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Abstract

Background: Innate lymphoid cells (ILCs) are emerging subséismmune cells that
produce large amounts of cytokines upon cytokir#@ralarmin stimulation. Recent studies
have shown that T-bet plays pivotal roles in theettgoment of ILC3s and ILC1s; however,
the roles of T-bet in lung ILC2s remain unknown.

Objective: To determine the role of T-bet in ILC2-mediatedvay inflammation.

Methods: The expression of T-bet in lung ILCs (defined ayT.2 Lin" cells) was examined.
The roles of T-bet in the development of lung IL@2sl airway inflammation induced by
IL-33 administration were examined by using T-beficlent (T-bet’) mice. Gene expression
profiles of T-bet lung ILCs were analyzed by RNA sequencing.

Results: T-bet was expressed in lung ILC2s (defined as THyin" cells expressing ST2 or
CD25) and IFNy enhanced its expression. While the developmehingf ILC2s at
steady-state conditions was normal in T‘betice, IL-33-induced accumulation of lung
ILC2s and eosinophilic airway inflammation were es@ated in T-bét mice. The
exacerbated accumulation of ILC2s and eosinopaifizay inflammation by the absence of
T-bet was evident even in a RAGBackground, suggesting that T-bet expressed in
non-T/non-B population is involved in the suppreasnf IL-33-induced eosinophilic airway
inflammation. Transcriptome analysis revealed th& expression in IL-33-stimulated lung
ILCs was up-regulated in T-Heémice compared with that in wild-type mice. Impaotts,
neutralization of IL-9 markedly attenuated IL-33uted accumulation of lung ILC2s and
eosinophilic inflammation in T-bé&tmice.

Conclusion: T-bet suppresses IL-9 production from lung ILC&d ¢ghereby inhibits

IL-33-induced eosinophilic airway inflammation.
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Key messages
T-bet expressed in lung ILC2s is involved in themer-regulatory mechanisms of

ILC2-mediated immune responses in the airways.

Capsule summary
T-bet suppresses IL-9 production from lung ILC2d #rereby inhibits IL-33-induced

accumulation of lung ILC2s and ILC2-mediated eophilic airway inflammation.

Key words: T-bet, innate lymphoid cells, IL-9, eosinophils

Abbreviationsused in this paper:

AhR; aryl hydrocarbon receptor

BALF; bronchoalveolar lavage fluid
ILCs; Innate lymphoid cells

KLRG1Z; killer cell lectin like receptor G1
Lin; lineage markers

MIG; MSCV-IRES-GFP

NCR; Natural cytotoxicity receptor
T-bet; T-box expressed in T-cells
Tregs; regulatory T cells

WT; wild-type
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I ntroduction

Innate lymphoid cells (ILCs) are emerging subséismmune cells that exist in mucosal
and lymphoid tissues? * 4ILCs do not express antigen receptors or cellljgemarkers but
do produce large amounts of cytokines upon cytoim#for alarmin stimulatiohILCs have
been classified into several subsets by the exprepsttern of surface molecules, cytokines,
and transcription factors analogous to helper l6c&ype 1 ILCs (ILC1s) consist of
conventional NK cells and ILCs that express T-bepressed in T-cells (T-bet) and IFN-
Type 2 ILCs (ILC2s), which express ST2 and CD25 parodiuce large amounts of IL-5 and
IL-13 in response to epithelial cell-derived cytods such as IL-25 and IL-33, have been
shown to be required for anti-helminth responsektha development of allergic diseases
such as asthma and chronic rhinosinudiRecent studies have shown that RORBATA3,
and T cell factor 1 (Tcf1) are required for the elepment and the function of ILC2<: /89
Type 3 ILCs (ILC3s) are comprised of three subdgitsphoid tissue inducer (LTi) cells,
natural cytotoxicity receptor (NCR)LC3, and NCRILC3, and are defined by the
expression of ROR and the production of IL-17A and/or IL-22.** *2In addition to ROR,
GATA3 has been reported to be involved in the dgwelent of ILC333

T-bet is well known as the master regulator of €klls'* °In addition, T-bet has been
shown to be important for the development and/oction of cytotoxic CD8T cells, NKT
cells, DCs, and ILC15 Moreover, it has recently been shown that T-bétghly expressed
in NCR" ILC3s in the gut of mic& " ®and that T-bét mice show a marked reduction of
RORyt expression and a decrease in IL-22 productidh@8s° suggesting that T-bet plays
a pivotal role in gut NCRILC3s. However, the roles of T-bet in the develepinof ILC2s
remain to be determined.

Allergic airway inflammation is an immunohistapelogical feature of asthmaNot
only Th2 cells induced by allergens but also IL@28vated by epithelial cell-derived
cytokines such as IL-25 and IL-33 are involvedha induction of allergic airway

inflammation®” > Regarding the role of T-bet in allergic airwaylamimation, it has been
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98  shown that T-bé&t mice on a C57BL/6 background develop eosinophiliway inflammation
99  spontaneousl§? By using ovalbumin-induced asthma models on a BiLckground, we
100  have shown that T-bet expressed in CD4ells suppresses both Th2 cell-induced
101  eosinophilic airway inflammation and Th17 cell-imgd neutrophilic airway inflammatidn.
102  However, the roles of T-bet in ILC2-mediated airviraijammation remain unknown.
103 In this study, we examined the role of T-betha tlevelopment of lung ILC2s and
104  eosinophilic airway inflammation induced by the awlistration of IL-33. While the
105 development of lung ILC2s at steady-state conditivas normal in T-b&tmice,
106  IL-33-induced eosinophilic airway inflammation aacdcumulation of lung ILC2s was
107  exacerbated in T-bétmice even in the absence of T cells. Importatithd production was
108 enhanced in T-bétILC2s and the neutralization of IL-9 markedly attated IL-33-induced
109  eosinophilic airway inflammation in T-b&mice, suggesting that T-bet inhibits the expressio

110  of IL-9 in lung ILC2s and thus suppresses IL-33toed eosinophilic airway inflammation.
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M ethods

Mice

T-bet” mice?® on a BALB/c background (Jackson Laboratory, Barbdg Me) were crossed
with RAG2" mice to obtain T-bétRAG2" mice. All mice were housed in microisolator
cages under pathogen-free conditions. All expertsyarere performed according to the

guidelines of Chiba University.

