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Abstract

Background: Bcl6 is required for the development of T folliauhelper and regulatory (Tth, Tfr)
cells that regulate germinal center responses. &8sl impacts the function of regulatory T
(Tregq) cells.

Objective: The goal of this study is to define the functiaf®cl6 in Treg cells including Tfr
cells in the context of allergic airway inflammatiQAAl).

Methods: We employed a model of house dust mite (HDM) gizasion to challenge wild type,
Bcl6" Foxp3-Cre andrdmi(Blimp1)"" Foxp3-Cre mice to study the reciprocal roles oftBcl
and Blimp1 in AAI.

Results: In the HDM model, Tfr cells repress the productad IgE and Bcl6+ Treg cells
suppress the generation of type 2 cytokine prodyceils in the lungs. In mice with Bcl6-
deficient Treg cells, twice as many ST2 (IL-33R)egs develop as observed in wild type mice.
STZ Tregs in the context of AAIl are Blimpl-dependa&xpress type 2 cytokines, and share
features of visceral adipose tissue Treg cells6Hefficient Tregs are more susceptible, and
Blimp1-deficient Tregs are resistant, to acquiring STZ Treg cell phenotype in vitro and in
Vivo in response to IL-33. Bcl6-deficient ST2+ §sebut not Bel6-deficient ST2+ T
conventional cells strongly promote AAI when traarséd into recipient mice. Lastly, ST2 is
required for the exacerbated AAIBtI6"" Foxp3-Cre mice.

Conclusions: During AAl, Bcl6 and Blimpl play dual roles ingelating Tfr activity in the

germinal center and in the development of STizgs that promote type 2 cytokine responses.



64

65

66

67

68

69

70

71

72

73

74

Koh page 4
Key M essages:

» Tfr cells limit IgE production in mice challengeg hirway allergen
« Bcl6 and Blimp1 reciprocally regulate STPreg development

« STZ Tregs promote allergic airway inflammation

Capsule Summary: Bcl6 attenuates allergic disease by promoting &lrdevelopment to

repress the allergen-specific humoral responséwtichiting expansion of ST2Tregs.

Keywords: interleukin-33, ST2, Bcl6, Blimp1, T folliculaegulatory T cells, ST2-expressing

regulatory T cells, allergy, asthma.
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Abbreviations:

AAIl: Allergic airway inflammation

BAL: Bronchoalveolar lavage

ChIP: Chromatin Immunoprecipitation
ELISA: Enzyme-linked immunosorbent assay
Foxp3: Forkhead box P3

GC: Germinal center

HDM: House dust mite

iTreg: in vitro cultured Treg

mLN: mediastinal lymph node

mesLN: mesenteric lymph node

PMA: Phorbol 12-myristate 13-acetate
Prdml: gene encoding Blimp1

pTreg: Peripheral regulatory T cell
Tconv: Conventional T cell

Tth: T follicular helper cell

Tfr cells: T follicular regulatory T cells
Treg: Regulatory T

VAT: visceral adipose tissue

WT: Wild-type
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Introduction

Bcl6 is a transcriptional repressor that is a @megulator of immunity with functions in
T cells, macrophages and B cells (1-7). Bcl6 isaai for the germinal center response,
controlling both T follicular helper (Tfh) cells drGerminal Center B (GC) B cells (1-6). Bcl6 is
also expressed in a population of cells co-expngsBoxp3, the lineage defining factor for
regulatory T (Treg) cells. Like Tfh and GC B celisese cells termed T follicular regulatory (Tfr)
cells co-localize to the germinal center (8-10).

In the GC, Tfh cells help B cells to produce hidtingty antigen specific antibodies (Abs)
(11, 12). However, dysregulated Tfh cells promoteeBs production of self-reactive Abs
leading to autoimmune disease (13-15). It was pe@ahat Tfr cells regulate excessive GC
reactions by suppressing proliferation of Tth aalf-seactive B cells (8-10, 16, 17). However,
recent studies report that Tfr cell-derived IL-$§0mportant for maintenance of the GC response
and provides helper functions for the antibody oese (18). Thus, the regulatory and helper
functions of Tfr cells might differ depending oretbontext of the immune response.

In the context of allergic disease, characterizegroduction of Th2 cytokines such as
IL-4, IL-5 and IL13, and allergen specific IgE, Bdlkely has multiple functions. Previous
reports have shown increased allergic inflammatiamice that have germline deletion of Bcl6
(19-22). Enhanced allergic inflammation was thoughteast in part, to be from effects of Bcl6-
deficiency in Treg populations that resulted inrgased Th2 cytokines and expression of genes
includingll1rll, which encodes the IL-33R, ST2 (22). In the absaicTth cells, using mice
that lack Bcl6 in all CD4T cells, there is no IgE production in responsalkergen sensitization
and the absence of IgE-dependent immune functi®hn (2 allergic pulmonary inflammation it

is unclear how Bcl6 influences Treg function.
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In this study, we revealed that Tfr cells are caitifor the allergen-specific humoral
immune response during HDM induced airway inflamoratTfr cell deficiency increased total
and antigen specific IgE production and Th2 respsmr®ntributing to more severe airway
inflammation. The development of STPreg cells was reciprocally regulated by Bcl6 and
Blimp1. Bcl6-deficiency promoted STZreg cell development in mediastinal lymph node
(mLN) and lung, and the increased pulmonary inflatiom was ST2-dependent, defining a

critical role for Bcl6 in restraining the developmef pro-allergic ST2Treg cells.
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127 METHODS

128 Mice

129  All mice were C57BL/6 background, except as spedififor BALB/cJ mice in strain
130 comparisons. BALB/cJ, C57BL/6Foxp3-Cre’™", Bcl6"" Foxp3-Cré™, Bcl6""cD4-Cre™,
131 Prdm1™ Foxp3-Cré™®, 111r11", 111r11"Bcl6" Foxp3-Cré™ were maintained under specific
132 pathogen-free conditions. C57BL/6 x B6.SJL-PiPep&/BoyJ F1 mice were used as recipients
133  for adoptive transfer experiments. All experimentsre done with 6-8 week-old mice. All
134  experiments were performed with the approval of lthdiana University Institutional Animal
135  Care and Use Committee.

136

137  Tregcdl culture

138 Naive CD4CD62L" T cells from mice were positively selected frora mriched CD4T cells

139  from spleen and lymph nodes using MACS beads ahuines (Miltenyi Biotec). Naive

140 CD4'CD62L" T cells were activated with plate-bound anti-CR3ig/ml 145-2C11 ; BioXCell)
141 and soluble anti-CD28 (045/ml ; BD Pharmingen) in complete culture medias®ell Park

142  Memorial Institute 1640 (RPMI 1640, ThermoFisheregtfic) containing 10% Fetal bovine
143  serum (FBS, Atlanta Biologicals), 1% antibioticgifgcillin and streptomycin / stock; Pen 5000
144 u/ml, Strep 500Qug/ml), 1 mM sodium pyruvate, 1 mM L-Glutamine, 22 of Non-essential

145  amino acids (Stock; 100 X), 5mM HEPES (all from LA and 57.2uM 2-Mercapoethanol

146  (Sigma-Aldrich), to generate Treg cells (5 ng/mi@H31, 10U/ml hiL-2, 10ug/ml anti-IFNy,10
147  pg/ml anti-1L-4 or IL-33 1-10ng/ml). For splenic Tgeell culture, YFP Treg cells were sorted

148  from spleen ofoxp3-Cre’™" mice and activated with plate-bound anti-CD3i¢2ml) and
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soluble anti-CD28 (0.5g/ml), hlL-2 (200U/ml) with IL-33 (1 or 10 ng/mlpicomplete culture

media. Cells were grown at 37°C under 5%,@Q harvested on day 3 for analysis.

