU

BM

CM

DN

DP

EM
FOXP3
HD
HSPC
huMice
IPEX
KD

KO

LV
NHEJ
NPC
NSG
PB
SP4
SP8
TALEN
Teff
TEMRA
TERF2
TREC
Treg
TSDR
TSS

Autoimmune polyendocrinopathy candidiasie@ermal dystrophy
Arbitrary Units

Bone Marrow

Central Memory

Double Negative

Double Positive

Effector Memory

Forkhead-box P3

Healthy Donor

Hematopoietic Stem Progenitor Cells
humanized mice

Immune dysregulation Polyendocrinopathy Ematby X-linked
Knocked Down

Knocked Out
Lentiviral Vector

Non-Homologous End Joining

Non Parametric Combination

NOD/SCID IL2-/-

Peripheral Blood

Single Positive CD4+

Single Positive CD8+
Trascription Activator-Like ENdonucelase

T effector

Terminally differentiated Effector Memory RA+
Telomeric Repeat-binding Factor 2

T cell Receptor Excised Circles

T regulatory

Treg Specific Demethylated Region
Transcriptional Start Site
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INTRODUCTION

Active peripheral immune tolerance is maintainedhsy regulated interplay between
effector (Teff)y and regulatory (Treg) T cells. Angst the latter,
CD4+CD25+FOXP3+ Tregs play a major role in dampgnmmune response and
controlling auto-reactive clones escaped from tltynegative selection. The pivotal
role of FOXP3 in Treg function is demonstrated g $evere autoimmune phenotype
of the natural FOXP3 mutant mouse modstu(fy) and by the early onset fatal
polyautoimmune Immunodysregulation PolyendocrinbpaEnteropathy X-linked
(IPEX) syndrome in patients witROXP3 mutations™. Moreover, in recent years,
monogenic autoimmunity has been increasingly diagdoin children and several
genes identified that, when mutated, alter the /Tedfy balance resulting in severe
immunedysregulation with heterogeneous phenotypedy partially understood
pathogenesis and lack of targeted treatnients

We previously showed th&OXP3 mutations lead to Treg dysfunction but do not
necessarily hamper the accumulation of circulafinegs carrying=OXP3 mutations

in IPEX patient$’. Nonetheless, in female carriers BOXP3 mutations, and in
transplanted patients with low peripheral donomwrism, only Tregs expressing
wild type FOXP3 are detectable in peripheral blomdlicating a their functional
competitive advantage over the mutated Ttég#n the human system, FOXP3,
whose highest expression is detected in Tregs,l9s axpressed in immature
thymocytes at the early pre-double positive stagbere it may play a role in
controlling the their differentiatidfi** Also, Teffs transiently express FOXP3 upon
TCR-mediated activation, but only a femwitro studies have investigated its function
in this compartment*3 Ourin vitro studies on FOXP3 null Teff clones supported an

intrinsic role for FOXP3 in controlling proliferatn, cytokine production and TCR
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signaling threshold in Teff& Another in vitro study has shown that FOXP3
expression is associated with activation upon lotigan doses in Teffa However,
an in-depth analysis of the intrinsic role of FOXiR3he differentiation and function
of Teffs has not been performed, limiting a fuldenstanding of the role of FOXP3 in
the development of autoimmunity.

This lack of knowledge on the role of FOXP3 durihgman Treg and Teff
differentiation is likely also due to the absendean in vivo model able to fully
recapitulate human T cell differentiation. In thaspten years, several humanized
mouse models (huMice), based on the transplantatfidruman hematopoietic stem
progenitor cells (HSPC) into different strains afnmunodeficient mice, have been
developed, but showed limitations in the maturatéi cells®*2 Neonatal, instead
of adult, transplantation of immunodeficient micesibeen shown to improve thymic
maturation up to functional Teffs and Tré4S. The use of this huMice model
combined with genetic manipulation to alter proteixpression in the transplanted
HSPC, targeting immune disease causative geneds hmbmise to unravel the
function of these genes in different T cell subsetd developmental stages.

In the present work, we dissect the role of FOX#®&uman T cell development. We
transplanted human HSPC genetically modified taicedFOXP3 gene expression
into immunodeficient NOD/SCID 112" (NSG) neonate mice and characterized the
resulting human T cell compartments. Our findingdigate a role for FOXP3 in
control of early Teff differentiation, likely by gallating TCR-signaling strength, and
suggest an additional function of FOXP3 in the préion of premature immune
aging. These results elucidate the pathogenic nmésrhaplayed by the effector T cell

compartment in IPEX syndrome and possibly in otletoimmune diseases,
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122 the Teff compartment.
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METHODS

See also supplementary methods for extended intmma

Cellsand patients

Human cord blood CD34+ (puritp5%) were purchased (Lonza) or purified by
magnetic selection (Miltenyi Biotech) from healttdgnors. Cord and peripheral blood
were collected from healthy donors and patientsr afiformed consent and approved
protocols by Institutional Ethical Committee (TIG&X, TIGET06, PERIBLOOD),
accordingly to Helsinki declaration. Clinical feeta of IPEX patients were described
elsewhere (patients 11, 14 jpatients 11, 14, 19, 21, 22, 24%and patient 25 ).
Polyautoimmune patients enrolment  criteria: )] twoautoimmune
diseases+autoantibodies for another autoimmuneaskseind/or familial history
positive for autoimmunity, or three autoimmune dises, ii) not diagnosed for IPEX
or APECED disease. Patients were enrolled at trkaRe Unit/Allergology and
Immunology Unit of San Raffaele Hospital, Milan aRddiatric Unit of Federico Il
Hospital, Naples, Italy. Detailed clinical inforn@at about human donors is described

in Table S1.

Gene modifications

HSPC were transduced in StemSpan (StemCell-Tectieslo with hSCF, hTPO,
hiL6 and hFIt3-L (Peprotech) at MOI 200, as presigudescribetf. Lentiviral
constructs were generated from LVamiR
EFla.(intronic)miR142siFOXP3+miR223siFOXBRBNGFR.Wpre and
EFla.(intronic)miR223siLuciferagd. NGFR.Wpre vector$ by cloning the GFP

instead of thA\LNGFR cDNA.
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FOXP3 knockout was obtained by RNA transfectiom ALENs designed to disrupt
the transcriptional start site (TSS) of the geregences provided upon request) in
CD34+ cells from male donors, according to publisheotocof®. NHEJ assessed by
Cell-nuclease based mutation assay (Surveyor MatatDetection Kit—

Transgenomic) on genomic DNA.

