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ABSTRACT

Background: Allergic asthma is a heterogeneous chronic infleatory disease in the airway
with a massive infiltration of eosinophils or neghils mediated by allergen-specific Th2 cells
and Th17 cells, respectively. Successful treatnanallergic asthma will therefore require
suppression of both Th2 and Th17 cells.

Objective: We sought to investigate the role of Th1l7 celthpay in regulating Th2 cell
responses in allergic asthma.

Methods: Allergic asthma was induced by intranasal chgénwith proteinase allergens in
C57BL/6, 1117a”71117f '~ and RORyt 979" mice. Pharmacological RGQRinhibitor was used to
evaluate its preventive and therapeutic effectaliargic asthma. Characteristics of allergic
airway inflammation were analyzed by flow cytometnistology, qRT-PCR and ELISA. Mixed
bone marrow chimeric mice, fate mapping analysd}MA transduction andn vitro T cell
differentiation were employed for mechanistic stsdi

Results Mice deficient in IL-17A and IL-17F as well as RORyt exhibited a significant
reduction not only in Th17 cell responses, but ahs®h2 cell responses in an animal model of
allergic asthma. Similarly, mice treated with anmR®Oinhibitor showed significantly diminished
Th17 as well as Th2 cell responses, leading tocedlmumbers of neutrophils and eosinophils in
the airway. RORt-deficient T cells were intrinsically defective differentiating into Th2 cells
and expressed increased leveBof6. Knock-down ofBcl6 resulted in a remarkable restoration
of Th2 cell differentiation in ROR-deficient T cells. Blockade of RGRalso significantly
hampered the differentiation of human Th2 cells &hii7 cells from naive CD4T cells.

Conclusion RORyt in T cells is required for optimal Th2 cell difémtiation by suppressing
3
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Bcl6 expression; this finding suggests that targeti@RR might be a promising approach for
the treatment of allergic asthma by concomitantigpsessing Th17 and Th2 cell responses in

the airway.

Key messages

RORytin T cells is necessary for optimal Th2 cell sges during allergic asthma.

Inhibition of Th2 cell responses in R@RJeficient T cells depends on BCL6.

Targeting RORt might be a promising strategy for the treatmehtabbergic asthma via

concomitant suppression of Th2 and Th17 cells éndihway.

Capsule summary
Inhibition of RORyt suppresses both Th2 and Th17 cell responsesimittvay, and this can

become a potential therapeutic target for thetmeat of allergic asthma.

Keywords: allergic asthma, Th17 cell, Th2 cell, R@RBCL6

Abbreviations used

BAL: Bronchoalveolar lavage
BCL6: B cell ymphoma 6
dKO: double knock-out
DMSO: Dimethyl sulfoxide
Gata3: GATA-binding factor 3

Irf4: Interferon regulatory factor 4
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Ova: Ovalbumin

PAO: Proteinase frorAspergillus oryzae

PBMC: Peripheral blood mononuclear cell

RORyt: Retinoic acid receptor—related orphan recegtor

UA: Ursolic acid
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INTRODUCTION

Asthma is a heterogeneous disease of the lunghenairivay characterized by distinct symptoms,
such as airway hyper-responsiveness, mucus prodyctinfiltration of inflammatory
granulocytes and short-of-breath which could be-tifreatening?® The prevalence of this
disease has markedly increased over the past selemades and has now become one of the
major global health problems affecting approximatgd0 million people worldwidé.Asthma
can be categorized into allergic and non-allergitma based on the types of triggering stimuli.
Allergic asthma is a common form of asthma causeddnsitization against allergens such as:
pollen, house dust mites, fur dander from pet agfuwhereas non-allergic asthma is caused by

irritants such as: tobacco smoke, ozone, dieselwstiparticles or air-borne virtié.

Allergic asthma has been considered to be medibyedh2 cells; however, recent studies
uncovered the involvement of Th17 cells as an aaftit critical contributor in the pathogenesis
of allergic asthma in animal models and in hunTafik2 cells mediate eosinophilic asthma by
secreting type 2 cytokines such as IL-4, IL-5, llaBd IL-13. These cytokines induce B cell
isotype switching to IgE (IL-4), recruit eosinoghillL-5) and mast cells (IL-9, IL-13) into the
lung and the airway, induce goblet cell hyperplasi@ tissue remodeling (IL-13) leading to
airway hyper-responsiveness (AHE)On the other hand, Th17 cells have been regarsed a
critical mediator of steroid-resistant neutrophiisthmd.® Elevated levels of IL-17A were
observed in the lungs of patients with asthma, tvlere positively correlated with neutrophilic
inflammation, increased AHR and steroid-resistgpetof severe asthm&.A mixed Th2 and
Th17 cell response in the airways has been asedaiéth severity of allergic asthmia® IL-17A

stimulates airway epithelial cells to secrete chidmes CXCL1 and CXCL8, which in turn
6
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recruit neutrophils? In addition, IL-17A causes airway remodeling viregulation of--smooth
muscle actin in the fibrobla&t.Hence, Th2 cells and Th17 cells exert non-redunpathogenic
roles during the development of allergic asthmaimgucing eosinophilic and neutrophilic

inflammation, respectively.

Due to their critical contributions to the develogmh of allergic asthma, a number of
experimental and clinical studies have addressexthen the blockade of either Th2 cell or Th17
cell pathway ameliorates the clinical symptoms lué tlisease. Particularly, multiple clinical
trials have demonstrated that antibodies again®tceH cytokines — IL-4, IL-5, IL-13 — and their
receptors in patients with moderate-to-severe asthad limited clinical benefits. For instance,
antibodies to IL-5 or its receptor are generalfg@ive in reducing eosinophilia, whereas little to
no effect on airway hyper-responsiven&santibodies to IL-13 or its receptor lead to reddice
airway hyper-responsiveness with little effects éasinophilia>® More recently, a human
monoclonal antibody to IL-17RA failed to improvetlasatic symptoms in patients with
moderate-to-severe asthiffdn this regard, Choy et &f.recently reported that antibodies to Th2
cell cytokines enhance Th1l7 cell responses andophilia, while anti-IL-17A enhances Th2
cell responses and eosinophilia in animal modelallefgic asthma. This study indicates that
pulmonary Th2 cell and Th17 cell responses are atiytuegulated, and suggests that blockade
of either helper T cell pathway alone leads toakaggeration of the other pathway. Supporting
this notion, GATA-3 and IL-13 are shown to inhibih17 cell differentiatiod®* Hence,
combined blockade of both Th2 cell and Th1l7 cethpays might be considered to achieve

therapeutic benefits in controlling asthma withadverse effects.
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In the present study, we aimed to investigate the of Th1l7 pathway on regulating Th2 cell
responses in allergic airway inflammation by empigyan animal model of proteinase-induced
allergic asthma. We also aimed to investigate timécal relevance of blocking Th17 pathway by

analyzing T cells from human patients with allerggthma.
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METHODS

Ethics statements

Animal experiments including induction of allergiong inflammation inll17a” 1117f 7
double deficient mice and subsequent analysis, fapping and adoptive transfer iof vitro
differentiated Th17 cells were done with protocajgproved by Institutional Animal Care and
Use Committees of the MD Anderson Cancer Centdrrgkhaining animal experiments were
reviewed and approved by Seoul National Univerdigtitutional Animal Care and Use
Committee (IACUC#: SNU-140602-2-7 and SNU-140218}69he collection of human blood
samples from healthy volunteers and subsequentriengr@al procedures were reviewed and
approved by Seoul National University Institutiofview Board. Protocol approval number is
1608/001-006. The collection of blood samples frpatients with allergic asthma and related
experimental procedures are reviewed and approye®dwoul National University Bundang

Hospital Institutional Review Board (IRB#: B-1603(3310). Written informed consent was

obtained from all human subjects before their ingaient.