House dust mite extract-induced allergic airway inflammation

Mice were challenged intranasally with House dugie (iHDM; Greer Laboratories) extract
every other day for 16 days. HDM (#8) extract was diluted with PBS (25 pl) and adntarisd
into the nose. Mice were sacrificed 1 day aftealfintranasal challenge. Bronchoalveolar lavage
(BAL) cells were collected twice by lavaging thengis with 1 ml PBS. To prepare single cell
suspension from lungs, lung tissues were choppddrenubated with 0.5 mg/ml of collagenase
A (Roche) in DMEM at 37°C for 45 mins. After grimgdj tissues with mesh stainless steel
strainer, red blood cells were removed by Ammon{Dhnteride-Potassium lysing buffer
(LONZA). After stopping the reaction by adding kerff(PBS with 0.5 % BSA), cells were
washed with the buffer followed by filtering thrdug0um nylon mesh to remove debris. Single
cell suspensions were used for flow cytometry, RiN@lation or CD4 T cell enrichment. For
adoptive transfer experiment, STdreg (CD4 STZ Foxp3/YFP) or Tconv (CD4 STZ
Foxp3/YFP) cells were sorted from lungs of CD45Roxp3-Cre’ ™", Bcl6"" Foxp3-CréF mice
(CD45.2) and 50,000 cells were transferred to n&lv€CD45.1) recipient mice via tail injection.
Following adoptive transfer, recipient mice weraltgnged with HDM three times at 1 hour, 24
hours, and 48 hours post adoptive transfer. Mieeewsacrificed 1 day after final intranasal

challenge.

Reversetranscription (RT) and quantitativereal-time PCR (QPCR)_qRT-PCR
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Total RNA was extracted using TRIzol reagent (Thefeher Scientific) and reverse
transcribed using qScript cDNA synthesis kit (Qaait). For gqPCR, Tagman real time PCR
assay (ThermoFisher Scientific) was used for geqmession analysis. Gene expression was
normalized to housekeeping gene expresgi@ngicroglobulin). The relative gene expression
was calculated by the change-in-threshoftf 2method. All experiments were performed in
duplicate in two independent experiments and resaré presented as standard error of means

(SEM) of biological replicates. Tagman probes seqas are listed in Table E1.

Flow cytometric analysis

For cytokine staining, lung or BAL cells were stiaed with Phorbol 12-myristate 13-acetate
(PMA) (Sigma-Aldrich) and ionomycin (EMD Milliporejor 2 hours followed by monensin
(BioLegend) for a total of 6 hours. After fixatiomth 1% formaldehyde for 10 mins at room
temperature, cells were washed two times with FA€tEer (PBS with 0.5 % BSA). For
transcription factor staining, cells were fixed hwiEoxp3/Transcription factor fixation buffer
(eBioscience) at 4°C in dark for 30 mins or ovehhidg-or cytokine staining and transcription
factor combination staining, cells were fixed w&7% formaldehyde for 5 mins at 4°C followed
by fixation with Foxp3/Transcription factor fixatiobuffer at 4°C for 3 hours. Fixed cells were
permeabilized with permeabilization buffer (eBi@swe) and stained for cytokines and
transcription factors with fluorochrome conjugatadtibodies at 4°C in dark for one hour.
Stained cells were washed two times with FACS bufied resuspended in FACS buffer for

flow analysis. Fluorescent antibodies for flow eyetric analysis are listed in Table E2.

ELISA

10
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IgE capturing antibody (BD bioscience; 553413) wasted on 96 well plate (NUNC) with
coating buffer (dHO with 0.1 M NaHCQ pH 9) and incubated at 4°C overnight. After waghin
the plate three times with wash buffer (PBS withs0s Tween-20), ELISA buffer (PBS with 2%
BSA) was added to well and incubated at room teatpes for one hour. After washing the plate
three times with wash buffer, 10-100-fold diluteahgples and standard IgE were added and
incubated at 4°C overnight. The next day, afterhivagthe plate three times with wash buffer,
the biotinylated secondary antibody (BioLegend; 35 was added and incubated at room
temperature for one hour. After washing the plated times with wash buffer, wash buffer with
0.05% of avidin-alkaline phosphatase (Sigma-Aldrietas added and incubated at room
temperature for one hour. After washing the plated times with wash buffer, substrate buffer
with p-Nitrophenyl Phosphate (PNPP) (Sigma-Aldrietgs added to each well. Reaction was
stopped by adding stop solution (1N NaOH) and nreaswith the Biorad Microplate 680

ELISA reader. For HDM specific IgE and IgG1, ELI&As (Chondrex) were used.

Chromatin Immunoprecipitation (Chl P)

Splenic Treg cells (1 x $pwere stimulated for three days before being clioggd for 15 mins
with 1% formaldehyde at room temperature with fotatThe reaction was quenched by adding
0.125 M glycine and incubated at room temperatoréfmins. Cells were washed with ice cold
PBS two times. Fixed cells were lysed in cell Iysigfer on ice for 10 mins. Chromosomal DNA
was fragmented to a size range of 200-500 bp wasdhic processor (Vibra-cell) (30 %
amplitude for 8 sets of 10 second bursts). Aftenicaion, debris were removed by
centrifugation at 13000 rpm for 10 mins at 4°C aogernatant was transferred to new tube and

diluted 10-fold with ChlIP dilution buffer. After prclearing, the supernatant was incubated with

11
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the ChIP antibodies for H3K27ac (Abcam), &€4vernight with rotation. The following day,
immunocomplexes containing antibody/protein/DNA &eéncubated with Protein Agarose A
beads at %C for 2~4 hours. Immunocomplexes were washed weith dalt, high salt, LiCl and
TE buffer. Complexes were incubated with elutiorffdru(0.1M NaHCO3) at room temperature
for 15 mins with rotation. After centrifuging at @D rpm for 2 mins at room temperature, the
supernatant was transferred to new fresh tuber Adpgeating the elution step, gbof 4M NaCl
was added to 500l of supernatant to reverse cross-links d&%Bbvernight. The next day, DNA
was purified using phenol-chloroform extractiondamsuspended in nuclease free water and
analyzed by gPCR. SYBR green master mix (AppliedsiBstems) was used to measure
amplification of DNA using 7500 Fast Real-Time PGlgstem (Applied Biosystems). After
normalization to the Input DNA, the amount of outpINA of each target protein was calculated
by subtracting that of the IgG control. ChIP antiles and primer sequences are listed in Table

ES.

RNA-sequencing library preparation and sequencing.

cDNA libraries were prepared with 1 ng of RNA pamgple using Clontech SMART-Seq v4
Ultra Low Input RNA Kit (TaKaRa). Libraries wereguenced with 2x75bp paired-end
configuration on HiSeq4000 (lllumina) using HiS€¥PB8/4000 PE SBS Kit. A Phred quality
score (Q score) was used to measure the qualggmqfencing. More than 90% of the sequencing

reads reached Q30 (99.9% base call accuracy).

RNA-Sequencing alignment and analysis.