HuMice

2-5 days old NSG (NOD.Cg-Prki¥t 112rg™*Wijl/SzJ, JAX mouse strain) mice were
sublethally irradiated (1.5cGy), randomly assigned experimental groups and
injected intrahepatically with 0CD34+ 5-7 hours later. No signs of xeno-GVHD
were detected (up to 20 weeks follow up of the iBach experiment included test
and control huMice and was performed with a diffiér€D34+ donor (expressed in
figure legends as N=). Mice showing <1% hCD45+<s;edl0.7 LV copies per cell
(KD) or <10% of NHEJ (KO) in BM were excluded. Plogyping performed on the
total human CD45+ population, unless otherwise ifipdc All protocols involving
animals followed DL116 (January 27th 1992, ItaliBarliament) and have been

approved by the Institutional Ethical Committeeofprcols 488 and 632).

In vitro proliferative assays

Proliferation dye dilution (efluor670, eBioscienc&as assessed 6 days after
stimulation by anti-CD3/CD28 expansion beads (Therrkisher) or anti-
CD3/CD28/CD2 suppression inspector beads (Milterofi)total splenocytes or
purified CD4+/CD4+CD25- T cells (CD4-T cell isolati kit/CD25-conjugated beads,

Miltenyi), in presence of IL2 (100U/ml ProleukinpMartis) where indicated.



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

Flow Cytometry and Multiplex | mmunoassay

Transduction level was assessed by direct GFP merasat. Single cell suspensions
were obtained by physical disruption of mouse lyomighorgans and lysis of RBC.
Analyses were gated on hCD45+ fraction (detailsSupplementary Methods and
Tables S2-S3). CD45+GFP+ cells were sorted fromengmyte and thymocyte
suspensions. Acquisitions performed by FACSCantBD Biosciences) and
analyzed by FlowJo Software. Sorting performed yFMXDP (Beckman Coulter).
Antibody and gating strategies are indicated irpgepentary methods.

Multiplex Immunoassay was performed by Bio-Plex™rbluman Cytokine Th1/Th2
Assay (Bio-Rad), following manufacturer’s instraets, on huMice derived cell
culture supernatants and plasma. Acquisition aradlyais was performed on BioPlex
MagPix Multiple reader (Bio-Rad). Cytokines test&M-CSF, IFN, IL2, IL4, IL5,
IL10, IL12 (p70), IL13 and TNé&. Cytokines displayed are the only ones above
detection level (but GM-CSF that was clearly detkleg but not discriminative for
Th1/Th2 profiles). Th1/Th2 ratio was calculatedraso between the total amount of
detected Thl cytokines and the total amount ofatietleTh2 cytokines in the same

sample, both for in vitro and ex vivo conditions.

DNA and RNA analyses

Genomic DNA was extracted by Qiagen DNeasy kit fraotal splenocytes and
thymocytes (for TCR and TSDR) or PB cells (for TRE@-9x1G productive

rearrangements were sequenced by Adaptive Biotémiwyo (Survey depth;

http://www.adaptivebiotech.com/immunoseq) for T&ERcus analysis. See

supplementary methods for clonality and fraction gsbductive rearrangement

calculation.Treg-Specific Demethylated Region (TSDR) was qigatiby Epiontis

10
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Biotech, as describ8d TREC analysis was performed by probe-based ddPCR
analysis on 80ng of DNA by using TREC and GAPDHcHpeprimers to standardize
for DNA content’. RNA extracted from CD45+GFP+ sorted thymocytesl an
splenocytes by ReliaPrep RNA Miniprep kit (Promegadl retrotranscribed by High
Capacity cDNA kit (Life Technologies). Gene expreasvas assessed on 10-20ng of
RNA equivalent by ddPCR (QX200 Bio-Rad) using targgene and HPRT
amplifying primers, used as normalizer (sequences/iged upon request), and

analyzed by QuantaSoft software.

I mmunohistochemistry

Thymus, spleen and liver were fixed in 4% neutnsffdred formalin and embedded
in paraffin. Subsequenud paraffin sections were stained by hematoxylinfeasd
specific antibodies (details in Supplementary Mdth@nd Table S3) by standard
immunohistochemical technique using Ventana BendrkMJltra immunostainer.
Enzymatic activity was visualized with 3,3 diamieolzidine. Photomicrographs by

AxioCam HRc/AxioVision SE64 Rel 4.9.1 (Zeiss).

Statistical methods

Values are expressed as meantSEM in column bamaddn and interquartile range
in box/scatter plot graphs. In figure legends: nsmber of biological replicates,

N=number of independent experiments. Since the nsgsons for the correct

application of parametric tests were not met orvesifiable, we used nonparametric
tests (two-tailed Mann-Whitney, unless stated otis®). P values are reported in
figures/figure legends only if significant (p<0.0B)nalysis of thymocyte populations

(Fig. 3C) performed by Nonparametric CombinatiorP@ test®?® a permutation-

11
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based test that allows multivariate comparisonhef tmeans in groups with small

number of observations. A Nonlinear Mixed Effectsdal was fitted for the analysis

of CD3+ T cell kinetics (Fig.4A and Fig. S28)we assumed an exponential dynamic
in the time period 7-15 weeks and tested a mod#l sommon growth and group-

specific shifts. We fitted a regression model thatluded indicator variables for

group membership (IPEX, HD, PolyAuto), age and rtheieraction as covariates

(Fig.6). Analyses performed with R 3.2'2and NPC Test R® and with Prism

v5.04.