Animals

C57BL/6 mice were purchased from Orient BRoryt 979" B6.SJL andTcrb 7 mice were
purchased from Jackson Laboratdtg7a™ 1117f 7~ double deficient mice, IL-17F fate reporter
mice, 1117f ““R26REF, and IL-17F reporter mice|17f "™, were described previousi> All
mice were maintained in specific pathogen-freelifgcin Seoul National University or MD

Anderson Cancer Center. Mice aged 6-12 weeks vs=é. U

Reagents
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Ursolic acid (UA), bulsulfan (Sigma-Aldrich) and 3RL1 (Calbiochem) were dissolved in
DMSO. Forin vitro use, UA and SR2211 were further diluted with PB8r(Depot)In vitro cell
cultures of lymphoid cells were performed in theMRE640 supplemented with 10% fetal
bovine serum (FBS, GenDepot), 2 mM L-glutamine, 100ml penicillin, 100 pg/ml
streptomycin, 55uM 2-mercaptoethanol and 1@/ml gentamycin. For PLAT-E cells culture,
DMEM supplemented with 10% FBS,lg/ml puromycin, and 1@g/ml blasticidin was used.

All cell culture reagents except FBS were the potslof Gibco.

Animal models of allergic asthma

To induce allergic lung inflammation, we adopted @mmal model of proteinase-induced
allergic asthma induced by repeated intranasalesfgés with fungal proteinase allergéhsn
brief, mice were anesthetized with isoflurane (@kifrom Piramal) and challenged intranasally
with 7 pg of proteinase fromAspergillus oryzae (Sigma-Aldrich) plus 20ug of ovalbumin
(Grade V from Sigma-Aldrich) (PAO/Ova) in 50 of PBS every other day for four times (Days
0, 2, 4, 6). For therapeutic model, mice were emgled on days 0, 2, 4, 6 and 12. In experiments
with UA, mice were injected intraperitoneally ().pvith 150 mg/kg of UA dissolved in DMSO
or DMSO alone as a vehicle control. In some expeniisy UA was injected on days 0, 2, 4, 6 in
preventive format and days 6, 8, 10, 12 in therapdormat as described in Fig. E3A and E3C
in the Online Repository at www.jacionline.org. FiNy neutralization, anti-mouse |IRN
(XMGL1.2, Bio X Cell) or rat IgG1 (HRPN, Bio X CelBs isotype control were injected i.p. (200
ug/mouse/injection) on days 0, 2, 4, 6. 24 h or &ttér the last challenge, mice were euthanized
with CO, for further analysis. For chronic asthma models, injected mice with intranasal

PAO/Ova and intraperitoneal UA on days 0, 2, 4, d4d 13 (see Fig. E4A in the Online
10
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Repository at www.jacionline.org). Alternatively,ewi.p. immunized mice with Ova-alum
mixture (100upg of Ova, Imject Alum, Thermo Scientific) on daysafid 14 and injected them
with intranasal Ova (5(y) and intraperitoneal UA on days 25, 26 and 29¢.(E4AE). Twenty-

four hours after the last challenge, the mice veeithanized with C@for further analysis.

Analysis of bronchoalveolar lavage (BAL) fluid

To collect BAL fluid, 20-gauge IV catheter (BD Bimence) was inserted into the trachea and
flushed twice with 50Qul and 800ul of cold PBS. Cytokine levels were determined WyJA
using first-flushed 50QI of BAL fluid. Ten thousand cells in the BAL fluidere attached on the
slide by cytopro centrifuge (Wescor) and stainethvDiff-Quik staining kits (Sysmex Corp.)
according to the manufacturer’s protocol. The aldeohumber of macrophages, eosinophils,

neutrophils, lymphocyte in BAL fluid was calculatedsed on total cell counts.

Analysis of lymphoid cells in the lung

Left lobe of the lung was used for histological Igses. Rest of the lobes was placed in 3 ml of
RPMI1640 medium containing 0.5 mg/ml collagenasgé€nV, Gibco), 2 mg/ml dispase (Gibco)
and 25 U/ml DNase | (Bio Basic Inc.). Lungs werestfidissociated with gentle MACS
dissociator (Miltenyi biotec) and then digested 8 min at 37°C with continuous agitation
followed by second dissociation using gentle MAGSsdciator. Cells were filtered through 100
um nylon mesh and washed with cold PBS containiddolFBS. Lymphoid cells were further
isolated by using lymphocyte separation medium (L.9WP biomedicals) according to the

manufacturer’s instruction.

11
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Histology
Left lobe of the lung was fixed in neutral buffer&@ formalin solution (Sigma) for at least 24
h. Formalin fixed samples were sent to Pathologyt€eat Seoul National University College of

Medicine for Hematoxylin and eosin (H&E), Periodicid-Schiff (PAS) staining.

Lymph node restimulation

The mediastinal lymph nodes were physically mincedold PBS containing 1.5% FBS and
filtered through 100um nylon mesh. The lymphoid cells (1¥4@l) were cultured in the
presence of 0, 10, 5ay/ml of ovalbumin for 3 d. Culture supernatants evased for cytokine

ELISA.

In vitro murine T helper cell differentiation

CD4" cells from spleen and peripheral lymph nodes weositively selected with CD4
microbeads (L3T4, Miltenyi biotec). Subsequenthgive CD4 T cells were sorted as
CD4'CD25CD62L""CD44%" cells with FACSAria Il cell sorter (BD Bioscienceand
stimulated with plate-coated anti-CD3 y@y/ml, 145-2C11, Bio X Cell) and soluble anti-CD28
(2 pg/ml, 37.51, Bio X Cell) for 4 d. For Th2 differeation, IL-2 (10 ng/ml, eBioscience) and
IL-4 (10 ng/ml, Peprotech) were added. For yAi¢utralization experiment, anti-IFN5 pg/ml,

XMGL1.2, Bio X Cell) was additionally added.