12
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The sequencing data were first assessed using Ed8&braham Bioinformatics) for quality
control. All sequenced libraries were then mapjeithié mouse genome (UCSC mm10) using
STAR RNA-seq aligner (24). The reads distributioroas the genome was assessed using
bamutils (from ngsutils) (25). Uniquely mapped sa&aging reads were assigned to mm10
refGene genes using featureCounts (26). Diffeaéatipression analyses were performed using
edgeR v3.22.3 implemented in the Bioconductor pgeKa7) to identify differentially expressed
mRNAs between ST2and ST2samples. Biological coefficients of variation betm the
samples were estimated using an empirical Baye®apip under the assumption that the data
follows a negative binomial distribution. We filegl out low expression transcripts based on
percentage of samples (less than 50%) and CPMf@itdf5. A total of 14,943 mRNAs
remained after filtering and used in the differahéixpression analysis by edgeR. Statistical
significance was defined as FDR p-vak@e05 and a fold change (FE2 of expression level
between comparison of knockout mice and contrdie Aeat map and locus-by-locus volcano
plot were performed using R package. Gene setlengat analysis (GSEA) (28) was used for
the whole genome functional enrichment analysisetian annotation files from Molecular
Signatures Database (MSigDB) immunologic gene seigentify biological pathways that were

significantly enriched after 3,000 times permutatio

Heatmap generation and functional enrichment

For visualizing the expression data obtained frdmm RNA-seq analysis, heatmaps were
generated. Normalized counts for the most diffeadlgit expressed genes (p-value<0.05 and

FDR<0.05) between STand ST2Treg cell subtypes were given as input to genalatstered

13
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261 heatmaps based on functional themes using the Magoplatform (29) and heatmapper (30).
262  Ontology analysis of genes was performed using fg@rd31) to generate summaries of the

263  enriched biologic processes.

14
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Results
Tfr-deficiency resultsin exacerbated airway inflammation

To define the regulatory effects of Bcl6-deficiermyallergic airway inflammation, WT,
andBcl6™ mice crossed to either Foxp3-creaid4-cre transgenic mice, previously shown to
lack Bcl6 in specific cell populations (2, 32-38)re exposed to HDM extract every other day
for 16 days (Fig 1a). Tfr cell populations were mased in the mLN dcl6™ Foxp3-cre mice
consistent with a previous report (32) in the abseof altered Treg cell populations (Fig 1b, 1c,
Figure E1a). Unexpectedly, Tth and GC B cell popafes were also significantly decreased in

Bcl6"" Foxp3-cre mice (Fig 1d-1g). Despite a marked degéaGC B cellsBcl6""

Foxp3-cre
mice produced increased concentrations of HDM-$igdgE and total IgE compared to WT
mice (Fig 1h)Bcl6"™ CD4-cre mice do not produce IgE due to the lack 6fC response (Fig
1d-1h). The numbers of total cells, eosinophilsitraghils, total CDA T cells and Th2 cytokine-
producing T cells in the bronchoalveolar lavage (B#vere significantly increased Bcl6""
Foxp3-cre mice compared to WT aBd6"" CD4-cre mice (Fig 1i, j, Figure E1b, e). Similar to
the BAL, Bcl6" Foxp3-cre mice showed increased total cells andcytdkine-producing T
cells in lung tissue (Fig 1k, Figure Elc, e). Hoae\the number of IL-10 producing T cells in
BAL and lung was similar between the two conditiomatant strains (Figure E1d). Consistent
with a previous report (23Rcl6"" CD4-cre mice have comparable numbers of BAL ceits w
WT mice, but increased inflammation in lung tisg¢bigy. 1i, k) despite impaired IgE production.

These data indicated that the lack of Bcl6 in FegpBressing cells resulted in dysregulated type

2 responses and exacerbated airway inflammation.

Bcl6-deficiency in Treg cellsleadsto increased ST2" Treg cell development

15



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

Koh page 16

The mechanism for increased airway inflammatioBdt6"" Foxp3-cre mice was unclear.
A previous report demonstrated that Bcl6-deficigpienic Treg cells expressed mai 11,
encoding the IL-33 receptor ST2, than WT Treg (R®)reover, recent studies revealed that
STZ2 Treg cells in the lung lost their suppressive fiorcand promoted severe airway
inflammation in response to IL-33 treatment (3%)efefore, we hypothesized ttad 6™
Foxp3-cre mice might have more STizeg cells that could be responsible for exacetbate
airway inflammation. To test this, we analyzed STizg cells in lung and mLN from HDM
challenged mice. Interestingly, bdBel6"" Foxp3-cre and CD4-cre mice have significantly
greater percentages of the ST2eg cell population in Treg or total CDZ cell populations
than WT mice (Fig 2a, b). There is an increaséénaverall Treg population in the lung in
Bcl6™" Foxp3-cre mice compared to wild type mice, thallides an increase in the STzeg
population (Fig 2c). Moreover, ST2 expression ingiderably higher on STZregs from
Bcl6™" Foxp3-cre mice, compared to those from wild typeen{Fig 2d). ST2Treg cells are
highly activated and ST2 expression is enhance@aig3 (40-43). We confirmed highé&sata3
expression in lung- and mLN STZreg cells and an activated phenotype marked trgased
expression of CD44 and decreased expression of CéMpared to STAregs (Figure E2a-c).

Consistent with data in Figure 1j and k, SE2nventional T cells (Tconv) that include
Th2 cells in both lung and mLN were increase®d6"" Foxp3-cre and CD4-cre mice (Fig 2e,
f). Increased STZTreg cell populations in lung and mLN B&/6"" Foxp3-cre mice developed
in the absence of altered STizonv cells, and this effect of Bcl6-deficiencyRnoxp3-
expressing cells was also detected in unchallengee (Figure E2d). Importantly, in wild type
mice, Bcl6 expression is mutually exclusive to %" Treg population (Figure E2e, Bcl6™"

Foxp3-cre mice had increased ST2eg cells and STZIconv cell population in mesLN

16
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310 compared to wild type mice (Figure E2g), suggestitegeffects of Bcl6-deficiency on the ST2
311 Treg population were systemic. The majority of STzg cells in lung express Helios,

312 suggesting that most STPreg cells are thymus-derived Treg cells (Figure)EZhese data

313 suggest that Bcl6 negatively regulates STeeg cell development and that in the absence of
314  Bcl6 there is an accumulation of STRreg cells in the lung during allergic airway arfimation.
315 Next, we tested whether ST2reg cell development varies with genetic backgohiby
316 comparing ST2Treg generation in HDM challenged C57BL/6 and BAdBice, the latter

317  more susceptible to allergic inflammation (44, ABhile the number of ST2Treg and Tconv
318 cells in lung were significantly higher in BALB/cice, the percentages of these cell types were
319  similar between groups (Figure E3a). The numberpandentage of ST2Ireg and Tconv cells
320 in mLN were similar between groups (Figure E3b)spite of difference in the number of ST2
321 Treg and Tconv cells in the lung, fold changeshefiumber of total lung and mLN cells after
322 HDM challenge were similar between groups (FiguBe)Esuggesting that the development and
323 function of STZ Treg cells are independent of genetic background.