12
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RESULTS

Development of FOXP3-KD/KO humanized mouse models

We first assessed the possibility of generatinguneatT cells in huMice. By
intrahepatically injecting unmodified human corddud-derived HSPCs in sublethally
irradiated newborn NSG mice, we obtained very Effit and homogenous human
cell engraftment (76+£6.5% and 81+2.7% hCD45+ cell®one marrow (BM) and
peripheral blood (PB), respectively) (Fig.1A). Innamtly, we observed human
thymocyte development (Fig.1B) and peripheral ddif¢iation of detectable numbers
of human T cells accounting for up to 30% of PB haancells (Fig.1C), which were
equally distributed between CD4+ and CD8+ poputetjoand allocated to
naive/effector/memory compartments in percentageembling human PB T cells
(Fig.1D). The CD4/CDS8 ratio observed in huMice iaser than what observed in
healthy subjects, and more similar to that of bonarow transplanted (BMT)
patient§® (Fig. 1D) We also detected substantial proportions of Tiegdl analyzed
tissues (Fig.1E). Mature spleen Teffs showed agboiyl TCR rearrangement and
proliferated in response to a TCR-mediated polyal@timulusin vitro (Fig.1F-G)
and Tregs showed suppressive abilities, as deplefidcCD4+CD25+ Tregs resulted
in increasedn vitro proliferation of Teffs (Fig.1H). These results icate that the
huMouse model is suitable to study the effects GXP3 on the maturation of
functional human T cell&OXP3 expression was diminished by either KD or KO in
HSPCs. To KDFOXP3, we transduced CD34+ cells with miR-based lerdlvir
vectors (LVs) expressing a control shRNA di@XP3-targeting shRNA and GFP as
reporter gerfd. FOXP3-KO was obtained by nucleofecting CD34+ with
TALENS designed to disrupt tHeEOXP3 TSS. Efficiency of ShRNA-LV transduction

ranged between 50% and 70%, and TALEN-mediated Mlamologous End Joining

13
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(NHEJ) averaged 20% in CD34+ cells (Fig. 2A). BB and KO approaches
reduced FOXP3 expression, as assessed by flow eytpnm T cells (40% FOXP3
KD and 55% KO on average) (Fig. 2B-C). On the badiglinical data on IPEX
carrier mothers and BMT transplanted IPEX pati€htsve hypothesized that the
reduction we obtained in FOXP3 expression couldsbéicient to investigate the
intrinsic role of FOXP3 in Teffs without impairinipe Treg compartment, in which
few Treg with normal FOXP3 expression could haveselective advantage.
Nevertheless, to study a human lymphopoiesis coatpasainly ofFOXP3-KD/KO
cells, we excluded huMice showing <0.7 LV copies gal (KD) or <10% of NHEJ
(KO) in the engrafted BM. Since the two approachessided overlapping results,
they were analyzed and are shown together, witivichehl data from each approach

also provided.

Reduced FOXP3 expression accelerates thymocyte maturation and thymic
involution

We first analyzed the thymic compartment. At 12 kge@ost-transplantation, we
observed increased thymic sizeR@XP3-KD/KO huMice compared to controls (1.3
range:1.1-1.7 fold the control), which showed a i@edhymic size very similar to the
thymic rudiment of the untransplanted NSG (Fig.3AAccordingly, human
differentiating thymocytes were detected in BEGXP3-KO huMice, and in only 1/5
control huMouse at this time point (Fig.3A). At 1Z- weeks,FOXP3-KD/KO
showed a reduced thymus size compared to contidideu(0.45 fold on average)
(Fig. 3B). This suggested an accelerated thymodifferentiation and premature
thymic regression. Altered thymocyte differentiatiowas confirmed by

immunophenotypingFOXP3-KD/KO thymocytes showed a significantly different

14
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306

composition at 14-17 weeks, with decreased pergesataf immature DP (50+14% vs
73+4.3%, KD/KO vs Ctrl) and increased percentagésDdN and SP cells
(DN:1.9£1.0% vs 0.54+0.19%, SP4:1948.5% vs 6.5+2.1%P8:11+2.9% vs
5.7£1.2%, KD/KO vs Ctrl), when compared to contiaMice (Fig.3C and Fig.S1A).
This altered thymocyte distribution observed=@XP3-KD/KO huMice was not the
effect but likely the cause of the premature thymwmolution at the analyzed time
point, as a very similar composition was alreadgdable at 12 weeks, when thymic
size was bigger in KD/KO (Fig.S1B-C).

Treg frequencies were comparableR@XP3-KD/KO and control thymi (Fig.3D).
We found a 24% and 42% reduction on average in Ki@bliferating SP4 and SP8,
respectively, thymocytes iROXP3-KD/KO compared to their control counterpart
(266.7 vs 34+6.0 CD4+/Ki67+ and 21+3.8% vs 36+4.8W8+/Ki67+, KD/KO vs
Ctrl) (Fig.3E), while apoptotic rate was not affstt (Fig.S1D). Thymocyte
differentiation and proliferation are ruled by TGRlection and signaliig Since
both processes were altered in KD/KO huMice, weesssd the efficiency of TCR
signaling inFOXP3-KD/KO thymocyte by evaluating clonal distributiand gene
expression patterns. High throughput sequencinthefTCH3 locus showed lower
clonality (higher diversity) inFOXP3-KD/KO thymocytes (0.06 range:0.04-0.08 vs
0.21 range:0.04-0.38, KD/KO vs Ctrl) (Fig.3F), sagting altered thymic selection
when FOXP3 was depleted. To directly assess dardp&@dR signaling strength
upon FOXP3 down-regulation, we analyzed the exmpess TCR induced genes in
GFP-sorted=OXP3-KD and control thymocytes. Consistent with thendlity data,
the expression dflur77/NR4AL, which is an early TCR response gene used tothjirec
measure the strength of TCR signafitit was significantly reduced iROXP3-KD

thymocytes (0.045+0.01 KD vs 0.14+0.04 Ctrl arbigranits (a.u.)). Similarly, the

15
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expression of transcription factors controlled bZR signaling and regulating
thymocyte differentiation were significantly reddca FOXP3-KD when compared
to control thymocytes (Fig.3&) We conclude thatOXP3-KD/KO huMice display

faster thymocyte differentiation and thymic regress coupled to reduced TCR
signaling. These results indicate that FOXP3 isessary for proper thymocyte

maturation, likely by affecting TCR-mediated negatselection.