Quantitative real time polymerase chain reaction (T-PCR)
Total RNA was prepared using TRIzol Reagents (togen). cDNA was then synthesized using

Oligo(dT) primers and reverse transcriptase inauideRevertAid cDNA synthesis kit (Thermo-
12
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fisher Scientific) and the gene expression levaedsewexamined with Applied Biosystems 7500
Fast Real-Time PCR system (Applied Biosystems)qusiaq SYBR Green Supermix (Bio-Rad
Laboratories). Data were normalizedActb reference. The following primers were usBdryt,
5-CCGCTGAGAGGGCTTCAC-3' and 5-TGCAGGAGTAGGCCACARCA-3’; Bcl6, 5'-
CACACCCGTCCATCATTGAA-3' and 5-TGTCCTCACGGTGCCTTTEF; Irf4, 5'-
CACCAAAGCACAGAGTCACCT-3 and 5-TCCTCTGGATGGCTCCAGKG-3’; Gata3, 5'-
AGAACCGGCCCCTTATGAA-3 and 5-AGTTCGCGCAGGATGTCC-3' 114, 5
AGATCACGGCATTTTGAACG-3 and 5-TTTGGCACATCCATCTCC&; II5 5'-
CGCTCACCGAGCTCTGTTG-3' and 5-CCAATGCATAGCTGGTGATT-3"; 1113, 5'-
GCTTATTGAGGAGCTGAGCAACA-3’ and 5-GGCCAGGTCCACACTCATA-3’; Actb, 5'-
TGGAATCCTGTGGCATCCATGAAAC-3 and 5-TAAAACGCAGCTCAGAACAGTCCG-

3.

Mixed bone-marrow chimeric mice

A day before bone-marrow transféicrb ™ mice were injected with 35 mg/kg of busulfan
(Sigma-Aldrich) to ablate bone marrow cells frone tfecipient mice. Bone marrow cells of
B6.SJL (CD45.1") andRoryt 99" mice were obtained from femurs and tibia by flaghwith
cold PBS. These bone marrow cells were mixed atdti@ and transferred into busulfan-treated
Terb 7 mice via tail vein (1.5 x T0cells/mouse). Six to eight weeks later, the retiurisd mice
were intranasally challenged with PAO/Ova everyeottlay for six times. Twenty-four hours

after the last challenge, mice were euthanized @ inhalation for analysis.

BCL6 knockdown in naive T cells by retroviral infedion.
13
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Retroviral supernatants were made by transfectlTHE cell lines with either negative control
LMP vector, or two kinds of LMP-shBcl6. Transfectiovas performed by using FuGene HD
transfection reagent (Promega) according to theufaaturer’s protocol. Naive T cells were
sorted from splenocyte and stimulated with platedsbaCD3 and solublexCD28. For Th2
differentiation, IL-2, IL-4 andiIFN-y were added. After 24 h, cells were infected wétraviral
supernatants containingu®/ml of polybrene by spin infection (1000 x g, 6thyr80°C). After
spin infection, cells were washed with PBS and ragdaced on theCD3 coated plate with
same initial Th2 differentiating condition. Aftenather 72 hours, cells were analyzed for their

cytokine production by flow cytometry.

Flow cytometry and antibodies

For intracellular cytokine analysis, cells weramatiated with phorbol 12-myristate 13-acetate
(PMA, 100 ng/ml, Sigma-Aldrich) and ionomycin (M, Sigma-Aldrich) plus Brefeldin A and
monenesin (both from eBioscience) before staini@yfixation buffer and permeabilization
buffer from eBioscience were used for intracellutgtokine staining and Foxp3 staining kit
(eBioscience) was used for BCL6 staining accordmthe manufacturer’s instruction. Samples
were analyzed with FACSVerse flow cytometer (BD fience) and acquired data were
analyzed with FlowJo software (Treestar). Followargibodies were used for flow cytometric
analysis or cell sorting: Alexa488-conjugated amties to mouse CD62L (MEL-14) and I#N
(XMGL1.2), FITC-conjugated antibody to human CD45RAI100), PE-conjugated rat 1gG1l
(eBRG1, eBioscience), antibodies to mouse CD25 (pC@.-17A (TC11-18H10.1) and
mouse/human BCL6 (IG191E/A8), PerCP/Cy5.5-conjuatetibodies to mouse CD4 (GK1.5),

CD45.1 (A20) and IFN PE/Cy7-conjugated antibodies to mouse IL-13 (&BAy eBioscience),
14
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mouse/human CD44 (IM7), human CD4 (OKT4) and CD45@@HL1), APC-conjugated

antibodies to mouse/human IL-5 (TRFK5), human CR596), and IL-4 (8D4-8, eBioscience),
Alexa647-conjugated antibody to mouse IL-4 (11B1ARC/Cy7-conjugated antibodies to
mouse CD4 (GK1.5) and human CDEKT3), Pacific blue-conjugated antibodies to neus
CD45.2 (104) and human CD4 (RPA-T4). In some expenis, the frequency of IL-4- and/or
IL-5-producing Th2 cells was determined by staintegjs with Alexa647-conjugated and APC-
conjugated antibody before analyzing them with mesahannel in the flow cytometer. IL-4

and/or IL-5-positive cells were designated as I5-4%lls.

Enzyme-linked immunosorbent assay (ELISA)

Cytokine levels in the cultured supernatants or BAkere measured by ELISA kits according to
the manufacturer’s protocol. For mouse 1£N.-4 and IL-5, ELISA kits are from R&D systems
or BioLegend. For mouse IL-17A, ELISA kits from Biegend were used. For mouse IL-13,

human IL-13 and IL-17A, ELISA kits from eBioscienaere used.

In vitro human naive CD4 T cell differentiation and effector memory CD4 T cell
restimulation

Human peripheral blood was obtained from healthjueers who are not taking any
medications. Peripheral blood mononuclear cellsMEB) were prepared by using lymphocyte
separation medium (MP biomedicals) according tonla@ufacturer’s instruction. Subsequently,
total CD4 T cells were isolated by negative selection u€ij4 microbeads (Miltenyi biotec)
followed by positive selection using CD4 microbeddAltenyi biotec). Naive and effector

memory CD4 T cells were further sorted as CICD4'CD45RA'CD45ROCD25 and
15
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CD3'CD4'CD45RACD45RO cells respectively using FACSArialll cell sort@&¥ bioscience).
For naive T cell differentiation, FACS-sorted naivecells were stimulated with plate-coated
anti-CD3 (10ug/ml, OKT3, BioLegend) and soluble anti-CD28@/ml, CD28.2, BioLegend)
for 4 or 7 d. For Th2 polarization, IL-2 (10 ng/ml.-4 (10 ng/ml), anti-IFN (5 ug/ml, B27,
BioLegend) were added. For Th1l7 polarization, (2P ng/ml), IL-6 (20 ng/ml), TGE- (10
ng/ml), IL-23 (20 ng/ml), IL-21 (20 ng/ml), ILf1(20 ng/ml), anti-IFN (5 pg/ml), anti-IL-4 (5
ug/ml MP4-25D2, BioLegend) were added. TGRas from Peprotech and the rest of cytokines
were from eBioscience. Effector memory CDR cells were stimulated with plate-coated anti-

CD3 (10ug/ml) for 48 h in the presence of UA or DMSO.