Reagents

Antibodies and cytokines used in this study aresshim Online Repository Methods.

Induction of airway inflammation

IL-33 (500 ng), IL-25 (lug), or papain (2%g) was administered to mice (age 8-12 weeks)
intranasally on days 0, 3, and 6 and airway inflaatiom was evaluated at 12 hs after the last
administration. Where indicated, a neutralizing-am9 antibody (25ug) or anti-IFNy

antibody (50Qug) was administered to mice at 30 min before ed&dh-83 administration.

Histological analysis
Lung sections (pim thick) were stained with H&E or PAS accordinghe standard
protocols. Histological score on H&E-stained sawdiand goblet cell score on PAS stained

sections were determined in a blinded manner asities previously’

Flow cytometric analysis

After Fc receptors were blocked with anti-CD16/32 (@3; BioLegend), cells were stained
and analyzed on a FACS Calibur (Becton Dickins@m $ose, CA) using FlowJo software
(Tree Star, Ashland, OR).

Intracellular cytokine staining
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Cells were stimulated with PMA (20 ng/ml; CalbioomeSan Diego, CA) and ionomycin (1
ug/ml; Calbiochem) for 4 hs, with monensiny(®l; Sigma-Aldrich) added for final 3 hs.
Intracellular staining of IL-4, IL-5, IL-9, IL-13and IL-17A was performed using antibodies
to IL-4 (11B11; BD Biosciences), IL-5 (TRFK5; Biogend), IL-9 (RM9A4; BioLegend),
IL-13 (eBiol3A,; eBioscience), and IL-17A (TC11-18#1; BioLegend).

Isolation and cultureof ILCs

Lineage-negative cells were roughly purified froimgée-cell suspensions of lung cells by
negative sorting with a Lineage cell depletion(kiltenyi Biotec, Auburn, CA) according to
the manufacturer’s instruction. The resultant cekse stained with FITC-labeled antibodies
to surface lineage markers (CHED4, CD&, CD19, CD5, B220, CD11b, CD11c, CD49b,
FceRI, TER119, TCR, TCRy3, and GR-1), anti-ST2-APC, and anti-Thy1.2-PerGRII2"
Lin" cells and ST2Thy1.Z Lin" cells were purified by a cell sorter SH800 (SONokyo,
Japan). These cells (1.0 x°1@lls/ml) were cultured in MEB! medium (Thermo Fisher
Scientific, Waltham, MA) supplemented with 20% hewetctivated FCS and 2-ME (3M)
(complete medium) containing IL-2 (10 ng/ml) and7al(10 ng/ml). Where indicated, cells

were cultured in the presence of IL-33 (10 ng/tiN-y (10 ng/ml), or anti-IL-9 antibody (50
pg/ml).

ELISA
The levels of IL-4, IL-5 and IL-13 were measuredyoSet ELISA kits (R&D Systems,

Minneapolis, MN).

gPCR analysis
gqPCR was performed as described previotrsiyjne expression levels of each gene were
normalized to the levels @Factin. The sequences of PCR primers are showmim®

Repository Methods.



167
168
169
170
171
172
173
174
175
176
177
178
179
180
181

Matsuki et al.

Retroviral transduction of T-bet

Retroviruses of MSCV-IRES-GFP (MIG) and MIG-T-batkind gift from Dr.Steven L.
Reiner) were produced as described previotishpr retroviral transduction, isolated lung
Thy1.2 Lin™ cells were cultured overnight in the presence.e? {10 ng/ml), IL-7 (10 ng/ml),
and IL-33 (10 ng/ml), then infected with retroviessin the presence of IL-2, IL-7, and IL-33,

and cultured for 4 days.

RNA-Seq analysis

RNA-Seq analysis was performed as described prelibuGenes whose expression was
enhanced by IL-33 stimulation and was higher ireT-brhy1.2 Lin cells than that in WT
Thy1.Z Lin™ cells were selected with weighted average diffeegfW/AD) method®

Statistical analysis
Data are summarized as means + SD. The statiatiedysis of the results was performed by

an unpaired test.P values <0.05 were considered significant.
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Results

IFN-yinduces T-bet expression in ST2" Thy1.2"Lin cells.

A recent study has shown that IgNzhibits IL-33-induced proliferation and cytokine
production in ILC2€” More recently, it has been reported that IL-2We8 as IFNy
suppresses the activation and function of ILC28 8TAT1-dependent manner in
IL-33-induced lung inflammatioff' * To examine the roles of T-bet, a representative
IFN-y-inducible gene in CD4T cells®*® in IFN-y-mediated inhibition of ILC2 function, we
first examined the expression of T-bet in ThyLix™ cells isolated from lungs of wild-type
(WT) mice. As shown in Fig. 1A, lung ThyZ.Rin™ cells modestly expressed T-bet in neutral
conditions and the expression was significantlyeased by IFNtstimulation to the levels
similar to Th1l cells. In addition, the expressidile12Rp32, which is induced by T-bet in
CD4" T cells® was induced in Thy1'2.in" cells by IFNy (Fig. 1A). On the other hand,
IFN-y itself was not significantly induced by IFNin Thy1.Z Lin" cells 010000 DAL,
consistent with poor IFN-producing ability of lung ILC28&?