FOXP3-KD/KO huMice show early increased thymic output and peripheral T
cell expansion

We next evaluated peripheral lymphoid compartmeémsen assessing the kinetic of
human T cell appearance in PB, we observed higheellTpercentages in KD/KO
compared to control huMice (27£15% vs 9.3£5.3% @t11 weeks, 34+14% vs
5.9+1.0% at 12-13 weeks; 47+13% vs 25+6.4% at 1weéks huCD45+/CD3+,
KD/KO vs Ctrl) (Fig.4A, Fig.S2A). By fitting a ststical model for nonlinear mixed
effects on the PB T cell kinetics, we found a digant difference in the dynamics,
suggesting that T cells appeared at an earlier poet in FOXP3-KD/KO huMice
when compared to control mice (Fig.S2B). This, tbge with the observed faster
thymic development (see Fig.3A-C), suggested erdthtitymic output at early time
points in KD/KO huMice. To directly assess thymiatmut, we evaluated T cell
Receptor Excised Circles (TREC), which directly mea recent thymic emigrahfs
in PB cells. At 7-9 weeks post-transplant, TREC evsrgnificantly increased in
FOXP3-KO compared to control PB cells (0.013+0.0050 v£0@09+0.0015
TREC/GAPDH copies, KO vs Ctrl) (Fig.4B), indicatimmhanced thymic output at
early time points when FOXP3 expression is redutedine with the faster thymic

regression observed at 14-17 weeks in KD/KO huMsse Fig.3A-C), KD/KO PB

16
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cells showed reduced TREC when compared to theimtegpart at 12-15 weeks post-
transplant (0,017+0,009 vs 0,063+0,023 TREC/GAPDdpies, KD/KO vs Citrl)
(Fig.4B).

Interestingly, T cells were found expanded in tleeighery also at late time points
(14-17 weeks), when the thymus already regresse&D/KO huMice. KD/KO
huMice showed increased T cell number (2.8 rangef4 x16 vs 1.8 range:0.35-2.3
x10° CD3+ cell count, KD/KO vs Ctrl) (Fig.4C) and sijpantly higher CD4+ and
CD8+ cell percentages (17 range:1.6-46% vs 3.6 e@mR-21% CD4+ and 8.7
range:1.7-21% vs 2.8 range:0.03-17% CD8+, KD/KQCu$) (Fig.4D) in the spleen,
compared to controls. Thus, both CD4+ and CD8+ Teffs were found expanded
and both characterized by significantly enlarged mmey compartments
(EM:12+£3.5% vs 2.4+0.7 and CM:4.9+1.4 vs 0.86+0.BDH/KO vs Ctrl CD4+;
EM:5.2+1.2% vs 1.7+0.48 and CM:1.5+0.46 vs 0.3720KD/KO vs Ctrl CD8+) in
KD/KO huMice compared to controls (Fig.4E). Likekeflecting the intrinsic
different outcomes of the KO (absence of FOXP3 esgfion) and the KD (reduced
FOXP3 expression) approaches in the gene-modié#s, the reduced naive/memory
ratio was more pronounced in KO compared to KD [I5¢€&ig.S2C). According to a
model where the phenotypic effect is proportiomatie level of FOXP3 expression,
the expansion of gene-modified (GFP+) cells wasdevi only in the T cell
compartment and significantly correlated with Tl @tpansion exclusively in KD
huMice and not in controls (Fig.S2D). The reducexdve compartment and the
peripheral Teff enlargement observed in KD/KO hudighen thymus was already
shrunk suggested that T cell expansion was notduryto an initial increased thymic
output, but also to peripheral expansion. Consilsteimmunohistochemistry analysis

of fixed organ sections showed enlarged T-B spledicles in KO compared to
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control huMice. As well, KO livers showed consigt@&ncell infiltrations, which were
absent in controls (Fig.4F).

We next assessed the regulatory compartment andd fow difference in Treg
percentages between KD/KO and control huMice eitheflow cytometry (0.90%
range:0.76%-4.85% S 2.2% range:0.88%-4.5%
CD4+/CD25hiCD127lo0HEL+FOXP3+ cells, KD/KO vs Ctrlor by TSDR
quantification (1.4% range:0.51%-1.6% vs 0.78% ea@@5%-1.0% CD3+/TSDR+
cells, KD/KO vs Citrl) (Fig.4G). Tregs from KO huMicalso showed suppressive
abilities, as indicated by the higher proliferatiodex of KO CD4+CD25- compared
to total KO CD4+ T cellsn vitro (Fig.4H) (see Fig. 1H as reference). In line with
results obtained in humdits this finding indicates that wild type FOXP3 Tregs
outcompete Tregs depleted for FOXP3 in this paklaIKO model, as confirmed by
similar FOXP3 expression levels in CD4+CD25+ Trgiesocytes isolated from
KD/KO and control huMice (Fig.S2E). Thus, Teff exgaon observed in the FOXP3
KD/KO huMice model is not due to defective Treg toh but rather to a Teff

intrinsic FOXP3-dependent dysregulation.

Impaired FOXP3 expression alters peripheral effector T cell homeostasis in
huMice

Peripheral expansion and reduced naive/memorysratio T cells after thymic
involution in KD/KO huMice suggested aberrant hostatic proliferation taking
place upon reduction of FOXP3 expression. Thusoriter to assess the possible
impact of aberrant homeostatic proliferation onigdegral T cell fitness, we tested
proliferative response of T cell in FOXP3-KD/KO andntrol huMice. We did not

observe major differences in the percentage ofifprating T cells, between KD/KO
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and control splenocytes at steady state (Fig.5@9telhd, activated KD/KO CD4+
cells showed a significantly reduced proliferatemmpared to the control counterpart
(65% range:48%-86% vs 83% range:77%-89%, CD4+fpraling cells, KD vs Ctrl)
(Fig.5B) exclusively when in the presence of IL2g(E3A), suggesting an impaired
proliferation in response to IL2. Proliferation KD CD8+ cell remained unaltered.
This impairment was not due to altered expressiote high affinity IL2 receptor,
which was similar between KD/KO and Ctrl CD4+ céfsg. S3B).