Human PBMC isolation andin vitro stimulation

Human peripheral blood was obtained from allergithiaa patients who meet following criteria.
(1) Asthma was diagnosed with positivity in bronditator response or methacholine
provocation test. (2) The positivity Bfermatophagoides farinae (D. Farinae) skin response was
determined with skin prick test using cut-off levadl both wheal size more than 4mm and
allergen/histamine wheal size ratio (A/H rati®) 1. (3) Systemic corticosteroid was not
administrated within recent one month. PBMCs wearpared by using lymphocyte separation
medium (MP biomedicals) according to the manufatsrinstruction. 2 x 1Dcells were
stimulated with 5Qug/ml HDM extract Dermatophagoides farinae from Greer laboratories) in

the presence of 2M UA or DMSO as a vehicle control for 7 d.

Fate mapping study

16
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IL-17F fate reporter micd)17f “®R26R®"", were sensitized by an intraperitoneal injectién o
Ova-alum on days 0 and 17 and challenged withnagal Ova on days 27, 28 and 29. Lung
mononuclear cells were prepared using collagemaagrent with manual disruption. Lymphoid
cells were further isolated by using lymphocyteasafon medium. CDXFP'IL-17A" cells

represent stable Th17 cells while CHEP’IL-17A" - cells represent exTh17 cells.

Adoptive transfer of in vitro differentiated Th17 cells

Naive CD4CD25 CD62L"9"CD44°" T cells were isolated fromi17f "™ mice crossed with OT-

Il mice (117f "™ x OT-I1). Naive CD4 T cells were activated with ®eptide and irradiated
APC under Th17 conditions for 4 days, and RE®lIs were sorted by FACS. B6.SJL congenic
(CD45.T) recipient mice were sensitized by an intrapegtdrinjection of OVA-alum on days 0
and 17 and challenged with intranasal OVA on dags28 and 29. RFPcells (1x16) were
transferred to the recipient mice on day 16. Astlmdaced B6.SJL congenic were assessed for

IL-17A, IL-13, IL-4, IFN-y expression by intracellular staining.

Statistics

Data were graphed and analyzed by Prism 6 softy@raphPad). Statistical significance
between two groups was determined by two-tailedesitis t-test. For the comparison of more
than three groups, one-way ANOVA test and Tukeg& were used. P values less than 0.05 was

considered statistically significant.
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RESULTS

1127a™71117f"~ double knockout mice exhibit reduced Th2 cell respnses to protease
allergens in the airway.

To investigate the role of Th17 cells in allergithama, we employed17a” 1117f =/~ (designated
as double knockout; dKO) mié2.Wild-type and dKO mice were intranasally injecteith
mixtures of fungal proteinase frodspergillus oryzae and ovalbumin (PAO/Ova), as a model
allergen. Intranasal PAO/Ova is known to inducergkn-specific Th2 cells as well as Th17 cells
in the airway, offering an ideal model to study pwential mutual regulation between the two
Th cell subset§¥?® As expected, wild-type mice expressed increaseel lef IL-17A- and IL-
17F-producers among CDZ cells in the lungs, which were absent in dKO enfEig. 1A-C).
Of note, the frequency and number of Th2 cells ve¢se significantly diminished in the lungs of
dKO mice, while those of Thl cells were increasgaimpared to wild-type mice (Fig. 1A-C).
The levels of IL-4 and IL-5 in the bronchoalvediavage (BAL) fluid from dKO mice were also
significantly lower than those from wild-type mi¢ieig. 1D). Similar decrease in the frequency
of Th2 cell was also observed in CDZ cells from BAL fluid (see Fig. E1 in the Online
Repository at www.jacionline.org). Thus combinedidency of IL-17A and IL-17F resulted in

a significant reduction of Th2 cell population retairway in an animal model of allergic asthma.

A distinct Th2-Th17 cell population expressing bdthl17A and IL-4/5 was observed in the
wild-type mice, but not in the dKO mice (Fig. 1Ahis observation raised a hypothesis that the
reduced Th2 cell responses in the dKO mice mighdueeto the lack of these Th2-Th17 cells
originated from Th17 cells and that IL-17ATh2 cells are partially deviated from Th17 cells,

since we also observed a diminished frequency efA™?Th2 cells (10.03 + 0.56 (WT) vs
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6.93 + 1.02 (dKO)p = 0.04). To test this hypothesis and to definedhgin of the Th2-Th17
cell population, we first utilized fate mapping s with [117f “*R26R®""" miceé* that enables
us to track cells that activated the expressioldf7F regardless of their present expression of
this cytokine. We found that few eYFeells (exTh17 cells) produced Th2 cytokines, iatliny
that Th17 cells did not become Th2 cytokine-prodgaiells in the airway (see Fig. E2A in the
Online Repository at www.jacionline.org). Next, wadoptively transferredn vitro generated
ovalbumin-specific Th17 cells purified from17f ™xOT-1l mice? into congenic mice, before
challenging the recipient with intranasal ovalbumihe donor Th17 cells appeared to be stable
and did not produce Th2 cytokines (Fig. E2B and Tese results together indicate that Th2-
Th17 cells found in the airway of asthmatic mice aot derived from Th17 cells, and suggest

that the reduced Th2 cell responses in the dKO anieaot due to the lack of Th17 cells.

RORyt-deficient mice exhibit reduced Th2 cell response® allergens in the airway.

Since the lack of IL-17A and IL-17F showed redud@ cell responses in an animal model of
allergic asthma, we hypothesized that Th17 cepaorses play a crucial role in the generation of
Th2 cell responses. To further explore the roldlot7 cell responses on Th2 cells in allergic
asthma, we sought to determine the role of ROR signature transcriptional factor responsible
for Th17 cell program, on Th2 cell responses dutimg development of allergic asthma. We
administered PAO/Ova intranasally into wild-typeddRoryt 99" (RORyt-deficient) mice. As
expected, RORyt-deficient mice showed a profound reduction in fitegjuency and number of
Th17 cells in the lung compared to wild-type miéeg( 2A-C). Interestingly, ROR-deficient
mice also exhibited a significantly diminished T¢&l population, both in frequency and number,

while those of Thl cells were increased comparedild-type mice (Fig. 2A-C). Consistently,
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the amounts of IL-4, IL-5, and IL-17A were all sifycantly lower in the BAL fluid of RORt-
deficient mice compared to those of wild type m(Egy. 2D). The numbers of both eosinophils
and neutrophils in the BAL fluid were also signéitly reduced in the former group (Fig 2E).
These results demonstrate that, in addition tomshed Th17 cell responses and neutrophilia,
RORyt-deficient mice failed to mount optimal Th2 cedsponses and eosinophilia in this animal

model of allergic asthma.