We next examine protein expression of T-bethgIl2 Lin" cells in the lung by
intracellular staining. As described elsewR&rking Thy1.2 Lin" cells consist of two
populations; ST2CD25' cells and ST2CD25 cells (Fig. 1B), which represent ILC2s and
ILC1/3s, respectively. T-bet was expressed not on§T2 CD25 population but also in
ST2" CD25 population in steady-state conditions (1 [1IB). The frequency of T-bet
expressing cells in STThy1.2"Lin™ cells was increased by IFNbut decreased by 1L-33
(Fig. 1C). IFNy partly antagonized the inhibitory effect of IL-88 T-bet expression in ST2
Thy1.2 Lin™ cells (Fig. 1C). These results suggest that Tibexpressed in lung ILC2s and

IFN-y enhances its expression.

T-bet isdispensable for the development of lung 1L C2s.
Because T-bet has been shown to be indispentaititee development and function of a

subset of NCRILC3s % 1" ¥ye next examined whether T-bet is essential fer th
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development of lung ILC2s. As shown in Fig. E1/A¢ tiumbers of Thy1'2.in" cells in the
lung in T-bet” mice were comparable to those in WT mice. The rermobCD25 Thyl.Z

Lin™ cells in the lung was also similar between Ttbetice and WT mice (Fig. E1B). Given
that T-bet is required for the expression of IfM-intestinal ILCS* we next investigated
cytokine production from lung ThyI'2in cells in T-bet mice. In steady-state conditions,
the frequencies of IL-4-, IL-5-, IL-13-, or IL-17Aroducing Thy1.2Lin" cells were not
significantly different between T-bétmice and WT mice (Fig. E1C). The expression levels
of GATA3 and RORt in lung Thy1.2 Lin™ cells were also similar between T-behice and

WT mice (Fig. E1D). These results indicate thaeT4b dispensable for the development and

cytokine production of lung ILC2s in steady-stabeditions.

| L-33-induced eosinophilic airway inflammation is exacer bated in T-bet” mice.

It is well established that intranasal administraof IL-33 induces IL-5 and IL-13
production from ILC2s and causes eosinophilic ayrimdlammation®*To determine the roles
of T-bet in IL-33-induced airway inflammation, renbinant IL-33 was administered to WT
mice and T-béf mice intranasally at day 0, 3, and 6 and the nusnbeeosinophils in
bronchoalveolar lavage fluid (BALF) were evaluaged 2 hs after the last administration.
The proportion and absolute numbers of eosinog8itfiec-F CD11¢ cells) in the BALF
were significantly higher in IL-33-stimulated T-Bahice than those in IL-33-stimulated WT
mice (Fig. 2A). Consistently, histological analyseéswed that peribronchial inflammation
with eosinophil infiltration (Fig. 2B) as well aglet cell hyperplasia (Fig. 2C) was more
obvious in IL-33-stimulated T-b&tmice than that in IL-33-stimulated WT mice. In éiuoh,
the levels of IL-5 and IL-13 in the BALF were sifjoantly higher in IL-33-stimulated T-bét
mice (Fig. 2D). Eosinophilic airway inflammationdimced by IL-25, another epithelial
cell-derived cytokine that induces IL-5 and IL-I®guction from ILC2S? was also
significantly exacerbated in T-Hemice (Fig. E2). Furthermore, Papain-induced eodiilizp

inflammation, which largely depends on ILCPsyas significantly exacerbated in T-bet

10
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mice (Fig. E2). These results suggest that T-tagtspan inhibitory role in ILC2-mediated

eosinophilic airway inflammation.

| L-33-induced accumulation of lung | LC2s is exacerbated in T-bet” mice.

To address the mechanism underlying the enhdhe@8-induced eosinophilic
inflammation in T-bet mice, we examined the numbers of ILC2s in the ldsgshown in
Fig. 3A, the number of lung ThyT.Rin™ cells was significantly increased in IL-33-stinmtei
T-bet” mice as compared with that in IL-33-stimulated WiEe. In addition, while the
frequency of CD25cells in lung Thy1.2Lin" cells (Fig. 3B, left panel) as well as the
frequencies of CDZ5Thy1.Z Lin™ cells expressing ST2 and killer cell lectin lilkeeptor G1
(KLRG1) (Fig. 3C, left panels), markers of ILC28% *in IL-33-stimulated T-bét mice was
comparable to that in IL-33-stimulated WT mice, #ixsolute numbers of CD2%hy1.2
Lin" cells, ST2 CD25 Thy1.Z Lin cells, and KLRG1CD25 Thy1.Z Lin cells were
increased in IL-33-stimulated T-Hemice (Fig. 3B and 3C, right panels). Consistertkg,
frequency of IL-5- or IL-13-producing cells in lufdny1.2 Lin™ cells was similar between
IL-33-stimulated T-béf mice and WT mice (Fig. 3D). Even in IL-33-stim@dtT-bet” mice,
IL-4 production was negligible in lung Thy1.2in" cells, consistent with poor ability of IL-4
production in ILC2S? Taken together, these results suggest that thevadation of lung
ILC2s is significantly enhanced but the abilitylbf5 and IL-13 production of ILC2s is not
affected by the absence of T-bet. Meanwhile, tagdency of IL-17A-producing Thy1'2in
cells was increased in T-Bemice (Fig. 3D), consistent with a previous reptmwing the
increase of IL-17A-secreting ILCs in colon by thesance of T-bet’ As expected, the
frequency of CDAT cells was similar between IL-33-stimulated T-batice and WT mice
(Fig. E3A) and the production of IL-4, IL-5, and-I3 from lung CD4 T cells was negligible
in IL-33-stimulated T-béf mice and WT mice (Fig. E3B).

T-bet expressed in non-T/non-B cellsisinvolved in the suppression of IL-33-induced

eosinophilic airway inflammation.