324

325  Pro-inflammatory transcriptional profile of ST2" Treg cellsin allergic airway

326 inflammation

327 To further define the phenotype of STRreg cells in the mLN that develop in the

328 allergic airway model, we sorted Treg cells fromMhaf HDM challenged WT mice based on
329 the expression of YFP (Foxp3-reporter) and activatharkers to identify Tfr cells (CXCR5
330 PD-T'), STZ Treg cells (CD4%%" and CD62[°" STZ), STZ Treg cells (CD4%°" and

331  CD62L"°" ST2), and naive Treg cells (CD%%and CD621""). In Tfr cells, there is a high ratio

332 of Bal6 to Prdmi (encoding Blimp1l) expression that is reversedTlig'STreg cells (Fig 3a). We

17
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confirmed the Bcl6 gene expression pattern by praepression (Fig 3b). This is similar to the
correlation betweeBlimpl and ST2 expression in visceral adipose 8MAT) Treg cells (46).
Expression oBach2, a repressor of inflammatory cytokine expressioiirieg cells (47, 48), was
decreased in STareg cells. However, the enhandeokp3 expression in ST2Treg cells
suggested that these cells are not intrinsicalgtabie.Ccr7, encoding a chemokine receptor for
homing to secondary lymphoid organs (49, 50), @ra 3, encoding a chemokine receptor for
migrating to sites of typel inflammation (51, S5&gre significantly decreased in STReg cells
compared to STZreg cells (Fig 3a). CCR8-expressing Treg ceksaapable of migrating to
sites of Th2 cell-mediated inflammation (53), &w8 MRNA was significantly enriched in
STZ Treg cells. Importantly, Th2 cytokine genes wergakred in ST2 Treg cells (Fig 3c).
While 114 expression was greatest in Tfr cells, STBeg cells still expresd4 in greater amounts
than other Treg subsets. Thus, ST&gs acquire a profile associated with type 2amifination.
To further explore the STZreg cell signature in allergic airway inflammatjave
performed RNA-seq on sorted STénd ST2Treg cells isolated from lung. We observed
significant differences in the gene expressiongpast between the two Foxpgopulations (Fig
3d). Among significant differences in the STgpulation were increased type 2 cytokines and
transcription factors, and decreased expressigemés encoding RGRand T-bet (Fig 3e, left).
We confirmed increased Th2 cytokine productionTi2'STreg cells in protein level (Figure
E4a). We observed similar patterns of differergahe expression when we analyzed ‘Sar
STZ Treg cells isolated from the lung by gRT-PCR (Fegi4b-4d). Gene set enrichment
analysis identified the VAT Treg signature in tHE2STreg cells (Fig 3f). Indeed, there was a
clear distinction in the transcriptional signatuséSTZ and ST2Treg cells that respectively

aligned with VAT Treg cells and peripheral Treglse€Fig 3e, right). Ontology analysis of genes
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enrichment in ST2Treg cells revealed that STPreg cells are more sensitive to environmental
cytokines and produce effector cytokines duringrayr inflammation (Fig 3g). Together, these
data demonstrate that STPregs in the context of allergic lung inflammatioave a pro-type 2

inflammatory phenotype and share a genetic sigeatith VAT Tregs.

Bcl6 inhibitsand Blimpl promotes ST2 expression in Treg cells

To directly test whether Bcl6 is a negative requiaf STZ Treg cell development,
splenic Treg cells from WT aricl6"" Foxp3-cre mice were sorted and stimulated in the
presence or absence of IL-33 for 3 days. TreatméhtlL-33 significantly increased the
frequency of STKLRG1" Tregs in WT and Bcl6-deficient cultures (Fig 4aTie induction of
ST2 and KLRG1 on Tregs by IL-33 is consistent vatavious reports (40-43), and double
positive Tregs were more prevalent in resting eB8-treated Bcl6-deficient cultures.
Interestingly, 1L-33 treatment decreadga6 expression while increasirydml expression (Fig
4d). Similar to ex vivo Treg cells, in vitro Tred (eg) cells cultured with IL-33 displayed
increased|1rl1 expression while concomitantly decreasBut mMRNA (Figure E5a, b). Bcl6-
deficient iTreg expressed greatkir|1 than in WT iTreg under all conditions. We thertéds
whether the ST2Treg cell population responded to exogenous llbBtranasal challenge. In
WT andBcl6"" Foxp3-cre mice there was a significant increasgT Treg cells recovered
from the lungs compared to untreated mice, angdrifgiantly higher percentage Bl6""
Foxp3-cre mice, compared to WT mice (Fig 4e). Wanthorted ST2and ST2Treg cells from
IL-33-treated WT mice and observed enricl@da3 expression in ST2Treg cells and enriched
Bcl6 expression in STZreg cells (Figure E5c). Bcl6-deficient spleniegrcells did not

produce Th2 cytokines in the absence of IL-33 diggalespite expressing comparable levels of
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Gata3 in the presence or absence of IL-33 signalinguied=5d). Treatment of ex vivo Treg

cells with IL-33 increased the H3K27ac modificatetrthell1rl1 andPrdml gene loci (Figure
E5e-f). These data suggest that the IL-33/ST2 igpaathway promotes STZreg cell
development by suppressing Bcl6 and promoting Bliregpression. Consistent with a previous
report (40), Gata3 expression was not altered Hft88 treatment but was increased in Bcl6
deficient Treg cells, compared to wild type celigspective of IL-33 treatment (Fig 4d). IL-33
treatment of ex vivo Treg cells from BALB/cJ and7B%./6 mice showed comparable ST2

Treg cell development (Figure E5g, h). Overall sthdata suggest that Bcl6 negatively regulates
ST2 Treg cell development by repressing the expressidhe ST2 Treg cell promoting
transcription factor®rdml andGata3.

Naivell33” mice have normal ST2l'reg cell numbers and populations in both lymphoid
and non-lymphoid tissues (41). Based on that dlatd3 may be dispensable for generation of
STZ Treg cells (41). Similarly, 1L-33 failed to indu&I 2 expression in STZreg cells (42).

We then explored potential drivers of STlreg cell development. The IL-2/STATS5 pathway is
critical for development and maintenance of Trdis¢&4-58) and the IL-2/STAT5/Blimp-1

axis represses Tfr cell development by inhibitird@Bexpression (59). In addition to Bcl6é
antagonistic functions (5, 59), the preferentigiression of Blimp1 in ST2Treg cells suggested
that Blimp1 might be a key player. To directly tdss, we stimulated splenic Treg cells from
WT andPrdm1™ Foxp3-cre mice with or without IL-33 for 3 daystenestingly, Blimp1-
deficiency nearly eliminated the KLRGpopulation and significantly reduced the ST2
population in basal and IL-33-treated conditionig) @-h). Consistent with the in vitro results,
Blimp1-deficient mice have impaired STZreg cell percentages in naive mice and had retuce

ST2 Treg cells during HDM induced airway inflammati¢fig 4i). Moreover, Bcl6-expressing
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Treg cells in lung were increased in Blimpl-defntimice (Figure E5i). We confirmed the
positive effects of Blimp-1 deficiency on Tfr celévelopment in mLN (2) (Figure E5j, k). These
data suggest that Blimp1 positively regulates STi2g cell development, possibly by

antagonizing Bcl6 expression.

Bcl6-deficient ST2" Treg cells promote airway inflammation

To discriminate the effects of Bcl6-deficiency ire§s and Tconv (which are not Bcl6-
deficient inBcl6™ Foxp3-cre mice), we adoptively transferred sortedyISTZ Treg or Tconv
cells from wild type oBcl6"" Foxp3-cre mice HDM-challenged mice to naive wilpey
recipient mice. After three challenges with HDM, arealyzed the number of inflammatory cells
in BAL and lung (Fig 5a). Interestingly, althoudtettotal numbers of BAL cells were similar
among groups, indicative of the acute challengg ®Bj), mice that received Bcl6-deficient ST2
Treg cells had the greatest increases in the nuaibeng cells, neutrophils, eosinophils and
CD4" T cells while wild type ST2Treg cell recipient mice had cell numbers complaralith
PBS control (Fig 5¢c-d). Transferred STRconv cells did not induce inflammation. In Bcl6-
deficient ST2+ Treg cell recipient mice, the vastonity of ST2+ donor cells were Foxp3+
though a subpopulation lost Foxp3 expression, siggethat Bcl6-deficient Tregs might be
unstable in this model (Fig 5e) (60). These datgest that Bcl6 plays important roles in
regulating both development and function of STgeg cells which directly mediate airway
inflammation.