Aberrant homeostatic proliferation can lead to alowgontraction and telomere
shortening®. In order to test clonal contraction in FOXP3-K@keripheral T cells,
we performed high-throughput sequencing of the FG&us in splenocytes and
observed significantly increased clonality (reduadonal diversity) in KD/KO T
cells, when compared to controls (0.34 range:0.38-Ovs 0.17 range:0.1-0.18
clonality, KD/KO vs ctrl) (Fig.5C), indicating unem homeostatic proliferation. The
clonal contraction took place in the periphery hbeseaclonality was lower (higher
diversity) in KD/KO thymocytes compared to the gohtounterpart (see Fig.3F). In
order to assess possible telomere damage, we tdldhe expression of the
Telomeric Repeat-binding Factor 2 (TERF2), whicméeded for correct telomere
capping and maintenendte TERF2 expression was lower iROXP3-KD/KO
compared to control cells (1.7£0.92 vs 3.0£1.4,akD/KO vs Citrl), suggesting
increased telomere attrition (Fig.5D). The expmssof FOXP3 and a panel of
FOXP3-target genéSwere also altered as expected, confirming theifigiec of the
gene modification obtained in tf&OXP3-KD/KO huMice model (Fig.S3C)Uneven
homeostatic proliferation may also result in skewed cytokine production
towards a Th2 predominance, as it has been described in IPEX patients41’42.

Therefore, we assessed cytokine concentrationerrsaipernatant ah vitro activated
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T cells derived from the spleen of huMice to tegioasible Th2 skewing iIROXP3-
KD/KO huMice. Although all detectable cytokinesttxb were increased in KD/KO
samples compared to controls, we observed a mayeopnced increase in the
concentration of Th2 cytokines when compared to, Tiebkulting in significant
reduction of the Th1/Th2 ratio iOXP3-KD/KO samples (Fig. 5E). Human
cytokines in the plasma of huMice were undetectdthle the Thl cytokine IL12,
whose level was similar between KD/KO and contr@dsd the Th2/regulatory
cytokine 1L10, whose expression was increased /KD huMice (Fig. S3D).
Altogether these results indicate that peripheraéll homeostasis and differentiation

are severely compromised upon reduction of FOXRBession in huMice.

Impaired thymic and peripheral homeostasis of effector T cellsin patients with
IPEX syndrome

To test the relevance of our findings for the hurpathology, we assessed whether
alterations similar to the ones observed in FOXH¥KO huMice were found in
IPEX patients. We retrospectively analyzed a colodrautoimmune and healthy
donors and fitted a regression model plotting peage of PB CD4+/CD45RA+
naive cells against age. While slopes were sinbitwwveen groups, the intercept
obtained from the regression curve of IPEX patievds significantly lower than the
one obtained from healthy donors, indicating a ificantly reduced naive cell
fraction in IPEX patients (Fig.6A). To verify if ih reduction was a direct
consequence dfOXP3 mutation rather than a secondary effect of theiaurhune
processes, we also plotted data from patients @athy onset autoimmunity against
different organs but no detectable mutation&@XP3. Interestingly, the regression

curve obtained from these FOXP3-competent polyautaine patients was not
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different from the one obtained from healthy don@g.6A). Thus, IPEX patients,
like FOXP3-KD/KO huMice, have a contracted naive compartmerthe periphery
as a consequence of the expression of mR&@XP3 alleles within the overall T cell
compartment. We next sequenced PdBcus in PBMC from the same experimental
groups. As opposed to what observed in FOXP3 KDH®lice, we did not find an
increased clonality in the analyzed IPEX patiemtisen compared to healthy donors
(Fig.S4). This was likely due to the immunosuppiressegimen, to which patients
were subjected, that limited Teff clonal expandiothe periphery. Instead, when we
quantified the fraction of productive TGRearrangements and plotted it against age
of the donors, we found that IPEX patients, but potyautoimmunity patients
displayed a significantly lower intercept of thegmession line in comparison to the
HD counterpart (Fig. 6B). This finding indicatesreduced fraction of productive
TCR rearrangement in IPEX patients, suggestive afefect during thymocyte
selection. We tested if the reduction in the fiattbf TCR productive rearrangements
was also displayed by KD/KO huMice. We found a Bigantly lower fraction of
productive rearrangements in KD/KO thymocytes whmympared to controls,
confirming that the defect was FOXP3-dependent.@&ly The reduction was less
evident in huMice periphery, where, most likelye theripheral expansion of some
clones masked the non-productive ones (Fig. 6CalseeFig.5C). Overall, these data
indicate a relevant role for FOXP3 in both thymasyand peripheral Teff cells in the

human system.
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DISCUSSION

In order to assess the role of FOXP3 in the diffeadion of human Teff cells, we
developed a huMouse displaying a hematopoieticesysgenerated from human
HSPCs genetically modified to impair FOXP3 expraessFOXP3-KD/KO huMice
showed defects in both early and late stages df digérentiation, in line with the
defects observed in the natural and experimeR@XP3 KO mouse modefd**
Indeed,FOXP3-KD/KO huMice displayed accelerated thymocyte dgfgiation that
resulted in enhanced thymic output at early timantgp as indicated by the earlier
appearance of T cells and the increased fractioagant thymic emigrants in PB, and
in premature thymic regression at later time poihevertheless, KD/KO huMice
showed peripheral T cell expansion at both early late time points, when thymus
already regressed, suggesting that T cell expamsguited from a wave of enhanced
thymic output coupled to peripheral homeostatidifam@tion.

FOXP3-KD/KO thymocytes showed decreased TCR-signalimgngfth and higher
TCR repertoire diversity compared to controls, ssfigg an altered negative
selection and unveiling a direct effect of FOXP3tltymopoiesis. Several studies
have documented FOXP3 expression in human thym&cyteluding a recent one
that has clearly identified the thymus as the @sdisplaying the highest FOXP3
expression (NCBI PRINA280608}"*> Further supporting a role for FOXP3 in
thymopoiesis, FOXP3 is activated downstream of BDBagement in human Teffs
and can modify TCR signaling threshold during thyrsélection in murine Tredfs
By suggesting a role for FOXP3 in controlling TCigrmaling strength, our data
propose that FOXP3 contributes to immune regulatibrdifferent levels. Indeed,
TCR signaling and the expression of the downstrgeme Nur77, rule central and

peripheral immune tolerance by regulating auto{reacclones neglection and
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Treg/Teff functions, respectivél{y*® By directly impacting these pathways and on
the basis of the results obtained by sequencing @3 locus in IPEX patients (see
below), we thus propose FOXP3 to control immunertoice at both central and
peripheral levels.