11
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It has been shown that ILC2s and Th2 cells farpositive feedback loop to mount type 2
immune responsée$.In addition, a recent study has shown that regryaE cells (Tregs)
inhibit ILC2-mediated allergic airway inflammatiéhTo exclude the possibility that the lack
of T-bet in adaptive immune cells including CDBcells is primarily involved in the
exacerbation of IL-33-induced airway inflammatiorTibet” mice, we compared
IL-33-induced airway inflammation between RAG#ice and T-bét RAGZ" mice.
Consistent with the comparison between WT miceTahdt™ mice (Fig. 2), IL-33-induced
eosinophil infiltration into the BALF was signifintly enhanced in T-b&tRAG2” mice as
compared with that in RAG2mice (Fig. 4A). Moreover, the number of lung TH1Lin"
cells was significantly higher in 1L-33-stimulat@bet” RAG2" mice than that in
IL-33-stimulated RAGZ mice (Fig. 4B). Interestingly, the frequency of ZD cells in lung
Thy1.Z Lin™ cells and the expression levels of KLRG1 on CDR%y1.Z" Lin” cells were
significantly up-regulated in IL-33-stimulated TtHeRAG2" mice as compared with those in
IL-33-stimulated RAGZ mice (Fig. 4C and 4D). Furthermore, the productibi_-5, IL-13,
and IL-17A in lung Thy1.2Lin" cells was significantly enhanced in IL-33-stimethfT-bet
RAG2" mice (Fig. 4E). Taken together with the findingtti-bet is expressed in ILCs (Fig.
1), these results suggest that T-bet expressadCis suppresses IL-33-induced accumulation
of lung ILC2s and subsequent eosinophilic airwdlammation and that adaptive immune

cells are involved in the suppression of cytokinedpiction from lung ILCs in T-bétmice.

T-bet suppresses |L-9 production from lung Thy1.2" Lin™ cells.

To determine the regulatory mechanism by whidieffexpressed in ILCs suppresses
IL-33-induced airway inflammation, we searcheddenes whose expression is up-regulated
by the deficiency of T-bet in IL-33-stimulated lufigy1.Z Lin" cells. RNA-Seq analysis
identified IL-9 as one of the genes up-regulatetLiB3-stimulated T-bét Thy1.2' Lin™ cells
as compared with IL-33-stimulated WT Thyll2n" cells (Fig. 5A and Online Repository
Table 1). gPCR analyses confirmed that mRNA lew€ls-9 but not of IL-4, IL-5, or IL-13
were higher in IL-33-stimulated T-BefThy1.2" Lin™ cells than those in IL-33-stimulated WT

12
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Thy1.2 Lin™ cells (Fig. 5B). Moreover, flow cytometric analysevealed that IL-9 production
by IL-33-stimulated CD25Thy1.2 Lin cells was enhanced in T-Betnice than that in WT
mice, whereas the production of IL-5 as well asekjgression of CD25 and ST2 in
IL-33-stimulated Thy1.2Lin" cells was similar between T-Bemice and WT mice (Fig. 5C).

To elucidate the molecular mechanisms of T-bethated suppression of IL-9 production
in ILC2s, we investigated the expression of traipsion factors that are involved in IL-9
production in CDAT cells such as GATA3, IRF4, BATF, PU.1, and dytirocarbon
receptor (AhRY? *! 42 %3As shown in Fig. E4, the expression levels of GBJTARF4, BATF,
and AhR were not significantly different betweenr38-stimulated WT and T-b&tThyl.2
Lin™ cells, while PU.1 was not detectable in both IL-s38nulated WT and T-bétThy1.2
Lin" cells, suggesting that T-bet down-regulates ILlrédpction in ILC2s in GATA3-, IRF4-,
BATF-, AhR-, or PU.1-independent mechanisms. Orother hand, the expression of I1L-9
receptor (IL-9R) tended to be up-regulated in Il-s3inulated T-bét Thy1.2 Lin cells (Fig.
E4). In addition, the number of surviving STehy1.Z Lin™ cells in culture was increased in
T-bef” mice as compared with that in WT mice and was rstmangly reduced by the
neutralization of IL-9 in T-b&tmice (Fig. 5D).

We further examined the effect of enforced Tbgiression on IL-9 production in ILCs.
Lung Thy1.2 Lin" cells isolated from WT mice were infected withrosirus of
MSCV-IRES-GFP (MIG)-T-bet or MIG (as a control) aodtured for an additional 4 days in
the presence of IL-2, IL-7, and IL-33. As showrfig. 5E, IL-9 production was markedly
reduced by the enforced expression of T-bet. Omother hand, the expression of ST2 and
KLRG1 as well as the production of IL-5 and IL-13swot significantly affected by the
enforced expression of T-bet (Fig. 5E), althoughehforced expression of T-bet
reproducibility resulted in the reduction in thenmaers of surviving infected ThyT.Rin’
cells (data not shown). Taken together, thesetesuggest that T-bet preferentially
down-regulates IL-9 production in ILC2s and may@m@ss an autocrine and/or paracrine

loop of IL-9-IL-9R signaling in ILC2s.

13
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321 To determine the role of IFT-bet axis in the regulation of IL-33-induced IL-9

322  production from ILC2s in vivo, we next examined #ftect of in vivo administration of

323  anti-IFN-y antibody on IL-9 production from CD25hy1.Z Lin" cells in IL-33-stimulated
324  WT mice and T-bét mice. Without anti-IFNy antibody administration, IL-9 production from
325 CD25 Thyl.Z Lin™ cells was significantly exacerbated in IL-33-stlatad T-bet mice as
326  compared with that in IL-33-stimulated WT mice (Fé#\), consistent with in vitro data

327  shown in Fig. 5. Importantly, anti-IFMantibody significantly enhanced IL-9 production
328 from CD25 Thyl.Z Lin" cells in IL-33-stimulated WT mice but not in IL-33imulated

329  T-bef” mice (Fig. 6A). These results suggest that endwmgsy produced IFN-suppresses
330  IL-33-induced IL-9 production from ILC2s in a T-béépendent manner. Meanwhile, the
331  expression of T-bet in CD2Fhy1.2" Lin™ cells was undetectable in 1L-33-treated mice (Fig.
332  6B), consistent with the inhibitory effect of IL-3# T-bet expression in ILC2s (Fig. 1C).
333