Although the mechanistic basis of the capacity cibRleficient ST2+ Treg to mediate
inflammation is unclear, it is likely linked to greer expression of ST2 itself (Fig 2d), and the

effects of Bcl6 on expression of ST2+ Treg celeetér molecules (63) that includeeg, Lilrb4,
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andCcl3, but not type 2 cytokines suchl#s andll13 (Fig 5f). This suggests that the ability of
Bcl6-deficient Tregs to promote inflammation, indilig neutrophils, is due to increased pro-
inflammatory activity and chemokine production. Wlso observed that Bcl6-deficiency
resulted in increasdérdml in STZ Tregs (Fig 5f), suggesting that Blimpl might be an

important target in the acquisition of ST2 expressi

ST 2-deficiency compensatesfor thelack of Bcl6in Treg cellsduring allergic airway
inflammation

In a previous studyt) 1rl1” mice showed attenuated allergic airway inflammatidtin
impaired GATA3 Th2-like Treg cell development (39). The autharggested that ST2 is
indispensable for Th2-like Treg cell developmentpérallel, our data indicate that ST2 is
important for IL-33-mediated Bcl6 repression. THere, we questioned whether ST2-deficiency
would limit the effects of Bcl6-deficiency in Trexglls during allergic airway inflammation. To
answer this question, we generaliddl 17 Bcl6"" Foxp3-cre mice and induced HDM airway
inflammation. As expected, ST2 expression was etgaled on Tregs or Tconv cells in either
1rl1" or 111r11"Bcl6™ Foxp3-cre mice (Figure E6a). ST2-deficient micedlad a defect in
the generation of Tfth, Tfr, and GC B cell developin@ig 6a). Importantly, ST2-deficiency did
not compensate for the lack of Bcl6 in the Tfr gelpulation and the Tfr population iirl1”
Bcl6"" Foxp3-cre mice was similar 8cl6™" Foxp3-cre mice, but significantly less than control
mice (Fig. 6a). Accordingly, the increased total antigen-specific IgE that resulted from Tfr
cell-deficiency was not compensated by simultanegfisiency in ST2 (Fig 6b). These results

suggested thatlr|1”Bcl6" Foxp3-cre mice maintain the effects of Tfr-deficigmnd provided
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the opportunity to assess the loss of IL-33 respensss on the increased allergic airway
inflammation inBcl6™ Foxp3-cre mice.

To test this we analyzed airway inflammation andesied thati1rl1" and111rl1”
Bcl6"" Foxp3-cre mice have comparable numbers of BAL and tells with WT mice (Fig 6c,
6d). IL-13-producing CD%and GATA3 Tconv cells were significantly decreased|itr|1”
Bcl6"" Foxp3-cre mice compared Bel6"" Foxp3-cre mice and restored to those observed in
WT mice (Fig 6e, 6f). Despite diminished inflamnaatiand Th2 cytokine production, lung Treg
cells fromll1r11"Bcl6" Foxp3-cre mice express more GATA3 than Treg cellmfWT mice
(Fig 69), suggesting that Bcl6 is required for Gatapression. Importantly, the percentage of
cells that are FoxpLRG1', a surrogate for ST2 since the majority of KLRQteg cells are
also STZ2, were similar in the absence ST2 (Figure E6b-hjs Suggests that the diminished
inflammation inll1rl1” andl11rl1”Bcl6" Foxp3-cre mice is due to the lack of ST2 but net th
lack of a Treg cell compartment. Together, thega daggest that the absence of ST2 attenuates
the exacerbated allergic airway inflammation thatuss in mice with Bcl6-deficient Treg cells
and distinguishes the effects of Bcl6 in Tfr céltam the effects in Treg cells that control

allergic inflammation.
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Discussion

Bcl6-expressing Tfr cells are important for the fwiah immune response through
regulation of germinal center reactions (8-10).p8w&ling on the inflammatory milieu, Tfr cells
can function as repressors or helpers of the G@ioea(18). Dysregulated functions of Tfr cells
can lead to autoimmune diseases (61). Yet, thaiamof Bcl6 in regulatory T cells in the
context of allergic airway inflammation is not fullinderstood. In this report, we have defined
critical roles for Tfr cells in regulating the praction of antigen specific IgE in an HDM extract
induced airway inflammation model. This observaonfirms a recent report that made similar
observations on the function of Tfr in controllirgle using a distinct genetic model (62).

Our report defines an additional role for the bataof Bcl6 and Blimp-1 activity in Treg
cells. Bcl6 represses and Blimp-1 activates ST2esgion in Treg cells in a cell-intrinsic
manner. The adoptive transfer studies highlightce#ikintrinsic nature of this phenomenon since
Bcl6 is only deleted in Foxp3-expressing cellshis imodel and would not impact the function
of conventional T cells. The data suggest that Bclfhportant in ST2Treg cells to maintain the
STZ phenotype. In the absence of Bcl6, Blimp-1 expoesss increased and there is an increase
in the percentage of STZreg cells, and an increase in the amount of S{p2essed per Treg
cell. The ST? Treg cells would be more sensitive to an alleggizironment and with increased
expression of other effector molecules, Bcl6-defitiTregs are potent at promoting allergic
inflammation. The ability of Bcl6-deficient Tregs tecruit additional effectors of allergic
inflammation further amplifies this activity. It &so possible that increased ST2 expression
decreases the stability of the Treg cells and #ianmmatory environment converts them into

ST2+ Tconv cells that could also potentially imptet generation of inflammation.
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There has been significant characterization ofSh2-expressing Treg population in the
colon and lung (40, 41, 43). STZreg cells are highly activated Th2-like Treg seHlat retain
Foxp3 expression and have increased GATA3 and ptmfuof Th2 cytokines in response to
IL-33. IL-33 enhances the differentiation, accuntiolaand maintenance of STZreg in
inflamed tissues (40-42). STZreg cells are effective in suppressing Th1 or7rodll
inflammation in a colitis model and T cell proliétion, but fail to suppress, and potentially
exacerbate, Th2 type responses in an allergic gidigzase model (39, 40, 63). In support of a
key role for Bcl6 in controlling this Treg populati, Treg cells from germlinBcl6-deficient
mice have increased ST2 expression, suppress ThiAdil-driven colitis, inhibit T cell
proliferation, but promote Th2 type allergic airniaflammation (22). Human STZ'reg cells
are found in the skin of systemic sclerosis pasi¢6t). Similar to murine STZ2l'reg cells, these
human ST2Treg cells and in vitro cultured human Treg cplisduce Th2 cytokines in
response to IL-33 (64, 65). Moreover, human Trdlg é@m HDM-sensitized asthmatic
children have suppressive function on Thl cellsfaiito suppress allergen-specific Th2
cytokine expression and amplify Th2 cytokines isp@nse to IL-33 (66). However, the
mechanisms controlling STareg cell development are still not fully defined.