In the periphery, the clonal contraction, the retuamaive/memory ratio and the
decreased TREC amount at late time points in KD/KElls further support uneven
homeostatic proliferatiofi, which likely occurred to compensate the premature
thymic regression and might be led by the highactfon of auto-reactive clones
escaping negative selection. These features, teigeiith the expansion of peripheral
T cells displaying hypo-responsiveness to IL2 dmal skew towards a Th2 cytokine
profile, indicate a severe impairment of the pegigh T cell compartment. Only
further experiments will define if the cytokines wetected, and that we showed as
Th1/Th2 ratio for sake of clarity, are co-expressethin the same cell or whether
they are expressed individually in each cell. Bodntral and peripheral defects
observed in KD/KO-FOXP3 huMice were reminisceniaofaged immune systém
On the same line, the observed reduction in TERfR2ession suggested increased
telomere attrition in KD/KO cells, although furthéunctional demonstrations are
needed to formally prove it. In light of the demwated association between reduced
TCR signaling and immune agitlg we thus hypothesize that FOXP3 expression
down-regulation results in an immune aged-like oitygme, as consequence of the
reduced control of TCR signaling. Although furtrstudies are needed to formally
prove the link between FOXP3 and immune aging, llyigothesis is intriguing in
light of the well-known association between aging autoimmunits?.

In contrast to the altered Teff compartment, wyget FOXP3-Tregs outcompeted

Tregs expressing reduced FOXP3, resembling whatrebd in chimeric human
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system&®. Indeed, Tregs expressed normal levels of FOXRBveere functionaln
vitro in our partialFOXP3-KD/KO models. This indicates that the T cell phigpe
observed was not due to dysfunctional Tregs binerateff intrinsic. On the other
hand, since the phenotypic defects were evidettieatevel of Teff bulk population,
composed by both unmodified and gene-modified cells postulate thaFOXP3-
KD/KO have a paracrine effect on FOXP3-competelts.ce

Although the phenotype of KD/KO huMice might haveeh exacerbated by the
recipient mouse lymphopenia, we found that IPEXepds$, who are not lymphopenic,
also show &0OXP3-dependent decrease in the naive pool of peripiadh T cells.
Similarly to what we observed BFOXP3-KD/KO huMice, IPEX patients also show a
Th2-skewed cytokine profile in CD4+ T céftd? In contrast to the data we obtained
in FOX3-KD/KO huMice, we did not detect increased perithdr cell clonality in
IPEX patients, likely due to the fact that T cetpansion in patients was kept under
control by the immunosuppressive therapies (sedeT&i for detailed clinical
information about human donors). Nevertheless, IREBEKents, as well aBOXP3-
KD/KO huMice, displayed an increased fraction ohfmoductive TCR rearranged
clones, suggesting a defect at the levep afelection in the thymus upon decreased
FOXP3 expression. We could thus speculate thatpvidnectional FOXP3 expression
is reduced, as in both the huMice model and IPEXepts, thymocytes fated to
apoptosis because of a non-productive TCR rearraege are rescued because the
molecular pathways inducing programmed death, aibrti controlled by
FOXP3%37°152 3re not properly working. Future investigation#l We required to
determine whether an early defect in thymocyteeddftiation could occur also in
other autoimmune diseases, such as IPEX-like symespin which Treg/Teff balance

is impaired as a consequence of mutations in gfeees”.
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Our studies demonstrate the feasibility of using lnMouse model, complemented
by gene transfer technologies, to investigate tihe of different genes in the human
immune system and better understand pathogenesimanofine mediated diseases,
often hindered by the limited availability of patte’ cells. Overall our data call for a
previously not described role for FOXP3 as intgngigulator of early maturation and
peripheral homeostasis of effector T cells, which identified in the presented
huMouse and detected also in human autoimmune Ipgtholndeed, our findings

support a new pathogenic model for IPEX, where F@®XRutations intrinsically

affect not only regulatory but also effector T cartment at different levels.
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FIGURE LEGENDS

Figure 1. huMouse model employed in the study. A) Percentage of hCD45+ cells in
bone marrow (BM) and peripheral blood (PB) 9-12 keegost-transplant (n=6-7). B)
Thymocyte composition at 9 weeks (9w) and 12 wé&Rsv) post-transplant (n=3-5).
C) Left, hematopoietic lineage composition in PB&)) right, absolute number of
CD3+/ml of PB, dashed line: range in healthy hundamors (HD), (n=10). D)
Peripheral Teff populations in the indicated tissya=6). Left, values shown as
fraction of the CD3+ population (far left) or asadtion of the CD4+/CD8+
(top/bottom middle left) populations. Right, CD4-BE&+ ratio (n=5). E) Regulatory T
cells (n=10-12). D-E) Relative T cells populatianshuman peripheral blood from
adult and pediatric HD provided as reference. B=E&w cytometry plots showing
gating strategies are provided. F) Representatividgration dye dilution 6 days after
in vitro stimulation of CD4+ cells in presence &Rl (n=3 out of 6 performed). G)
Clonality of TCRH3 in mature T cells. Left, representative clonal position pie
chart; right, clonality index (n=6), dashed lineefarence HD PBMC value. H)
Median proliferation index (left) and representatiyproliferation dye dilution
histogram (right) of mature CD4+ and CD4+CD25- £elpon stimulation by anti-

CD3/CD28/CD2 beads. A-H) N=2-3.

Figure 2. Efficiency of FOXP3 KD and KO. A) CB-derived CD34+ cell transduced
by LV expressing anti-FOXP3 (LV-shFOX) or anti-lteriase (LV-shCtrl) sShRNA, or
nucleofected by TALEN targeting the transcriptidarssite (TSS) oFOXP3. 4-7
days later, %gene modification assessed by repgdae expression (%GFP+ or
%ANGFR) (N=6, n=6) or by non-homologous end joining (NHE&l)the FOXP3

locus (N=5, n=5). B) FOXP3 expression by flow cy&rny in untransduced
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CD4+CD25- (Teff), as negative control, and CD4+CbZ%reg) cells transduced by
the indicated LV; representative plots (left) ancerage knockdown level (right)
(N=2, n=4). C) Percentage of genomic NHEJ and prot€O in CD4+ cells

nucleofected by TALEN (left) and representativewflaytometry plots of FOXP3

expression upon activation (right) (N=2, n=3-5).