334  Neutralization of 1L-9 cancelsthe enhanced IL-33-induced airway inflammation in

335  T-bet” mice.

336 It has been shown that the main producers of Ih4#hé lung during papain-induced airway
337 inflammatiorf* and infection wittNippostrongylus brasiliensis*® were ILC2s. With respect to
338 the function, IL-9 has been reported to protectas@om apoptosi& To determine whether
339 the excessive production of IL-9 is involved in #rehanced IL-33-induced airway

340 inflammation in T-bet mice, we finally examined the effect of neutraiigianti-1L-9

341  antibody on IL-33-induced airway inflammation irb&’ mice and WT mice. Whereas

342  anti-IL-9 antibody did not significantly inhibit smophilic airway inflammation in

343  IL-33-stimulated WT mice, anti-IL-9 antibody sigiai@intly suppressed eosinophilic airway
344  inflammation in IL-33-stimulated T-b&tmice (Fig. 7A). Anti-IL-9 antibody also suppressed
345  the accumulation of CD25Thy1.2 Lin” cells in IL-33-stimulated T-bétmice but not in

346  IL-33-stimulated WT mice (Fig. 7B). These resuliggest that the excessive production of
347 IL-9 from lung ILC2s is involved in the exacerbatiof IL-33-induced, ILC2-mediated

348  eosinophilic airway inflammation in T-bémmice.

349
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Discussion

In this study, we show that ILC2-mediated eoghilic airway inflammation is
exacerbated by the absence of T-bet in mice. Regatide involvement of T-bet in the
pathogenesis of asthma, various studies have sti@t/single nucleotide polymorphisms
(SNPs) or variants imBX21 gene, encoding T-bet, are associated with the dpretnt of
asthma in humarf$: *" *® “4jith respect to T-bet-mediated regulation of agthwe have
previously shown that T-bet expressed in CD4ells is crucial for the inhibition of Th2
cell-mediated eosinophilic airway inflammation watbumin-induced asthma modéfdn
this study, we show that IL-33-induced eosinophaliwvay inflammation, which is known to
be dependent on ILC2s but not on T c&llis exacerbated in T-bétmice (Fig. 2). These
results suggest that T-bet is pleiotropically imeal in the suppression of eosinophilic airway
inflammation.

We show that IL-33-induced accumulation of STPD25 Thy1.Z Lin" cells, which
represent ILC28&% in the lung is exacerbated in T-Banice (Fig. 3). It is well established that
T-bet is the most critical transcriptional factor Th1 cell differentiatior®> On the other hand,
it has been shown that T-bet, together with rutetee transcription factor @GRunx3), is
required for silencing afi4 gene in Th1 cell3:Moreover, it has been reported that T-bet
interacts with GATA3 and dissociates GATA3 from firemoters ofl5 andll13.? These
findings suggest that T-bet directly suppressescdy@kine production in CD4T cells. By
contrast, we found that IL-33-induced productionlef and IL-13 in Thy1.2Lin" cells was
not affected by the absence of T-bet (Fig. 3Dpddition, we showed that the enforced
expression of T-bet did not suppress IL-5 and ILpt@duction in Thyl1.2Lin" cells (Fig. 5E),
suggesting that T-bet does not directly regulageptitoduction of IL-5 and IL-13 in
IL-33-stimulated ILC2s. On the other hand, we fotimat IL-33-induced accumulation of
lung STZ CD25 Thyl.Z Lin cells was enhanced in T-Betnice (Fig. 3). The enhanced
accumulation of lung ST2ZCD25 Thyl1.Z Lin™ cells by the absence of T-bet was observed
even in a RAGZ background (Fig. 4). Taken together, these resuligiest that T-bet
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expressed in non-T/non-B population plays an irbilgirole in IL-33-induced accumulation
of lung ILC2s.

Regarding the mechanism underlying the enharlc@34induced accumulation of lung
ILC2s and eosinophilic airway inflammation in T-behice, we found that IL-9 production
from IL-33-stimulated CD25Thy1.2 Lin" cells was up-regulated by the absence of T-bet
(Fig. 5B). We also found that the enforced expaessif T-bet in lung ThylZLin" cells
inhibited IL-9 production (Fig. 5E), suggesting tfabet intrinsically inhibits 1L-9
production in IL-33-stimulated ILC2s. In vivo, wa@wved that I1L-9 neutralization by
anti-1L-9 antibody attenuated IL-33-induced accuatioh of lung CD25Thy1.Z Lin" cells
and eosinophilic airway inflammation in T-Bemice (Fig. 7). Taken together, these results
suggest that the enhanced IL-9 production of T-Be€2s seems responsible for the
enhanced IL-33-induced eosinophilic airway inflantiorin T-bet” mice.

It has recently been shown that ILC2s repreaqatentially important source of IL-9
during papain-induced lung inflammation and helimiling infection by using IL-9 reporter
mice and fate-mapping studi&s** Importantly, one of the functions of IL-9 is totan
ILC2s in an autocrine manner to enhance their sahim a helminth infection modéf,which
is consistent with the expression of IL-9R on TRyLin™ cells (Fig. E4) and the reduction of
surviving STZ Thy1.Z Lin" cells by IL-9 neutralization (Fig. 5D). Moreovérhas been
shown that IL-9 expression during helminth infeotprecedes the expression of IL-5 and
IL-13 and that the production of IL-5 and IL-13asrogated in IL-9R mice®® suggesting
that IL-9-1L-9R signaling acts in the upstream bf3 and IL-13. Interestingly, it has been
reported that the expression of IL-9 is more tramisthan that of IL-5 or IL-13 in ILCZ¥,
suggesting that IL-9 production is more tightlyukged than that of IL-13 or IL-5 in ILC2s.
Importantly, we showed here that the expressidh-6fbut not of IL-13 or IL-5 in Thy1.2
Lin" cells was significantly enhanced by the absendelst (Fig. 5B). In addition, we
showed that IL-33-induced IL-9 production from CDJ%y1.Z Lin" cells was significantly
enhanced by the neutralization of IR WT mice but not in T-b&t mice (Fig. 6). Taken
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together, these results suggest that T-bet mighividved in the tight regulation of IL-9
expression in ILC2s as a downstream target of yFN-