An RORyt inhibitor suppresses both Th2 and Th17 cell resptses in allergic asthma.
Diminished pulmonary Th2 cell responses in RG&eficient mice prompted us to hypothesize
that targeting RORR might be effective in suppressing Th2 cell- adlwe Th17 cell-mediated
inflammation in the airway. To test this possililive employed an RORinhibitor ursolic acid
(UA) that has been shown to selectively inhibit ROR vitro andin vivo during Th17 cell
differentiation?® Groups of C57BL/6 mice were intranasally admimistewith PAO/Ova and
were additionally given UA or DMSO as a vehicleFE3A). Consistent with the results
observed in RORR-deficient mice (Fig. 2), mice treated with UA shed significantly reduced
frequencies and numbers of Th2 cells and Th17 ediite showing increased Thl cells in the
BAL (Fig. 3A and B). Similar tendency was also atved in CD4 T cells in the lung (data not
shown). When lymphoid cells from the mediastinahph node were restimulated with Ova,
CD4" T cells from the UA-treated mice produced sigrifitty lower levels of IL-4, 5 and 17
while producing significantly higher level of IFiN-compared to those from vehicle-treated mice
(Fig. E3B). In addition, mice treated with UA exitédad significantly reduced numbers of

eosinophils and neutrophils in the BAL fluid, compé with vehicle-treated mice (Fig. 3C).
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Moreover, the former group showed significantly ueed infiltration of inflammatory cells
around the airway with reduced mucus productiom ttiee latter group (Fig. 3D). Hence,
treatment with UA prevented the development of Thélf and Th2 cell responses and blocked

allergic inflammation in an animal model of allergisthma.

We next asked if the RORinhibitor can ameliorate allergic T cell resposhige asthmatic mice.
Mice were intranasally administered with PAO/Ovaesstablish allergic airway inflammation
before being injected with UA or vehicle (Fig. E3@Qompared to mice treated with vehicle,
mice treated with UA showed a moderate but sigaificreduction in the frequencies and
numbers of Th17 and Th2 cells in the BAL, whilesa@f Th1 cells were increased (Fig. 3E and
F). Similar tendency was also observed in the @gtimulated lymphoid cells of the mediastinal
lymph node (Fig. E3D). Consistent with reduced &h# Th17 responses in the UA-treated mice,
the numbers of eosinophil and neutrophil in the Blid were all remarkably lower (Fig. 3G).
Reduction of the infiltrated inflammatory cells a®ll as mucus production in the UA-treated

mice was also observed (Fig. 3H).

To further determine if blockade of R@Rameliorates allergic Th2 and Th17 cell responses
more chronic settings, we employed two additioti@rgic asthma models induced by repeated
intranasal PAO/Ova challenges or by systemic deasdn with ovalbumin and alum before
subsequent challenges with intranasal ovalbumig. (E4AA and E4E). In both models, we
observed a significant reduction in the numberbath Th17 and Th2 cells in the BAL fluid of
UA-treated mice compared with vehicle-treated nffeig. E4B/C and E4F/G). Consistently, the

numbers of eosinophils and neutrophils in the BAlidf were profoundly lower in the former
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than the latter (Fig. E4D and E4H). Collectivehgse results demonstrate that treatment with an
RORyt inhibitor UA significantly ameliorated both eosyhilic and neutrophilic inflammation in

the airway in animal models of allergic asthmapagged with reduced Th2 cell and Th17 cell.

Diminished Th2 cell responses by ROR blockade are not due to increased IFM
RORyt-deficient T cells as well as T cells from UA-tted mice produced higher levels of N
compared to their respective control T cells. SiheBly is a strong inhibitor of Th2 cell
differentiation?® it is possible to surmise that the increasedylféd to the diminished Th2 cell
responses in the UA-treated mice. To address tissibility, we examined if neutralizing 1N
restores Th2 cell responses in the UA-treated n@mempared with control 1gG treatment, we
observed that anti-IFN treatment significantly decreased the frequencyifMy producers
among CDZ T cells in the UA-treated mice, indicating the KFheutralizing effect of the
antibody (Fig. 4A). By contrast, we observed comapée frequencies and numbers of Th2 cells
and Th1l7 cells between control IgG- and antitRMated group in the UA-treated mice (Fig.
4A and B). Consistently, differential cell count BAL also showed that mice treated with UA
exhibited reduced eosinophilia and neutrophiliaardtgss of anti-IFNtreatment (Fig. 4C). Thus,

the reduction of Th2 cell responses by the RORibitor is independent of IFN

T cell intrinsic function of RORyt in Th2 cell differentiation

The observed diminished pulmonary Th2 cell respomseéhe RORt-deficient mice as well as
in the UA andulFNy-treated mice led us to hypothesize RORgulates Th2 cell differentiation
in a T cell-intrinsic manner. To determine if R@Rplay any role in pulmonary Th2 cell

responses in a T cell-intrinsic mannewivo, we generated mixed bone marrow chimeric mice
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by transferring 1:1 mixture of wild-type (CD45)land RORt-deficient (CD45.2) bone marrow
cells into bone marrow-ablateftrb” mice (Fig. 5A). Following reconstitution, the chanc
mice were intranasally challenged with PAO/Ova. @ared with wild-type CD4 T cells,
RORyt-deficient CD4 T cells exhibited significantly reduced Th2 celldafih17 cell responses
in the lung and in the BAL while exhibiting increasTh1 cell responses (Fig. 5B and C). Hence,

RORytin T cells is required for the optimal differeation of Th2 cells in the airwaw vivo.

To further investigate the T cell-intrinsic role BORyt in the differentiation of Th2 cells, we
utilized anin vitro Th2 cell differentiation system, in which naive CD#cells fromRoryt 979
mice were stimulated with plate-coate@D3 in the presence of solubl€D28, IL-2 and IL-4.
Of note, RORt-deficient T cells showed a significantly loweeduency of IL-4/5-producing
Th2 cells than wild-type T cells (Fig. 5D). The guztion of IL-13 and IL-5 in the cultured
supernatants was also significantly decreased iRyR@eficient T cells (Fig. 5E). In addition,
this inefficient differentiation of ROR-deficient T cell into Th2 cell was independentlBNy
since anti-IFN treatment showed little effect in the productionllo-13 and IL-5 (data not
shown). To further examine the role of R@M Th2 cell program, we analyzed the levels of
MRNA transcripts known to be associated with helpeell differentiation. Consistent with the
protein data, we observed a significant reductiothe levels ofl4, 115 andll13 transcripts in
RORyt-deficient T cells compared to those of wild-typecells (Fig. 5F). The levels dbata3
andlrf4 were also slightly reduced in R@Rleficient T cells. Interestingly, we observedtttiee
expression oBcl6 was significantly higher in RORdeficient T cells than wild-type T cells.
These data demonstrate that R@&eficient T cells express lower levels of Th2l sgnature

genes, but express higher level Bifl6 than wild-type T cells under Th2 cell differentomt
23



472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

condition.

