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Background: IL-17 plays a pathogenic role in asthma. SILZ2s (inflammatory group 2
innate lymphoid cells) driven by IL-25 can producel7, while STZnILC2s (natural ILC2s)
produce few IL-17.

Objective: We characterized the STR-17*ILC2s during lung inflammation and determined
the pathogenesis and molecular regulation of BF27°ILC2s.

Methods: Lung inflammation was induced by papain or IL-38-17 production by lung
ILC2s from wild-type,RagI’", Ror@™9® and Ahr’~ mice was examined by flow cytometry.
Bone marrow transfer experiment was performed tdusste hematopoietic MyD88 signaling
in regulating IL-17 production by ILC2s. mMRNA expsion of IL-17 was analyzed in purified
naive ILC2s treated with IL-33, leukotrienes antilditors for NFAT, p38, JNK or NKkB.
The pathogenesis of IL-11.C2s was determined by transferring wild-typdl@7 "~ ILC2s to
RagZ’ 112rg™™ mice which were further induced lung inflammatiétinally, the expression
of 106 ILC2 signature genes was compared betweer2'IIST7°ILC2s and
STZIL-177ILC2s.

Results: Papain or IL-33 treatment boosted IL-17 productimm STZILC2s (we name
them as ILC2), but not ST2ILC2s. Ahr, but not ROR, facilitated the production of IL-17
by ILC2;;s. Hematopoietic compartment of MyD88 signalingssential for the induction of
ILC2,5s. IL-33 works in synergy with leukotrienes, whigignal through NFAT activation, to
promote IL-17 in ILC2ss. 11177 ILC2s were less pathogenic in lung inflammatidrC2,+s
concomitantly expressed IL-5 and IL-13 but exprddegev GM-CSF.

Conclusion: During lung inflammation, IL-33 and leukotrienes/nergistically induce
ILC2,58. ILC2;s are highly pathogenic and unexpected source Eofd7l in lung
inflammation.
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Abbreviations:

ILCs innate lymphoid cells

ILC2s | group 2 innate lymphoid cells

iILC2s | inflammatory group 2 innate lymphoid cells

nILC2s | natural group 2 innate lymphoid cells

RORyt | retinoic-acid-receptor-related orphan receptor-

CysLTs| cysteinyl leukotrienes

Cysltrl | cysteinyl leukotriene receptor 1

BALF | bronchoalveolar lavage fluids

Ahr aryl hydrocarbon receptor

MLNs | mesenteric lymph nodes

NFAT | nuclear factor of activated T-cells

PKC protein kinase C

MAPK | mitogen-activated protein kinase

NFB | nuclear factor kappa-light-chain-enhancer of atéigaB cells

CsA cyclosporine A

PAS periodic acid-schiff

RL lung resistance

LPLs lamina propria lymphocytes




Key messages:

% IL-17-producing STALC2s are highly pathogenic in lung inflammation.
< Ahr but not RORt facilitates the IL-17 production from STRC2s.
% IL-33 and leukotrienes synergistically induce IL-éxpression from STA.C2s.

Capsule summary:

During lung inflammation, IL-33 and leukotrienes neygistically boost endogenous
production of IL-17 from tissue-resident STZC2s. IL-17-producing ST2LC2s are highly
pathogenic by recruiting leukocytes to airways anay be involved in severe forms of
asthma.



I ntroduction

Asthma is one of the most common inflammatory diseaof the airways. The initiation and
progression of asthma is driven by various prcamiinatory cytokines, which induce

recruitment of eosinophils, neutrophils and macegs to the airways. The inflammation
storm further stimulates lung structural cells irtithg epithelial cells to produce chemokines
and mucins, which results in tissue remodelingaingay hyperresponsivene’s.

Type 2 cytokines, typically IL-4, IL-5 and IL-13,akie been indicated to be key factors
associated with the pathology of asthrhd. IL-5 has been shown to be crucial for
development, maturation and survival of eosinophfié IL-13 induces airway
hyperresponsiveness, stimulates the chemokine gtioduby epithelial cells and promotes
tissue remodeling ® ° Th2 cells, one of the T helper cell subsets,vee# known to be the
source for type 2 cytokin€$. Recently, more and more research has proved @dnpate
lymphoid cell (ILC2), a population of innate lymptacells (ILCs), plays fundamental roles
in type 2 immune responses in anti-helminth infetiand allergic diseasEs”’.