It has been reported that various transcrigiators such as STATS, STAT6, GATAS,
IRF4, BATF, and PU.1 are involved in the differatitn of Th9 cell§® > %3 % >More
recently, analogous to the findings in Th9 cel¥-4 has been shown to be essential for IL-9
production from ILC2s in response to IL-33 and tlystromal lymphopoietin (TSLP}.On
the other hand, we found that the expression ofilR&s not significantly affected by the
absence of T-bet in ThyT.Rin™ cells (Fig. E4), suggesting that IRF4 might noirb®lved
in T-bet-mediated suppression of IL-9 productionLi@2s. Our results also suggest that
GATA3, BATF, AhR, and PU.1 are not responsibletfer enhanced IL-9 production in
T-bef” ILC2s (Fig. E4). Further studies including commesive analyses of DNA binding of
T-bet in ILC2s are needed to reveal the mechanadisbet-mediated suppression of IL-9
expression in ILC2s.

Our findings suggest that T-bet expressed ig WE2s plays an inhibitory role in
ILC2s-mediated immune responses. Recently, segevaps have investigated the
counter-regulatory mechanisms of ILC2s and havevehbat IFNg, IFN-y, and IL-27
regulate the activation and function of ILC2s dgrinng inflammation in a
STAT1-dependent manngr.?® 2° *importantly, Kudo et al. have shown that IFN-
produced by activated NKT cells is important fog suppression of IL-5 and IL-13
production from lung ILC25? In this regard, we found that IFjinduced the expression of
T-bet in lung ST2Thy1.2 Lin cells (Fig. 1). Moreover, we found that the enéafc
expression of T-bet suppressed IL-33-induced IluBrot IL-5 or IL-13 production in lung
Thy1.2 Lin™ cells (Fig. 5D), consistent with a previous finglithat IFNy inhibits
IL-33-induced IL-5 production in a manner dependemSTAT1 but not on T-béE. Therefore,
it is likely that IFNy suppresses the function of ILC2s via both T-betetelent and
-independent mechanisms.

In conclusion, our findings indicate that T-bdtinsically suppresses the expression of

IL-9 in lung ILC2s during IL-33-induced lung inflamation and thereby suppresses the
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accumulation of lung ILC2s and subsequent eositio@irway inflammation. Although
further studies are needed, our results shouldaatalv insight into the counter-regulatory
mechanisms for ILC2s in asthma and suggest thahthetion of T-bet expression in ILC2s

could be a therapeutic strategy in the treatmeastifma.
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Figure L egends

Figure 1. IFN-yinduces T-bet expression in lung ILC2s.

(A) Thyl1.Z Lin cells were isolated from the lung of WT mice anttured with IL-2 and

IL-7 in the presence or absence of Iffor 6 days. mRNA levels of T-bet, IL-1PR, and
IFN-y were analyzed by qPCR analysigive CD4 T cells, ThO cells, and Th1 cells were
used as controls. Data are mear®D of three independent experiments. *p<0.®&).The
expression of T-bet and GATA3 in lung CO2STZ Thy1.Z Lin™ cells or CD25ST2

Thy1.2 Lin" cells was examined by intracellular staining in WiEe. T-bet” mice were used
as controls. Data are representative of three ivldggnt experimentsC§ ST2 Thyl1.Z Lin
cells were isolated from the lung of WT mice anttured with IL-2 and IL-7 in the presence
or absence of IFN-and/or IL-33 for 6 days. Representative data béfstaining and means
+ SD of the frequency of T-bet-expressing cellsstm@wn. *p<0.05. Data are representative

of three independent experiments.

Figure 2. 1L-33-induced eosinophilic airway inflammation is exacer bated in T-bet” mice.
(A) Representative CD11c vs. Siglec-F staining, andswe&D of the frequency and
absolute numbers of Sigle¢-ED11¢ cells (eosinophils) in the BALF are shown (n=5tea
*p<0.05.(B) Representative photomicrographs (H&E staining) mweanst SD of
histological score of the lung are shown. *p<01054, each. Scale bars, 106. (C)
Representative photomicrographs (PAS staining)raeanst SD of goblet cell score are
shown. *p<0.05. n=4, each. Scale barspb0 (D) Meanst SD of the levels of IL-4, IL-5,
and IL-13 in the BALF are shown (n=3, each). *p<&.MS=not significant. ND=not

detectable.

Figure 3. 1L-33-induced accumulation of lung IL C2sis exacer bated in T-bet™ mice.
(A) Representative Lin vs. Thyl.2 staining of isoldtet cells, and mearsSD of the

frequency and absolute numbers of ThyLia cells in the lung are shown (n=5, each).
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*p<0.05. B) Meanst SD of the frequency of CD2%ells in Thyl.2Lin cells and absolute
numbers of CD25Thy1.Z Lin" cells in the lung are shown (n=3, each). *p<0NS=not
significant. C) Meanst SD of the frequency of ST2ells and KLRG1 cells in CD25
Thyl1.Z Lin™ cells and absolute numbers of STD25 Thy1.2 Lin™ cells and KLRG1

CD25 Thyl.Z Lin cells are shown (n=3, eackiR) Isolated lung cells were stimulated with
PMA and ionomycin for 4 hs, and subjected to irghatar staining for IL-4, IL-5, IL-13, and
IL-17A. Shown are representative Thy1.2 vs. ILi45} IL-13, or IL-17A staining of Thy1.2
Lin" cells, and means SD of the frequency of the indicateells (n=3, each). *p<0.05. Data

are representative of four independent experiments.

Figure 4. T-bet expressed in non-T/non-B cellsisinvolved in the suppression of
IL-33-induced eosinophilic airway inflammation.