In the RNA-seq analysis we identified a transcopél signature associated with the
STZ Treg cells in allergic lung inflammation. Thereais enrichment of genes associated with
type 2 immunity in the ST2Treg population, while genes associated with typad type 17
immunity are enhanced in the STiZeg cells. There is remarkable overlap between th
transcriptional signature in the allergic STizeg cells and the VAT ST2Ireg cells, adipose
tissue resident Treg cells. While VAT STPreg cells maintain insulin sensitivity through

control of inflammation in adipose tissue (67), ST2eg cells in lung promote allergic airway
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inflammation (39). The function of VAT STZregs might also be to promote modest type 2
inflammation, and we have not examined whetherrttight be amplified in th&cl6 "™ Foxp3-
Cre mice. It also remains to be tested whether IT€gs might control cellular metabolism in
the lung. The development and accumulation of VA&glIcells depend on PPARwhich is
regulated by the IL-33/ST2 pathway and mediatetR#4 and BATF expression (46). The IL-
33/ST2 pathway subsequently activates GATA3 leatbrexpansion of ST2Treg cells and
expression of Th2 cytokines (40, 41). However, aH83-deficient mice develop STreg
cells (41), suggesting that there are unidenti$igtialing pathways for STZ'reg cell
development. In this study, we defined Blimp1 &ew player for ST2Treg cell development.
ST2 is preferentially expressed in Bliniplireg cells (46), and we confirmed preferential
expression of Blimpl in ST2Treg cells. Blimp1-deficiency impairs STZreg cell development
in vitro and in vivo. While there is a decreasedhber of ST2 Treg cells inPrdm1 " Foxp3-
Cre mice, these mice have comparable airway inflatiom to WT mice (data not shown). This
observation could be due to several reasons inauBiimpl playing a critical role in the
functions of Treg cells (68), and that Th2 cytokpreduction is already very low in wild type
Tregs and cannot be lowered further by the absehBémpl. Blimpl is a well-known
repressor of Bcl6 transcription, and increased Beglgression in Blimp1-deficient Treg cells
likely contributes to the decreased developme®&T# Treg cells from Blimp1-deficient Treg
cells. Bcl6 negatively regulates a subset of gasssciated with the ST reg subset including
Prdm1 andll1rl1, both of which contribute to the STZreg phenotype. Thus, Bcl6 and Blimp1
are reciprocal regulators of Treg cell fate, simitatheir reciprocal regulation of T helper cell

and —B cell differentiation.
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The functions of Bcl6 in regulating type 2 respanaee complex. One of the first
observations ifBcl6” mice was an increased Th2 responses (19, 20). Wowihis occurs
through Bcl6 function in a number of cell types.eQpotential mechanism is through the
repression of GATA3 which has been observed in entiwnal and regulatory T cells (22, 69).
In our studies using mice that lacked Bcl6 speaificin Foxp3-expressing cells, we did not
observe differences in GATA3 and ST2 expressiahénSTZ Treg population. Rather, we
observed expansion of the STRreg population. Moreover, adoptively transferBad6-
deficient STZ Treg cells induced airway inflammation in recigienice after limited challenges,
while STZ Bcl6-deficient Tconv or either subset of wild typ&Z T cells did not. These data
suggest that Bcl6 is important for the suppreskinetion of STZ Treg cells, and this study
provides a first step to defining the mechanismdaketion of ST2 normalized the increased Th2
inflammation observed in the B&®6 Foxp3-Cre mice, it suggests that the IL-33/SThypaty
represents a major Bcl6 target that contributeékéccontrol of allergic inflammation.

The effects of ST2-deficiency can vary with the mloekamined. In our study, ST2
deficiency did not alter overall inflammation or Z'hells compared to control mice. In the
Ova/Alum model, ST2-deficient mice developed attgad airway inflammation that was linked
to impaired DC activation (70). In the HDM model,Zdeficient mice showed varying
phenotypes depending on the dose of HDM, sensdizatotocol, and analysis time point after
last challenge. In a chronic HDM model, reduceday remodeling, AHR and airway
inflammation were observed in ST2-deficient mick)(However, in another HDM model,
TSLP and IL-25 compensate for the loss of ST2 aminished Th2 cells by expanding ILC2
(72, 73). Thus, the effects of IL-33 signaling seasitive to the context of the response.

Regardless, the lack of a phenotype of ST2-defogiém our studies allowed us to examine the
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effects in the context of cell-specific Bcl6-deéincy. ST2-deficiency in our studies resulted in
decreased germinal center responses. This coudidkeel to the effects of ST2-deficiency on
DC function (70, 74), rather than an intrinsic effan Tfr cells.

Our studies further define the complex roles ofcHils in regulating antibody responses,
particularly IgE. Tfr cell-deficiency did not altérfluenza-specific IgG production in an
influenza infection model (59, 61). However, Tfllssuppress antigen specific B cell function
in several models (8-10). In our HDM induced ainiafammation model, Treg-specific Bcl6
deficient mice Bcl6"" Foxp3-cre) similarly have reduced Tfr cell numbieus produced higher
concentrations of HDM-specific IgE and total IgathWT mice while producing comparable
HDM specific IgG1. These data suggest that Tfrscieihction as a repressor of IgE production.
A recent report suggested that Tfr cells also lefigrgic inflammation using an approach to
delete Foxp3- and Cxcr5-expressing cells (62). Tdises another important aspect of these two
models in comparing the deletion of Tfr cells vearsue loss of Tfr and other Treg functions by
genetic deletion of Bcl6. Importantly, the effeofsBcl6 in the Tfr and Treg compartments are
distinguished by the effects of ST2-deficiencyTéscells are ST2 Comparing these and other
models will be required to refine the distinct ftion of Tfr and ST2 Treg cells.

In this report we have defined specific functioasBcl6 in the Foxp3-expressing CD4
T cell subset (Fig 7). In the context of HDM-inddcalergic airway inflammation, Bcl6 is
required for Tfr cells to develop and repress lggdpction. In Treg cells, Bcl6 represses ST2,
Gata3 and Blimp1, and in the absence of Bcl6 tisea@ expansion of the STZreg population,
increased Th2 cell development, and increasedyatlairway inflammation. Importantly, co-
deficiency of ST2 and Bcl6 distinguishes these &etivities of Bcl6 in Foxp3-expressing cells

by normalizing the airway inflammation without hagian effect on the production of IgE. The
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presence of the KLRGIIreg population in the ST2-deficient mice suggésas impact is

specifically from IL-33 signaling, rather than &$oof the entire population. Each of these

functions will be important to understand the dethmechanisms of allergic airway

inflammation.
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FigureLegends

Figure 1. Tfr-deficiency resultsin exacer bated airway inflammation

WT, Bcl6 " Foxp3-cre and CD4-cre mice were challenged with@5f HDM extract every
other day for 16 days. (a) Schematic of HDM extiaduiced airway inflammation model. (b-e)
Flow cytometric analysis of CXCR5 and PD-1 on Tated CD4Foxp3) and Tfh

(CD4 Foxp3) cells in mediastinal lymph nodes (mLNs). Représtive dot plots (b, d) and
average percentage (c, e) of Tfr and Tth cellg)(flow cytometric analysis of GL7 and Fas on
B220 B cells in mLN. Representative dot plot (flaaverage percentage (g) of GC B cells. (h)
Concentration of HDM specific IgE, 1gG1 and totgElin the serum measured by ELISA. (i-k)
Numbers of total cells, eosinophils, neutrophisi(i-4-, IL-13- or IL-17-producing CD4T

cells and eosinophils in the BAL (j) and lung (BAL and lung cells were re-stimulated with
PMA/ionomycin for 5 hours to measure cytokine pratthn using intracellular staining. Cells
for flow cytometric analysis were gated on lymphtecsize and granularity, and the expression
of CD4. Data are mean + SEM of 8-10 mice per grangh representative of three independent
experiments. A Student’s unpaired two-taiteédst was used to generatgalues. H < 0.05, **p

<0.01, **p <0.001, ****p<0.0001

Figure 2. Bcl6-deficiency in Treg cells leadsto increased ST2' Treg cell development
Mice were challenged as in Fig. 1. (a, b) Flow aytric analysis of ST2Treg in lung and
mLN. (c) Number of STZ2Treg cells (comparison marked by *') and SThreg cells
(comparison marked by ‘1’) in lung. (d) ST2 gMFIST2 Treg cells in lung. (e, f) Flow

cytometric analysis of ST2Iconv cells in lung and mLN. Staining for CXCR5Ja®T2 is
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shown on cells gated for lymphocyte size and gaity] CD4, and either Foxp3-positive (a-b)
or Foxp3-negative (e-f) populations. Representaiieplots (a, €) and average percentages of
STZ Treg in Treg (left) and in total CD4A cells (right) (b) or ST2Tconv in CD4 Tconv (left)
and in total CD4 T cells (right) (f) are shown. Data are mean + S&N8-10 mice per group and
representative of three independent experimeng&tudent’s unpaired two-tailédest was used

to generat@ values. H < 0.05, *p <0.01, ***p <0.001, ****p<0.0001;""p <0.01,""p <0.001.