The development, maintenance and expansion of lla@2supported by a group of cytokines
including IL-2, IL-7, TSLP, IL-25 and IL-33"*? 2% Receptors for IL-33 and IL-25 are ST2
and IL-17RB respectively. IL-33 and IL-25 accumalawo distinct populations of ILCZ$?%®
IL-25 initially boosts ilLC2s (inflammatory ILC2, ihIL-17RB""KLRG1""ST2) in the
lung, while IL-33 expands nILC2s (natural ILC2, Uin17RB°"KLRG1™ST2)*.
Compared to nlLC2s, ilLC2s produce IL-17 and expredigher levels of
retinoic-acid-receptor-related orphan recepto(RORyt), which is a master regulator for
IL-17 transcription in many types of immune céfts®

CysLTs (cysteinyl leukotrienes), composed of LTCAD4 and LTE4, have been found to be
increased in different provoked asthmatic respobgegromoting chemotaxis of leukocytes
and smooth muscle contractiét It has been reported recently that cysteinyl détigne
receptor 1 (Cysltrl), the best characterized recefpr CysLTs, is expressed on ILC2s at a
higher level than Th2 cells and eosinopHiis®® And both LTC4 and LTD4 rapidly and
potently stimulate the production of type 2 cytadnby ILC2 synergistically with 1L-33
through NFAT signaling pathway .

Besides IL-5 and IL-13, IL-17 has been indicated tpathogenic factor in asthrifa IL-17
can be detected in the lungs, sputum and BALF @oalveolar lavage fluids) of asthmatic
patients®™ *2 And the level of IL-17 is associated with the exity of diseasé”. Previous
study has identified a population of memory/effedte17°Th2 cells, which were found to be
increased in peripheral blood of patients with aomsthma®. The IL-17Th2 cells are
GATA3'RORt" cells that concomitantly produce IL-5 and IL-¥3Notably, IL-17Th2 cells
induced more severe asthma than classical Th2 &add Tells, suggesting the IL-Th2
cells are more pathogenié One of the mechanisms could be the combinateffact of
IL-17 and type 2 cytokines in enhancing chemokinedpction by lung epithelial cell¥.
Another study has shown exogenous IL-17 exacerliat88-induced asthma by inducing



neutrophilic inflammation through CXCR2 signalify. Therefore, it is important to
investigate source for IL-17 in the lung and detaemmolecular regulation of IL-17
production during asthma.

In this study, we have found papain or IL-33 treatinboosted IL-17 production from
STZILC2s (we name them as IL&, but not ST2ILC2s. ILC2s are the major source for
IL-17 in IL-33-induced lung inflammation. ILGZ are induced in mucosal tissues
independently of the adaptive immune system. Thieidtion of ILC2+s is independent of
RORyt. And we have proved aryl hydrocarbon receptorrjAhcilitates the production of
IL-17 by ILC2.s. IL-33 works with leukotrienes synergistically foromote mRNA
expression of IL-17. IL-17-deficientLC2s are less pathogenic than wild-type ILC2s in
recruiting leukocyte infiltration to the airways ih-33-induced lung inflammation in
Rag21L2rg”" mice. Characterization of ILGZ with ILC2 signature markers reveals
ILC2,7s are IL-51L-13" cells but express few GM-CSF. Our finding hightiggh_C2,; to be a
previously unappreciated source for IL-17, and Gbuate to the progression of asthma.