(A) Representative CD11c vs. Siglec-F staining of BAlkells and meanss SD of the

absolute numbers of Sigled-ED11¢ cells in the BALF are shown (n=3, eac{B)
Representative Lin vs. Thyl.2 staining of isoldtety cells and meansSD of the absolute
numbers of Thy1.2Lin" in the lung are shown (n=3, each). *p<0.(05) Representative
histogram of CD25 staining gating on ThylL#h™ cells and means SD of the frequency of
CD25' cells are shown (n=3, each). *p<0.0B) Representative histogram of ST2 or KLRG1
staining gating on CD25hy1.2 Lin™ cells and means SD of the frequency of STar
KLRG1" cells are shown (n=3, each). *p<0.01. NS=not gigant. (E) Isolated lung cells
were stimulated with PMA and ionomycin for 4 hsgaubjected to intracellular staining for
IL-4, IL-5, IL-13, and IL-17A. Shown are represetite CD25 vs. IL-4, IL-5, IL-13, or

IL-17A staining of Thy1.2Lin" cells and means SD of the frequency of cytokine-producing

cells (n=3, each). *p<0.05. Data are representatithree independent experiments.

Figureb5. T-bet suppresses|L-9 production in lung ILC2s.
(A) Isolated lung Thyl.2ZLin" cells from WT mice and T-bétmice were cultured with IL-2

and IL-7 in the presence or absence of IL-33 fdags, and RNA-Seq analysis was
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performed. Shown is a heatmap of topgk@es whose expression is up-regulated in
IL-33-stimulated T-bét Thy1.Z Lin™ cells.(B) Isolated lung Thy1.2Lin" cells from
IL-33-stimulated WT mice and T-bémice were cultured with IL-2, IL-7, and IL-33 fér
days, and mRNA levels for indicated cytokines wamalyzed by gPCR. Data are means
SD of 3 independent experimeritts<0.05.(C) Isolated lung Thyl.2Lin" cells from
IL-33-stimulated WT mice and T-bémice were cultured with IL-2, IL-7, and IL-33 fér
days and then subjected to flow-cytometric analy®epresentative CD25 vs. ST2 staining
(upper panels) and IL-5 vs. IL-9 staining gating@D25 population (lower panels) are
shown. Data are representative of three indeperegrriments.d) Isolated lung ST2
Thy1.2 Lin™ cells from WT mice and T-bétmice were cultured with IL-2 and IL-7 in the
presence or absence of anti-IL-9 antibody for 6sdapd the number of surviving cells was
analyzed. Data are meaA$D of surviving cells*p<0.05,**p<0.01. (E) Isolated lung
Thy1.2 Lin™ cells from IL-33-stimulated WT mice were stimuldteith 1L-2, IL-7, and 1L-33
for 24 hs. These cells were infected with retros@siof MSCV-IRES-GFP (MIG) (as a
control) or MIG-T-bet, cultured for 4 days in theepence of IL-2, IL-7, and IL-33, and
subjected to flow cytometric analyses. Shown apeesentative FACS profiles of ST2 vs.
KLRGI, IL-5 vs. IL-13, and IL-5 vs. IL-9 gating cBFP CD25' cells. Data are

representative of three independent experiments.

Figure 6. Anti-1FN-y antibody enhances | L-33-induced IL-9 production from ILC2sin
WT micebut not in T-bet” mice.

Representative CD25 vs. IL-9 staining (A) and C®8&5T-bet staining (B) of Thy1'2.in’
cells in the lung and meansSD of the absolute numbers of IL-9-producing CD?By1.2
Lin" cells in the lung are shown (n=3, each). *p<00p<0.01. NS=not significant. Results

are representative of two independent experiments.

Figure 7. Anti-IL-9 antibody cancelsthe enhanced I L -33-induced airway inflammation

in T-bet” mice.
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(A) Representative CD11c vs. Siglec-F staining of BAlells and meanss SD of the
absolute numbers of Sigleé-ED11¢ cells in the BALF are shown (n=3, each). *p<0.05.
**p<0.01. NS=not significant(B) Representative Lin vs. Thyl.2 staining of isoldtet)
cells and means SD of the absolute numbers of ThylLih™ cells and CD25Thy1.2 Lin
cells in the lung are shown (n=3, each). Resudgegpresentative of two independent

experiments.
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Online Repository Methods

Reagents

Antibodies to murine CD3(145-2C11), CD4 (RM4-5), Cx8(53-6.7), CD19 (6D5),
CD5 (53-7.3), B220 (RA3-6B2), CD11b (M1/70), CD{N418), CD49b (Dx5), Rl
(MAR-1), TER119, TCR (H57-597), TCR$ (UC7-13D5), GR-1 (RB6-8C5), Thy1.2
(30-H12), CD25 (PC61), IL-33R(ST2) (DIH9), and KLRG1 (2F1/KLRG1) were
purchased from BioLegend (San Diego, CA). Anti-8ogF antibody (E50-2440) was
purchased from BD Biosciences (San Jose, CA). Ar8i-antibody (MM9C1) and
anti-IFN-y antibody (XMGL1.2) were purchased from Bio X C&llgst Lebanon, NH).
Anti-GATA3 antibody (TWAJ), anti-T-bet antibody (eB!B10), and anti-ROR
antibody (B2D) were purchased from eBioscience (Qiago, CA). Recombinant
murine IL-2, IL-7, IL-25, and IL-33 were purchasidm BioLegend. Recombinant
murine IFNy was purchased from PeproTech (Rocky Hill, NJ).dfamwas purchased
from Sigma-Aldrich (St. Louis, MO).