Figure 3. Reduced FOXP3 expression alters thymocyte differentiation. Thymi
from FOXP3 KD/KO and control huMice analyzed 12 kwe€A, N=1) and 14-17
weeks (B-G, N=6) post-transplant. A) Left, thymieight normalized to the mean of
the controls (set as 1); right, number of mice shgwhuman differentiating
thymocytes (n=5). B) Thymic size measured by wemhtell count, normalized to
the mean of the controls (set as 1) (n=8 KD/KO, &=Qtrl). C) Thymocyte
composition (n=7 KD/KO, n=14 Ctrl); Left, p valug/ Imon-parametric combination
test (p=0.0401; see methods). Right, representptote of CD45+ thymocytes (CD3-
CD1la- cells excluded). D) Percentage of Treg c@ls9 KD/KO, n=18 ctrl). E)
Percentage of Ki67+ proliferating cells in the wated populations (n=7 KD/KO,
n=14 ctrl). F) Clonality index assessed by nextegation sequencing of the TGR
locus (n=3 KD/KO, n=4 ctrl). G) ddPCR analysis amnted GFP+ thymocytes cDNA.
Arbitrary units: #copies/microliter of the test gen #copies/microliter of HPRT.
**p=0.0052 Nur77, p=0.0057 GATA3, p=0.0034 MYB, p8034 RORC, by one-tall
Mann-Whitney (n=8 KD/KO, n=19 ctrl). Single dataifn the KD/KO approaches are
either shown as circles (KD) and squares (KO) (B, ) F) or provided as

supplementary information (C).
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Figure 4. Reduced FOXP3 expression induces peripheral Teff cell expansion.

PB (A-B), spleen (C-E, G-H) and liver-infiltratingF) analysis, 14-17 weeks,
otherwise indicated, post-transplant. A) Percentag€D3+ T cells at different time
points post-transplant (n=11 KD/KO, n=20 ctrl, N=®) TREC detection at 7-9
(N=2, n=8) and 12-15 (N=3, n=4-5) weeks post-tréargp C) Absolute numbers of
CD3+ T cells. D) Percentages of CD4+ and CD8+ gspuigtes; **p=0.0030,

*p=0.0475 by Mann-Whitney test (n=11 KD/KO, n=20lcN=6). E) Percentages
(left) and representative plots (right, CD4+) of Subpopulations. CD4+EM
**»p=0.0098, CD4+CM **p=0.0098, CD8+EM *p=0.0272, BBCM *p=0.0350 by

Mann-Whitney test (n=11 KD/KO, n=20 ctrl, N=6). FRepresentative
immunohistochemistry of subsequent sections of dfixissues. Spleen (10x
magnification, bar:100mm), circle identifies a fdk; liver (5x magnification,

bar:50mm), transversal section of portal vein witépatic duct(s) (n=3). High-
resolution slides available with the Virtual Micoope (see online material). G)
Percentage of CD25hiCD1271o0FOXP3+ (n=11 KD/KO, n€<lfl, N=6) and TSDR+

(n=3, N=2) thymic-derived Tregs among CD3+ spletesyH) Mean proliferation

index of KO CD4+ and CD4+CD25- cells upon stimuwatby anti-CD3/CD28/CD2

beads (n=6, N=1). Data from KD/KO approaches atieeeishown as circles (KD)

and squares (KO) (B-D,G) or provided as supplemgmtdormation (A,E).

Figure 5. Impaired FOXP3 expression affects peripheral Teff cell homeostasis.
A) Percentage of Ki67+ CD4+ and CD8+ splenic (nKIW/KO, n=20 ctrl, N=6). B)
In vitro proliferation dye dilution upon stimulatiowith anti-CD3/CD28 beads in
presence of exogenous IL2. *p=0.0303 by Mann-WHhittest (n=6 KD, n=5 ctrl,

N=2). C) Clonality index assessed by next genanagexuencing of the TGRocus.
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*p=0.0466 by one-tail Mann-Whitney test (n=5 KD/K@=8 ctrl, N=3). D) TERF2
expression assed by ddPCR analysis on sorted GiePKD) or CD4+ (for KO)
splenocytes. Arbitrary units: #copies/microliter othe TERF2 gene /
#copies/microliter of HPRT (n=4 KD/KO, n=9 ctrl, 8% E) Thl and Th2 cytokine
concentration in the supernatantiofvitro cultured human cells from spleen (left,
n=6 KD, n=5 Ctrl, N=2) from KD/KO and control huMic Right, Th1/Th2 ratio in
KD/KO and Ctrl samples. *p=0.0287 by one-tail MaWhnitney test (n=10 KD/KO,
n=16 Ctrl), each symbol represents a mouse sarDglia from KD/KO approaches

are shown as circles (KD) and squares (KO) (A, C-E)

Figure 6. Teff defects observed in FOXP3 KD/KO huMice are also displayed by

IPEX patients. A) Percentage of peripheral blood CD4+/CD45RA+Isc@lotted

against age of healthy donors (HD, n=28), IPEX gra8i (n=7), polyautoimmune
(n=11) and APECED patients (n=2). B) Fraction ajdurctive TCE rearrangements
in PBMC plotted against age of HD (n=32), IPEX (h=hd polyautoimmune (n=5)
donors. A-B) An estimated regression line for egobup and statistical analysis is
shown in bottom panels. °p-values indicate stafstsignificant difference of the
estimated coefficient from 0. For the remaining soyw values indicate statistical
difference from the relative baseline HD. C) Frawatiof productive TCR

rearrangements in human thymocyte (Thy, n=3-4) @eripheral cells (Peri, n=5-8)
from KD (circles) and KO (squares) and control ha#(N=3). *p=0.0286 by one-

tail Mann-Whitney test.
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Table S1. Clinical details of human donors analyzed in the study