Figure 3. Pro-inflammatory transcriptional profile of ST2" Treg cellsin allergic airway
inflammation

Treg cells in mLN of HDM challenged WT mice werated based on the expression of CD4,
Foxp3-YFP and activation markers. (a) TF gene esgioe was measured using gPCR. (b) Bcl6-
expressing Treg cell population was measured ustngcellular staining. (c) Th2 cytokine gene
expression was measured using qPCR. All gene esiprewas normalized 62m expression.
Student’s unpaired two-tailedest was used to generatgalues. P < 0.05, **p <0.01, ***p
<0.001, ****p<0.0001. (d-g) ST2Treg and ST2Treg cells in lung of HDM challenged WT

mice were sorted based on expression of CD4, F&¥8-and ST2. (b-e) Analysis of RNA-seq
of sorted ST2and ST2Treg cells (each from two biological samples) friomg tissues of

HDM challenged WT mice. (d) Volcano plot compargene expression in ST2s ST2 Treg

cells, (e) Heat maps showing differential exprassibgenes related to functions (left) and genes
aligned with VAT Treg and peripheral Treg cells £pd) (right), (f) GSEA of ST2vs ST2 Treg
cells with a VAT Treg vs pTreg cells gene list, @)tology analysis of gene enrichment in

biological process in ST2Ireg cells
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Figure 4. Bcl6 inhibits and Blimpl promotes ST 2 expression in Treg cells

Splenic Treg cells from WT aricl6"" Foxp3-cre mice were sorted and stimulated with-anti
CD3, anti-CD28 and IL-2 with or without IL-33 (1@/ml) for 3 days. Representative dot plots
(a) and average percentage (b) of STzg cells. (c-d) gPCR analysisltfrl1 and transcription
factor genes expression. (e) WT @uli6"" Foxp3-cre mice were challenged intranasally with
0.5ug of IL-33 for 3 consecutive days. Average percgetaf STZ Treg cells in lung. (f-h)

Splenic Treg cells from WT arferdm1™"

Foxp3-cre mice were sorted and stimulated with-anti
CD3, anti-CD28 and IL-2 with or without 1L-33 (10mgl) for 3 days. Representative dot plots (f)
and average percentages (g) of ST&g cells. (h) gPCR analysis Ibfrl1. (i) WT and

Prdm1™ Foxp3-cre mice were challenged to HDM as in Fig\lerage percentage of ST2

Treg cells in lung. (c, d, h) Gene expression wasnalized tg52m expression. A Student’s
unpaired two-tailed test was used to generatealues. p < 0.05, **p <0.01, ***p <0.001,

**** n<0.0001. Data are mean £ SEM of 3-5 mice per gangprepresentative of two

independent experiments.

Figure5. ST2" Treg cells promote airway inflammation.

ST2 Treg and Tconv cells were sorted from the lungdDM-challenged WT oBcl6 "™
Foxp3-cre and adoptively transferred to recipieremFollowing transfer, mice were challenged
three times with HDM. (a) Schematic adoptive trangxperiment. (b) Number of total BAL
cells. Number of total lung cells, neutrophils, iaoghils (c) and total CD4T cells (d) in lung.

(e) Percentage of donor CDBcells, STZ2 Treg and ST2Tconv cells in lung of recipient mice.
(f) ST2" and ST2Treg cells in lungs of HDM challenged WT Bel6 " Foxp3-cre mice were

sorted based on the expression of CD4, Foxp3-YEPSa2. Gene expression was measured
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using gPCR and normalized g8m expression. In (b) a student’s unpaired two-tatilexst was
used to compare WT PBS to other groups. In (c-e-®@ay ANOVA with a post hoc Tukey test
was used to genergpevalues for multiple comparisons. *%0.001, ****p<0.0001. Data are
mean + SEM of 6 mice per group pooled from sepaa#dyses. In (f) a Student’s unpaired two-

tailedt test was used to genergtealues. p < 0.05, **p <0.01, ***p <0.001, ****p<0.0001

Figure 6. ST 2-deficiency compensates for thelack of Bcl6in Treg cellsduring allergic
airway inflammation

WT, Bcl6 " Foxp3-creJl1rI1” andll1r11"Bcl6" Foxp3-cre mice were challenged as in Fig 1.
(a) Flow cytometric analysis of Tfr, Tth and GC &lls in mLN. (b) Concentration of HDM
specific IgE, IgG1 and total IgE in the serum meadiby ELISA. Number of total BAL cells
and eosinophils (c), lung cells (d), percentagi f3 producing CD4 T cells (e) and GATA3
expressing Tconv cells (f) in lung tissues. (g) GWTexpressing Treg cells in lung. Lung cells
were re-stimulated with PMA/ionomycin for 5 houosmheasure cytokine production using
intracellular staining. Cells for flow cytometriaaysis were gated on lymphocyte size and
granularity, and the expression of CD4. Data arammeSEM of 8-10 mice per group and
representative of three independent experimentsle®t's unpaired two-taileictest was used to

generate values. P < 0.05, **p <0.01, ***p <0.001, ****p<0.0001.

Figure 7. Schematic diagram to describe theroles of Bcl6 on the regulation of IL-33
mediated ST2" Treg cell development exacer bating aller gic airway inflammation.
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Figure 5
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TABLES

Table E1. Tagman probesfor gqPCR

Gene Cat. No.

Areg MmO00437583 m]
£2m Mm00437762_m1
Bach2 | Mm00464379 m1
Bcl6 MmO00477633_m]1
Ccl3 Mm00441259 g1
Cer7 MmO00432608 ml1
Ccr8 Mm00843415 sl
Ctla4 Mm00486849 ml
Cxcr3 MmO00438259 m]
Foxp3 | Mm00475165 ml
Gata3 MmO00484683 ml
1110 MmO00439614 m]
1113 Mm00434204 _m1
11rl1 Mm00516117 m1
114 Mm00445259 ml
115 MmO00439646_m]
Kirgl Mm00516879 ml
Lilrb4 | MmM01614371_m1
Prdml | Mm00476128 m1
Tnfrsf18 | Mm00437136_m1
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Table E2. Fluorescent antibodiesfor flow cytometric analysis
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57

Antigen/Name| Clone Fluorochrome Company Cat. No.
B220 RA3-6B2 PerCP-Cy5.5 BioLegend 103236
BCL-6 K112-91 Bv421 BD Biosciences 563363
CD11b M1/70 PerCP-Cy5.5 eBioscience 45-0112-82
CD11lc N418 PE-Cy7 eBioscience 25-01160-82