The sequences of PCR primers:

IFN-y, forward, 5-TCAAGTGGCATAGATGTGGAAGAA-3”,
reverse, 5-TGGCTCTGCAGGATTTTCATG-3";

IL-4, forward, 5”- GGCATTTTGAACGAGGTCACA -3,
reverse, 5-GACGTTTGGCACATCCATCTC-3%;

IL-5, forward, 5"-ACGGAGGACGAGGCACTTC-3",
reverse, 5-TCCATTGCCCACTCTGTACTCA-37;

IL-9, forward, 5"-CGTCCCCAGGAGACTCTTCA-3",
reverse, 5’-CGAAAAGCCATGCAACCAG-37;

IL-13, forward, 5-GGTCCTGTAGATGGCATTGCA-3”,
reverse, 5-GGAGCTGAGCAACATCACACA-37
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IL-9R, forward, 5"-GGCAGCAGCGACTATTGCAT-3",
reverse, 5"-ACACAGGAAGGGCCACAGG-37;

IL-12RB2, forward, 5"-TTCATAGTCCGTGTTACTGCC-3",
reverse, 5-TCATCTTCCCACTGCAGTGTA-3%

T-bet, forward, 5-CAACAACCCCTTTGCCAAAG-3”,
reverse, 5"-TCCCCCAAGCAGTTGACAGT-3%

IRF4, forward, 5"-TCCGACAGTGGTTGATCGAC-3”,
reverse, 5-CCTCACGATTGTAGTCCTGCTT-3%
GATAZ3, forward, 5"-AGAACCGGCCCCTTATCAA-3”,
reverse, 5™-AGTTCGCGCAGGATGTCC-37%

BATF, forward, 5"-CTGGCAAACAGGACTCATCTG-3”,
reverse, 5"GGGTGTCGGCTTTCTGTGTC-3%

AhR, forward, 5”-TTCTATGCTTCCTCCACTATCCA-3",
reverse, 5-GGCTTCGTCCACTCCTTGT-3%

PU.1, forward, 5-AGAGCTATACCAACGTCCAATGC-37,
reverse, 5™-TTCTCAAACTCGTTGTTGTGGAC-3";
B-actin, forward, 5"-TGTTACCAACTGGGACGACA-3",
reverse, 5™-CCATCACAATGCCTGTGGTA-3".

Matsuki et al.
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Online Repository Table
Online Repository Table 1. Top 10 genes whose expression isup-regulated in
|L-33-stimulated T-bet” Thy1.2" Lin cells

WAD  Absolute Gene symbol (name) Function
ranking FC
1 4.25 119 (interleukin 9) cytokine
2 2.49 Oazl-ps (ornithine decarboxylase antizyme 1) enzyme
3 2.22 Pla2g7 (phospholipase A2, group VII) enzyme
4 2.07 Dgat?2 (diacylglycerol O-acyltransferase 2) enzyme
5 2.31 Tpsabl (tryptase alpha/beta 1) enzyme
6 2.05 Prss23 (protease, serine 23) enzyme
7 3.33 [ltifb (interleukin 10-related T cell-derived inducibkefor beta) cytokine
8 2.23 1133 (interleukin 33) cytokine
9 417 Pth2r (parathyroid hormone 2 receptor) receptor
10 3.92 Tpsb2 (tryptase beta 2) enzyme

WAD: Weighted average difference, FC: fold change
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Online Repository Figure L egends

Figure E1. T-bet isdispensable for the development of ILCsin thelung.

(A-D) Single-cell suspensions of lung cells were isoldtech WT mice and T-bét
mice at steady-state conditions and subjectedto-flytometric analysigA)
Representative lineage markers (Lin) vs. Thyl.ihstg of isolated lung cells, and
meanst SD of the frequency and absolute numbers of THyir2 cells in the lung are
shown (n=3, each). NS=not significa(B) Representative histograms of CD25 staining
gating on Thy1.2Lin" cells, and means SD of the frequency of CD2%ells and
absolute numbers of CD2%hy1.Z Lin cells are shown (n=3, eack{) Isolated lung
cells were stimulated with PMA and ionomycin fongl and subjected to intracellular
staining for IL-4, IL-5, IL-13, and IL-17A. Repres&tive Thyl.2 vs. IL-4, IL-5, IL-13,
or IL-17A staining of Thy1.2Lin" cells, and means SD of the frequencies of
cytokine-producing cells are shown (n=3, eadd).Nleanst SD of mean fluorescent
intensity (MFI) for GATA3 and ROR staining of lung Thy1.2Lin" cells are shown

(n=3, each). NS=not significant.

Figure E2. Eosinophilicinflammation is exacer bated in T-bet” mice upon IL-25 or
papain administration.

IL-25 (1 ug) or papain (25ig) was administered to WT mice and T-betice
intranasally at days 0, 3, and 6. Twelve hourg dffte last administration, cells
harvested from the BALF were subjected to flow-aystric analysis. Representative
CD11c vs. Siglec-F staining of BALF cells and mear&D of the absolute numbers of
Siglec-F CD11¢ cells in the BALF are shown (n=3, each). Datarapgesentative of

two independent experiments.
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Figure E3. Thefrequency and cytokine production of CD4" T cellsin
|L-33-stimulated T-bet” mice,

(A-B) IL-33 was administered to WT mice and T-betice intranasally as described in
the Methods.A) Twelve hours after the last administration, isedelung cells were
subjected to flow-cytometric analysis. Represema@DZ vs. CD19 staining of
single-cell suspensions of lung cells and CD4 \B8 Gtaining of CD8" cells are
shown.(B) Isolated lung cells were stimulated with PMA anddmycin for 4 hs, and
subjected to intracellular staining for IL-4, IL-&nd IL-13. Shown are representative
IL-5 vs. IL-4 and IL-5 vs. IL-13 staining of CD4ells. Data are representative of 3

independent experiments.

Figure E4. The expression levels of Th9 cell-related genesin Thy1.2" Lin™ célls.
Isolated lung Thy1.2Lin" cells from IL-33-stimulated WT mice and T-Bemice were
cultured with IL-2, IL-7, and IL-33 for 6 days, amiRNA levels for indicated
molecules were analyzed by gPCR. Data are me&i3 of 3 independent experiments.

*p<0.05.