Since we observed an increased expressioBckff transcript in the ROR-deficient T cells
under Th2-skewing conditiom vitro, we asked if ROR-deficient T cells expressed increased
BCL6 in vivo. To this end, we compared the expression of BOL6D44'CD62L°CD4" T cells
betweenRoryt 79" andRoryt 99" mice. Compared to heterozygotes, RO&eficient mice had
an increased frequency of BCL6-expressing cells ngmeffector/memory CD4 T cell
population (Fig. 5G). When the CD¥@D62L CD4" T cells were subjected to plate-coated anti-
CDa3 stimulation, ROR-deficient T cells produced significantly less 4 -IL-13, and IL-17A
than wild-type T cells, while the level of IFNvas comparable (Fig. 5H). Collectively, R@R
deficiency resulted in an increased expression OL@in effector memory T cells associated

with diminished Th2 and Th17 cytokine productiorsteady staten vivo.

Downregulation of Bcl6 restores Th2 cell differentiation in RORyt-deficient T cells.

Since BCL6 is known to suppress the differentiatifnnaive T cells into Th2 celf, we
hypothesized that the increasBdl6 accounts for the decreased Th2 cell differentmatio
RORyt-deficient T cells. To test this hypothesis, wdizgd two retroviral ShRNA constructs
targetingBcl6 and found that they significantly diminished thepeession of BCL6 (Fig. 6A). As
depicted in Figure 6B, the knock-down of BCL6 in R@®deficient T cells resulted in a
remarkable increase in the frequency of IL-13-powig Th2 cells during Th2 cell
differentiationin vitro. To directly investigate the role of BCL6 in Théllcdifferentiation, wild-
type or BCL6-deficient naive CD4A cells were subjected to Th2 cell-skewing cowoditiBCL6-

deficient naive CD4 T cells exhibited an increase in the frequencyllo#/5 and 1L-13
24



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

producing cells compared to that of wild-type CO4cells (Fig. 6C). Consistently, the amounts
of IL-5 and IL-13 in the supernatants were sigmifitty higher in the BCL6-deficient T cells than
wild-type T cells while the production of IL-4 wasmparable (Fig. 6D). Thus, downregulation
of BCL6 restores the decreased Th2 differentiatroiRORyt-deficient T cells. These results
strongly support the notion that R@Rfacilitates Th2 cell differentiation by inhibignthe

expression of BCL6.

Effects of RORyt inhibition in human Th2 cell differentiation.

We finally sought to determine the effects of R@Rhibition on the differentiation of human
Th2 cell from naive CD4T cells. Naive CD4 T cells from healthy donors were stimulated
under Th17 cell or Th2 cell differentiation conditi in the presence or absence of UA. As
expected® RORyt inhibition by UA almost completely suppressed IIZA production under
Th17-skewing condition (Fig. 7A). To check the effeof RORt inhibition on the restimulation
of effector/memory Th17 cells, CDBD4'CD45RA'CD45RU T cells from the same healthy
volunteers were stimulated with plate-bound CD3baxaly. IL-17A production was significantly
suppressed by the addition of UA in the culturgy(FiA). In addition, we also observed that the
addition of UA into the Th2-skewing culture sigo#ntly inhibited the production of IL-13
compared to vehicle control (Fig. 7B). Consistentlige frequency of IL-4 cells was
significantly reduced in UA-treated T cells comghr® vehicle-treated T cells (Fig. 7C).
However, we observed no detectable level of IL+1b8nfthe supernatants of anti-CD3 stimulated
effector/memory CD4T cells (Fig. 7B). Similarly, another R@Rinhibitor, SR2211 was found
to inhibit the differentiation of human Th2 cell a®ll as Th17 cellsn vitro (see Fig. E5A and

E5B in the Online Repository at www.jacionline.otd)
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We next sought to explore if the inhibition of R@Rsuppresses allergen-specific effector-
memory Th2 cells and Th17 cells in asthma patieAliergic asthma patients were selected
based on their response against house dust netge,Dermatophagoides farinae (D. farinae),

in skin-prick-test. Peripheral blood mononucledlsc®BMCs) from the patients were simulated
with 50 pg/ml of D. farinae extract in the presence of DMSO or UA before thele of IL-17A
and IL-13 were measured. As shown in Figure 7D aithdition of UA significantly reduced the
production of IL-17A fromD. farinae-specific CD4 T cells. By contrast, no evident difference
was observed in the levels of IL-13 between the @VM&nd UA-treated cells, indicating that the
inhibition of RORt have little role in suppressing allergen-speatitector/memory Th2 cells.
Together, these results demonstrate that R@MRibition resulted in the suppression of bott2Th
cell and Th17 cell differentiation from naive T lseWwhile exerting little to no of in suppressing

effector/memory Th2 cell responses in humans.
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DISCUSSION

Despite the non-redundant pathogenic roles of Tél’s and Thl1l7 cells in allergic airway
inflammation, it has been unclear how the simukbaiseinhibition of these two helper T cell
subsets can be achieved. Our findings in the ptestedy are (i)ll17a”1117f 7 dKO mice
showed reduction of Th17 and Th2 cell response ypoteinase allergen challenge, (ii) R@R
deficient mice exhibited significantly diminishechd as well as Th17 cells in the airway in
response to proteinase allergen, (iii) pharmacokdgnhibition of RORt also inhibited Th2 cell
as well as Th17 cell responses in the airway irdiayipe mice in an IFiindependent and T
cell-intrinsic manner, (iv) the inhibition of ThZlt responses in RORdeficient T cells was
restored by the knock-down of BCL6, and (v) pharohagical inhibition of RORt also
inhibited the differentiation of human Th2 cellasll as Th17 cell differentiation. Overall, our
findings indicate that blockade of R@Rcan simultaneously suppress Th2 cell as welltels/T

cell responses during allergic asthma.

Among diverse animal models of allergic asthmagwployed PAO/Ova-induced asthma model
since this model exhibits both Th2 cell- and Th&Hl-mediated allergic airway inflammation,
offering an ideal model to study any mutual regatabetween Th2 and Th17 cell resporfSes.
In addition, proteinase allergens used in this rhadatains very low amount of endotoxin,
minimizing allergen-independent inflammation whidtely interferes with the interpretation of
Th2 cell- and Th1l7 cell-mediated resporffseRORyt-deficient mice lack lymph nodés;
therefore the reduced induction of Th2 cell respsria the ROR-deficient mice could be due
to the lack of airway-draining lymph nodes wherégan-induced T cell differentiation occurs,

rather than a role of RORin Th2 cell differentiation. To address this isswe examined Th2
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cell responses in RORdeficient T cells in the mixed chimericrb " mice given 1:1 mixture of
bone marrow cells from wild-type and R@Rleficient mice, which have normal secondary
lymphoid organs including the airway draining lympbdes, and found that R@Rleficient T
cells still exhibited a profound reduction in Th2llcresponses upon intranasal allergen
challenges. Therefore, we concluded that RIOIR T cell is required for optimal Th2 cell

responsegn vivo.