_Age at Age at time . i mLAe
Donor ID time of FC of TCRB Diagnosis Au_t0|mm_une sUopressive Genetic Mutation
analysis analysis manifestations * Dhrerany 5
(years) (years) v apy
PAl 15 15 Polyauto T1D/AITD/Gastritis/Fam NO AIRE HET
PA2 7 7 Polyauto SP/Alopecia/HYP/Fam NO NO
PA3 10 10 Polyauto T1D/AITD/Vitiligo/Fam NO ND
PA4 16 16 Polyauto AITD/CD/Fam NO ND
PAS 13 13 Polyauto T1D/Vitiligo/Fam NO ND
PAG6 10 - Polyauto AITD/Alopeciit win Topic steroids NO
APE1 9 - APECED AD/HYF'Eam NO AIRE
PA7 20 - Polyauto T1D/AITD/AD NO NO
PA8 12 - Polyauto T1D/EF")C NO NO
PA9 17 - Polyauto T1D/CO/SP NO ND
PA10 17 - Polyauto 7 "D/AITD/CD NO ND
AITD/AC 'Psoriasis/Alope
PAll 16 - Polyauto ____via/CD/Fam NO ND
PA12 18 - Polyauto | T1D/AITD/RA/Fam NO ND
PA13 12 - Polyauto _'_ AITDA/Alopecia/Fam NO ND
PA15 16 - Polyautz T1D/AITD/AC/Fam NO NO
APE3 16 - APECED HYP/AD/Keratitis NO AIRE
PA16 12 - Pciyalto T1D/AITD/SP/CD/Fam NO ND
N Partially controlled
IP11°% 14 - IPEX disease (T1D, AITD, FK506, steroids FOXP3 c.1150G>A
eczema, alopecia, AHE)
Clinical and histological
IP14°% 12 12 IPEX remission FK506 FOXP3 c.725T>C
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Table S1. Clinical details of human donors analyzed in the study

Age at Age at time i mLAe
Donor ID time of FC of TCRB Diagnosis Au_t0|mm_une . sUopressive Genetic Mutation
analysis analysis manifestations Dhrerany 5
(years) (years) v apy
Active disease (diarrhea, Raramvcin. MPD
IP19° 0 - IPEX lymphadenopathy, l\)IIMF ’ FOXP3 ¢.1078C>T
hepatitis)
IP21° 3 - IPEX Active disease (diarrhea) CP FOXP3 c.750 752del
IP22° 0 0 ipEx | Active disease (diamhoa, CSA, PDN FOXP3 ¢.1110G>A
AC, nephropathv)
Active disease (severe
9 gastric inflanwn:ton, NO
IP24° IPEX ulcers ar & immune FOXP3 c.210+1G>C
infiltrate s)
13 Well contialled disease Rapamycin
IP25# 12 - IPEX lriip. 2ving disease Rapamycin FOXP3 ¢.1040G > A
(diarrhea)
IP28 3 3 IPEX ~ Well controlled disease Rapamycin FOXP3 c.1190G>A
P29 6 - IPEX No disease NO FOXP3 c.1190G>A
Acute d|sea_se (T1D, Rapamycin, steroids,
P31 0 0 IPEX eczema, diarrhea, fituximab FOXP3 c.1010G>A
infections, nephropathy)
22235"39 - range: 0-9 | HEALTHY NO NO ND
HIP-HD ) Cq E A
(n=27) range: 1-13 ' \'EALTHY NO NO ND
HD4-31 range:0-19 - HEALTHY NO NO ND

(n=28)




Table S1. Clinical details of human donors analyzed in the study

FC: Flow Cytometry
ND: Not determined

* AC: autoimmune cytopenia
AD: Addison disease
AHA: autoimmune hemolytic anemia
AITD: autoimmune thyroiditis
CD: celiac disease
Fam: familiar history
HYP: hypoparathyroidism
RA: rheumatoid arthritis
SP: skin pathologies
T1D: type 1 diabetes
UC: ulcerative colitis

8 CP: cyclophosphamide
CSA: cyclosporin A
MDP: mycophenolic acid prodrug
MMF: mycophenolate mofetil
PDN: prednisone

° Lampasona et al., PLoSOne 2013 and Barzaghi et al., Front I1,.munol 2012
# Zama et al., Ital J Pediatr. 2014
HIP-HD from Dean et al., Genome Med 2015



Table S2. Flow Cytometry markers used to identify hematopoietic populations

Population | Markers
Pre
T/IDC/NK | CD1a-CD3-CD34+CD38lo
Pre T/NK | CD1a-CD3-CD34+CD38+
DN CD1a+CD4-CD8-
Thymocytes on 1 isp CD1a+CD4+CDS-
DP CD3+/-CD4+CD8+ B
SP4 CD3+CD4+CD8- AN
SPs CD3+CD4-CD8+ Y
B CD19+
T CD3+
Myeloid CD13+ B
T helper CD3+CD4+CD8- -
T cytotoxic | CD3+CD4-CD8+
CD4+CD8-/ or CD4-
Periphery | Naive T CD8+/CD62L+CD45KA+
CD4+CD8-/ or CD=+-cuoT/CD62L-
TEMRA CD45RA+ B
EMT CD4+CD8-/ 0" CL 4-CD8+/CD62L-CD45RA-
CD4+CD8-/ or C4-
CMT CD8+/CDb2 1~ CD45RA-

Treg

CD4+CD8R-/CD25+CD12710FOXP3+


http://www.editorialmanager.com/jaci/download.aspx?id=1366567&guid=9cd057c4-7d17-48c8-9feb-9d9a8f1f92ec&scheme=1
http://www.editorialmanager.com/jaci/download.aspx?id=1366567&guid=9cd057c4-7d17-48c8-9feb-9d9a8f1f92ec&scheme=1

Table S3. Antibodies used in this work

Flow Cytometry Code number Company
CD1a-PE 555807 BD
CD3-APC 345767 BD
CD3-PerCP/Cy5.5 300328 Biolegend
CD3-V500 561416 BD
CD4-APC 345771 BD
CD4-PECy7 557852 BD /
CD8-APCH7 641400 BD £N
CD25-BVv421 562442 BD

CD34-PB MAB-136PB Immunological Scen ~es
CD34-PECy7 25-0349-42 eBiosciences
CD38-PerCP/Cy5.5 551400 BD
CDA45-PB 304029 Biniegena
CD45-V500 560777 BD
CD45RA-PB 304123 Biolegend
CD62L-PE 341012 8D
CD127-PerCP/Cy5.5 351322 piolegend
FOXP3-Alexa647 320214 ~__ Biolegend
Helios-PE 137206 X Biolegend
Ki67-FITC 556026 BD
Immunohistochemistry Clone Company
Rabbit monoclonal CD3 7GVb Ventana

Mouse monoclonal CD4 /~SP%p Ventana

Rabbit monoclonal CD8 _ SP.57 Ventana

Mouse monoclonal CD20 26 Ventana




Figure S1
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Figure S2
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Figure S4
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