PerCP-Cy5.5 BioLegend 100434
Ch4 GKLS APC-Cy7 BioLegend 5520541
CD44 IM7 BV510 BD Biosciences 563114
CD62L MEL-14 APC BD Biosciences 553152
CXCR5 L138D7 PE-Cy7 BioLegend 145516
F4/80 BM8 FITC BioLegend 123108
FAS (CD95) SA367H8 PE BioLegend 152608
Foxp3 MF23 FITC BD Biosciences 560403
GATA3 L50-823 AF647 BD Biosciences 560068
GL7 GL7 APC BioLegend 144617
IFN-y XMG 1.2 PerCP-Cy5.5 eBioscience 45-7316-82
IL-10 JES5-16E3 FITC BioLegend 505006
IL-13 eBiol3A PE eBioscience 12-7138782
IL-17A eBiol7B7 PE-Cy7 eBioscience 25-7177-82
IL-4 11B11 AF647 BioLegend 50411%
BV510 BD Biosciences 740156
KLRG1 2F1 APC BD Biosciences 561620
Ly6G 1A8 APC BioLegend 127613,
PD-1 29F.1A12 PerCP-Cy5.5 BioLegend 135208
SiglecF E50-2440 PE BD Biosciences 552126
ST2 U29-93 PE BD Biosciences 566309
. Fp(_able eFluor 780 eBioscience 65-0865214
Viability dye




79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

Table E3. Sequence of ChIP primers
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Mouse
Primers Forward (5'-3") Reverse (5'-3")
I11r11 enhancer GCCAACCACAACAGCAGATG | ACTGAGATCCTGCCCTGGCTT
GGGAAA CCCT
TGGCCTCCTTGGAAAGGCTTG| AGTGCAGGAGGGGCATGGAG
[11rl1 promoter T ATGA
Prdmlintron | TGCTTTCTCGGTTTCAGTTGA| GAGTGAGCTGCTTTGGAAGG
Prdml CCAGTAGGCCTTTCATGGCT TGCTCAGGTTGAGAAAGCAGT

promoter
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98 FIGURE LEGENDS

99  FigureELl Tfr-deficiency resultsin exacerbated airway inflammation
100  Mice were sensitized and challenged to HDM as gufé 1. (a) Representative dot plot (left)
101 and average percentage (right) of Foxp&eg cells in CDAT cells in mLN. Percentage of IL-4,
102 IL-13 or IL-17 producing CD4T cells in BAL (b) and lung (c). (d) Number of 18 producing
103 CD4' T cells in BAL and lung. (e) Representative dattplof IL-4 or IL-13 producing CD4T
104 cells. Data are mean = SEM of 8-10 mice per grauprapresentative of three independent
105  experiments. A Student’s unpaired two-taileédst was used to generatgalues. *p <0.01,
106  *** p<0.001, ****p<0.0001
107
108  Figure E2. Bal6-deficiency in Treg cellsleadsto increased ST2" Treg cell development
109  Mice were sensitized and challenged to HDM as gufé 1 (a-c, e-h). (a) Average percentage of
110  GATAZ3 positive cells in ST2or ST2 Treg cells in lung and mLN of WT mice. (b, c) Agition
111  status, CD4%%" and CD62[°", of Treg cells in mLN and lung. Representative mlots (b) and
112 average percentage (c) of activated Treg cellsPélyentages STareg and ST2Tconv cells
113 in lung or mLN of naive WT and Bdl8 Foxp3-Cre mice. Representative dot plots (e) and
114  average percentage (f) of BCL6 expressing Treg @el5TZ or ST2 Treg cells in lung and
115  mLN of WT mice. (g) ST2Treg and ST2Tconv cells in mesLN. (h) The percentage of Helios
116  positive Treg cells in lung and mLN. (a-h) Data arean = SEM of 4-6 mice per group and
117  representative of two independent experiments.udl&tt’'s unpaired two-tailetkest was used
118  to generat values. *p <0.01, ***p <0.001, ****p<0.0001.
119

120 FigureE3. ST2'Foxp3’ Treg cellsare present in multiple strains of mice.
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121 Mice were sensitized and challenged to HDM as gufé 1. Flow cytometric analysis of ST2
122 Tregs and ST2Tconv cells in the lungs (a) and mLNs (b) of nainel HDM challenged

123 BALB/cJ and C57BL/6 mice. (c) Increase of celluiabetween naive and HDM challenged
124  mice represented as fold change for each straiedea Student’'s unpaired two-tailétest was
125 used to generagevalues. *Pp <0.01.

126

127  Figure E4. Pro-inflammatory transcriptional profile of ST2" Treg celsin allergic airway

128  inflammation

129 (a) Representative dot plot (left) and percentaigit) of intracellular staining of Th2 cytokines
130 in STZ or ST2 Treg cells. (b-d) ST2and ST2Foxp3/YFP Treg cells were sorted from the
131 lungs of HDM challenged WT mice. Gene expressioa maasured using gPCR and normalized
132  tof2mexpression. A Student’s unpaired two-taiteédst was used to generatgalues. p <

133 0.05, **p <0.01, ***p <0.001, ****p<0.0001.

134

135  Figure E5. Bal6 inhibits and Blimpl promotes ST2 expression in Treg cells

136 (a, b) Naive CD4T cells were isolated from spleen of WT &u6"" Foxp3-cre mice and

137  stimulated with anti-CD3, anti-CD28, IL-2 and T@Rwith or without IL-33 (1 or10 ng/ml) for
138 3 days. gPCR analysis Bfirl1 (a) and Bcl6 expression (b). All gene expressias wormalized
139  to f2mexpression. (c) WT mice were challenged with@3L-33 intranasally for 3

140  consecutive days. ST@r ST2 Treg cells were sorted from lung based on CD4pBexFP and
141  ST2 expression. Transcription factor gene exprassi®TZ or ST2 Treg cells measured using
142 gPCR and normalized 2m expression. (d) Splenic Treg cells froktrl1” andll1rI17Bcl6™

143 Foxp3-cre mice were sorted and stimulated with-@M8, anti-CD28 and IL-2 with or without
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IL-33 (10 ng/ml) for 3 daydl13, 114 andGata3 expression was measured using gPCR. (e, f) WT
splenic Treg cells were sorted and stimulated aitt-CD3, anti-CD28, IL-2 with or without IL-

33 (10 ng/ml) for 3 days. On day 3, cells were kated for ChlP analysis for H3K27ac at the
112rl1 (e) andPrdml (f) gene loci. (g, h) Splenic Treg cells from WHTBL/6 and BALB/cJ

mice were sorted and stimulated with anti-CD3,-@28 and IL-2 with or without IL-33 (10
ng/ml) for 3 days. Representative dot plots (g) anerage percentage (h) of STizeg cells. (i-

k) WT andPrdm1™ Foxp3-cre mice were sensitized and challenged t¥HB in Fig 1. (i)
Average percentages of BCLBreg cells in lung. Representative dot plots i)l average
percentage (k) of Tfr cells in mLN. Data are meddEM of 3-5 mice per group and
representative of two independent experiments.ull&it’s unpaired two-tailedtest was used

to generate values. p < 0.05, **p <0.01, ****p<0.0001.

Figure E6. ST 2-deficiency compensatesfor the lack of Bcl6in Treg cellsduring allergic
airway inflammation

(a) Flow cytometric analysis of STZreg and Tconv cells in lung and mLN. (b) Flow
cytometric analysis of ST2 and KLRG1 expression @ydotal KLRG1 expressing Treg cells in
lung. Data are mean + SEM of 8-10 mice per grouprapresentative of three independent
experiments. A Student’s unpaired two-taitedst was used to generatgalues. p < 0.05, **p

<0.01, ***p <0.001, ****p<0.0001.
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Figure E4
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Figure E6
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