Since Th2 and Th17 cell responses play critical mma-redundant roles in the pathogenesis of
allergic asthma, there have been a number of attetoblock either pathway in animal models
as well as in humaris.However, blocking either Th2 or Th17 pathway bti-#in-13 or anti-IL-

17 alone has been shown not to be sufficient fertteatment of allergic asthma because such
treatment resulted in the upregulation of the offehwa¥y.'®Similarly, a recent study by Park

1>* demonstrated that co-administration of anti-ILdntl anti-1L-13 reduced both Th2 cell

eta
and Th17 cell responses in the lung in an animalehof antigen-induced pulmonary arterial

remodeling while anti-IL-17 or anti-IL-13 alone td®d in the upregulation of Th2 or Thl7

downstream effector genes, respectively. Collebtivihese reports imply that simultaneous
targeting of both Th2 and Th17 cell responses wbelé promising strategy for the treatment of
allergic asthma, while targeting either pathwaynalmight be ineffective due to the activation of
the other pathway. In this regard, our previouslgtexamined if blockade of STAT3 inhibits

both Th2 and Th17 cell responses in the airwayesthe activation of STAT3 is indispensable
for Th17 cell differentiatiori>*® and STAT3 has been recently shown to be requisedtimal

Th2 cell differentiatior?’ Although STAT3-deficient T cells exhibited reducBa? cell and Th17

cell differentiation in the bronchial lymph nodéisey showed more robust Th2 cell responses in
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the airway compared with STAT3-sufficient T celisiggesting that blockade of STAT3 might
increase Th2 cell responses in the airVayinlike STAT3-deficient T cells, we observed a
consistent reduction of Th2 cell responses in theay of ROR/t—deficient T cells as well as in
mice treated with an RORInhibitor. Based on these observations, we prepbat blockade of

RORyt would offer a promising approach for the treatb@rallergic asthma in humans.

What is the underlying mechanism for the diminisfd@® cell responses by the blockade of
RORyt? IFNy from Th1 cell responses can suppress Th2 celliefisas Th17 cell respons&s>®
However, increased Th1l cell responses are noylikel direct mechanism of the diminished Th2
cell responses since neutralization of JFRKiiled to restore Th2 cell responses in ROR
deficient T cellgn vitro as well as UA-treated mida vivo. Of note, we observed that the level
of Bcl6 transcript was elevated in R@Rleficient T cells stimulated under Th2-skewing
condition, and that the expression of BCL6 in CP@B®4" T cells was increased in R@R
deficient mice in steady state. The antagonism &etmBCL6 and ROR or GATA-3 is well
documented. BCL6 functions as transcriptional regoe antagonizing the function of R@Ras
well as the expression @ata3, leading to the inhibition of Th17 and Th2 celfféientiation,
respectively®*' In addition, BCL6-deficient mice develop more reburh2 cell-mediated
inflammatory responses than wild-type nif@nd IL-13 is the most downregulated molecule by
BCL6.*® Importantly, we found that knock-down of BCL6 sifigantly restored the frequency of
IL-13-producers in RORR-deficient T cells under Th2-skewing conditiondicating that the
increased BCL6 in the absence of R@Blayed a critical role in the observed diminishid®
cell responses. Thus we propose that blockade &yR@hibits Th2 cell responses, at least in

part, by inducing the expression of BCL6 in T cefs this moment, it is not clear how R@R
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regulates BCL6 and further studies are neededatttifg the underlying molecular mechanisms.
To rule out any possible non-redundant and comperns&unctions between IL-17A and IL-
17F*47 we employed!|17a”1117f 7~ dKO mice in our allergic asthma model and found a
significantly reduced Th2 cell response in the aiywf the dKQin vivo. 1117a”1117f 7~ dKO
mice still have intact ROR, suggesting that the observed diminished Th2resfbonses in the
dKO mice are not likely associated with reduced RO#pression. Thus we speculate that the
mechanism governing the reduced Th2 cell respansé&e dKO mice differs from that induced
by RORyt-deficiency. It is possible that IL-17A and IL-1&&mulate the production of soluble
factors such as complemé&hthat could facilitate Th2 cell responses from fmmmune cells in
the lung. Hence, we propose that both of ROd&hd Th17 cytokines contribute to the generation
of Th2 cell responses in the airway, presumablgugh distinct mechanisms. BCL6 is essential
for the generation of follicular helper T (Tth) 87 as well as follicular regulatory T (Tfr)
cells>® > Hence one can speculate that RORay also play an important role in controlling
germinal center reactions by modulating the expoessf BCL6 in Tth and/or Tfr cells. Further

studies will be needed to dissect the role of RORgerminal center reactions.

Importantly, we observed that the pharmacologichikition of RORt by UA also significantly
decreased the differentiation of human Th2 celiswell as Th17 cells. UA is known to inhibit
the activation of STAT3, NikB in addition to RORt; however, it specifically inhibits ROR
but not STAT3, nor NkeB- at concentrations lower thanu®/, the concentration we used in the
present stud$? We also observed that another R®Rnhibitor SR2211 also inhibited the

differentiation of human Th2 cell. Together withethesults obtained with RQRdeficient T
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cells, these findings strongly support the notibat tblockade of RO suppresses Th2 cell
differentiation program in mice as well as in husaim addition, the same treatment also
suppressed the production of allergen-induced IA-Ifbm the PBMCs of human allergic
asthma patients. The production of Th2 cell cytekifrom the PBMCs of human allergic asthma
patients was not affected by the treatment of RGRhibitor. Clinical longitudinal studies
reported that mono-sensitized children with atogpsthma become poly-sensitized over time
indicating that new allergen-specific Th2 or ThElN< continuously develops over the course of
time>%°3 Hence, though the inhibition of R@Ris less efficient in controlling established
memory Th2 responses, it could eventually be beiag¢fior the treatment of established allergic
asthma by suppressing newly developing Th2 celts®imil7 cells. Supporting this notion, we
observed that the treatment with the ROIRhibitor reduced all aspects of allergic astimaur

therapeutic model.

In summary, our study has unveiled a crucial ré|lRORyt in the differentiation of Th2 cells in
allergic asthma. Based on our findings, we propbattargeting RORR would be beneficial for
the treatment of Th2 cell-mediated eosinophilichest as well as Thl7 cell-mediated
neutrophilic asthma. Further immunologic and phawhagic studies will be needed to identify
effective RORt inhibitors with few side effects before consideritherapeutic use for allergic

asthma in humans.
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FIGURE LEGENDS

FIG 1. 1117a™71117f"~ dKO mice exhibit reduced Th2 cell responses agaihéntranasal
allergens. A, Representative FACS plot of CDZ cells from the lung PercentagB)(and
absolute numbeiQ) of CD4" T cell subsetsD, Levels of IFN, IL-4 and IL-5 in BAL fluid. The

graph shows means + sem. *P < 0.05, **P < 0.01P*%0.001.

FIG 2. RORyt-deficient mice exhibit reduced Th2 as well as Thi responses against
intranasal allergens.A, Representative FACS plot of lymphocytes fromlthrey. PercentageB)
and absolute numbe€) of lung CD4 T cell subsetsD, Levels of IFN,, IL-4, IL-5 and IL-17A

in the BAL fluid. E, Absolute number of total cells, eosinophils, natrages, lymphocytes and
neutrophils in the BAL fluid. Data are represematof three independent experiments. The
graph shows means + sem. *P < 0.05, *P < 0.01,P*% 0.001 ns, Not significant. mac,

macrophages. eo, eosinophils. neu, neutrophils. liymphocytes.

FIG 3. An RORyt inhibitor, UA suppresses both Th2- and Thl7-medited allergic
inflammation in the airway. A-D, Results from preventive modeE-H, Results from
therapeutic model. Frequenci @nd E) and absolute numbeB (and F) of BAL CD4" T cell
subsetsC and G, Absolute number of total cells, macrophages, regsils, neutrophils and
lymphocytes in BAL fluid. D andH, Histological analysis of the lung. Data are reprdative of
three independent experiments. The graph showsaneaem. *P < 0.05, **P < 0.01, *P <

0.001. ns, Not significant.

FIG 4. Reduction of Th2 cell responses by UA treatment i$N y-independent.FrequencyA)
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and absolute numbeB) of BAL CD4" T cell subsetsC, Absolute number of total cells,
macrophages, eosinophils, neutrophils and lymplesciyt BAL fluid. Data are representative of
three independent experiments. The graph showssneaem. *P < 0.05, **P < 0.01, **P <

0.001.

FIG 5. T cell intrinsic role of RORyt in Th2 cell differentiation. (A-C) Results from bone-
marrow chimeric micé\, A schematic outline of mixed bone marrow chimenice generation.

B, Representative FACS plot of lung CD% cells.C, Frequency of lung CD4T cell subsets.
(D-F) Differentiation of Th2 cells from naive R@Rdeficient CD4 T cells.D, The expression

of the indicated cytokines in CDZ cells after differentiatiorE, The levels of IL-13 and IL-5 in
the supernatants:, mRNA expression of indicated genes examined bgntative real time
PCR. G-H) Analysis of T cells from steady sta®eryt *'9" or Roryt¥"9" mice.G, Splenocytes
were analyzed for their BCL6 expression by floworyetry. H, Sorted CD44CD62L°CD4" T
cells were stimulated with plate-coate@D3, and the levels of the indicated cytokines were
measured. Data are representative of at least mdependent experiments. The graph shows

means = sem. *P < 0.05, **P < 0.01, ***P < 0.00d, not detected.

FIG 6. BCL6 negatively regulates Th2 cell differentiationin RORyt-deficient T cells. A
Expression of BCL6 in T cells after transductiorthwihe indicated shRNA—en-day B, The
frequency of IL-13 producing T cellsC(andD) Naive CD4 T cells from WT oBcl6”'CD4-Cre
were cultured in Th2-skweing conditiof, The expression of the indicated cytokines were
analyzed by flow cytometryD, The levels of IL-4, IL-5 and IL-13 in the supetaiat. Data are

representative of at least two independent expertisnd he graph shows means = sem. *P < 0.05,
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**P <0.01, **P < 0.001.

FIG 7. Blockade of RORyt negatively affects the differentiation of human h2 cells.Human
naive CD4 T cells from healthy volunteers were cultured imlT- or Th2-skewing condition
and effector memory CDA4T (Teyv) cells were stimulated with plate-coate@D3 (A-C). A,
Levels of IL-17A in the culture media from Th17 diion or Tem. B, Levels of IL-13 in the
culture media from Th2 condition oigl. C, The percent changes of IL-4 producers in the UA-
treated CDA T cells. Each symbol represents individual doMrPBMCs from human allergic
asthma patients were stimulated with HDM extract#a. Levels of IL-17A and IL-13. Each
symbol represents individual patient. Data are espmtative of at least three independent

experiments. The graph shows means + sem. *P X &6P < 0.001.
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SUPPLYMENTARY FIGURE LEGENDS

FIG E1. Representative FACS plot of BAL CD4" T cells of mice in Fig 1. BAL cells were

gated on CD45ZCRB'CD4". Data are representative of two independent exaers.

FIG E2. Plasticity and stability of Th17 cellsduring allergic asthma. A, Intracellular staining
of IL-17A and other cytokinesA, The expression of indicated cytokines in the ledF or
eYFP CD4 T cells. 8-C) Naive CDACD25 CD62L""CD44°" T cells froml117f "™ x OT-II
mice were stimulated under Th17 conditions, and ‘RE€lls were FACS-sortedBf and
transferred into B6.SJL congenic mice (CD45%.before challenging the recipients with
allergens. The frequencies of the BAL CDHcell subsets were analyzed by flow cytome@y. (

Data are representative of two independent expetsna = 3-4 per experiment.

FIG E3. Preventive and therapeutic effects of UA on allergic asthma. A Schematic diagram
of experimental protocol for UA preventive modekdsn Fig. 3 A-D A) or for UA therapeutic
model used in Fig. 3 E-HC). (B and D), Lymphoid cells from the mediastinal lymph nodes
were restimulated with ovalbumin and the productadnFNy, IL-4, IL-5 and IL-17A in the
culture media was determined. Data are represeatafi three independent experiments. The

graph shows means + sem. *P < 0.05, **P < 0.01P*%0.001.

FIG E4. Effects of UA on chronic asthma modd. A and E, Schematic diagrams of
experimental protocol for chronic model using PA@OB-D) and OVA-alum FE-H)

respectively. The frequency (and F) and absolute numbe€(and G) of BAL CD4" T cell
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subsetsD and H, Absolute number of total cells, macrophages, regshils, neutrophils and

lymphocytes in BAL fluid. The graph shows meangms*P < 0.05, **P < 0.01, ***P < 0.001.

FIG E5. SR2211, another RORyt inhibitor, negatively regulates the differentiation of
human Th2 cells. A, Representative FACS plot for vitro Th17 differentiation and the percent
changes of IL-17RORyt" T cells.B, Representative FACS plot fam vitro Th2 differentiation

and the percent changes of IL-4 producing T cBlisch symbol represents individual donor.