M ethods
Mice

Wild-type mice andRagl’™ mice were purchased from Shanghai SLAC LaboratariynAl

Co. Thy1.1 mice were purchased from Jackson latiyra®agZ’ 112rg™ mice were
purchased from Taconickl7e’" (B6; 129S5-1125™*/Orl) mice were purchased from
EMMA. Rord@®9®%0 MyD88"™ 6 andAhr’ mice® and IL-17A-GFP reporter mic& were
generated previously. IL-17-deficient mouse waslkiprovided by Dr. Hong Tang (Institute
Pasteur of Shanghai, Chinese Academy of Sciendiehiée used in this study are on
C57BL/6 background and maintained in specific pgémsfree conditions. All mice used in
the experiments were 6-10 weeks old. Gender-matctate and female mice were used in
the study. In IL-33-induced lung inflammation, imish BALF (bronchoalveolar lavage
fluids) cells were analyzed, littermate female mi@xe used. All animal experiments were
performed in compliance with the guide for the camd use of laboratory animals and were
approved by the institutional biomedical researtice committee of the Shanghai Institutes
for Biological Sciences, Chinese Academy of Scisnce

Induction of lung inflammation using I L-33 and papain

Mice were intraperitoneally injected with 500ng oetinant murine IL-33 (BioLegend) or
PBS for 4 consecutive days. In the “resting” protpthe IL-33-treated mice were set for 12
days before analysis. In the “re-challenged” prototrested” mice were injected with 500ng
IL-33 for 2 days before analysis. For proteasergdlie papain model, mice were anesthetized
by 1% sodium pentobarbital, followed by intranasaiministration of papain (30ug,
Calbiochem) in 30uL of PBS for 3 days in IL-17 ttade experiment iiRagI’~ mice and
for 5 days in all the other experiments.

I solation of Lung lymphocytes

The lungs were dissected. After fat tissues anddimas were removed, lungs were cut into
pieces and digested in RPMI1640 medium (ThermodFfiSieientific) containing DNase |
(Sigma) (50U/ml) and collagenase VIII (Sigma) (2%01L) at 37°C for 30 min. The digested
tissues were homogenized by vigorous shaking asskepathrough a 100 um cell strainer.
Mononuclear cells were then harvested from thephtese of an 80% and 40% Percoll
gradient after a spin at 2,500 rpm for 20 min atmdaemperature (RT).

Isolation of Large Intestinal Lamina Proprial Lymphocytes (LPLS)

The isolation of large intestinal lamina propriahiphocytes was done as previously
described®. Briefly, large intestines were dissected. Fatués were removed. Intestines
were cut open longitudinally and washed in PBSedtihes were then cut into 3 pieces,



washed and shaken in PBS containing 1 mM DTT fomiiDat RT. Intestines were incubated
with shaking in PBS containing 30 mM EDTA and 10 rgPES at 37°C for 10 min for

two cycles. The tissues were then digested in RB¥M)Imedium (Invitrogen) containing
DNase | (Sigma) (150 ug/ml) and collagenase VIigisa) (150 U/ml) at 37°C in 5% CO2
incubator for 1.5 hr. The digested tissues weredganized by vigorous shaking and passed
through 100um cell strainer. Mononuclear cells whesn harvested from the interphase of an
80% and 40% Percoll gradient after a spin at 25@0flor 20 min at room temperature.

Flow Cytometry

Anti-mouse CD16/32 antibody was used to block thre-specific binding to Fc receptors
before all surface stainings. Antibodies used égutar flow cytometry were purchased from
Thermo Fisher Scientific (eBioscience), exceptaioti-GATAS3 (BD Biosciences),
ant-Siglec-F (BD Biosciences) and anti-ST2 (MD Biesces). For nuclear stainings, cells
were fixed and permeabilized using a Mouse RegulatcCell Staining Kit (Thermo Fisher
Scientific). Antibodies used for 11 colors flow ogtetry was purchased from BD Bioscience.
For cytokine stainings, cells were stimulated byA{&igma) (50 ng/ml) and ionomycin
(Sigma) (500 ng/ml) for 4 h. Brefeldin A (Sigmapu@ml) was added for the last 2 h before
cells were harvested for analysis. Dead cells w&ri@ed with live and dead violet viability
kit (Invitrogen) and were gated out in analysi@vFcytometry data were collected using the
Gallios flow cytometer (Beckman) or BD FACSymph8hyS and analyzed by FlowJo
software (Tree Star Inc.). Lineage markers (LimAmgures 1C-1D, 1F-1G, 2H-2I, 2M, 4G-I,
S2, S6B-6E were CD3, B220, CD11b, CD11c, Gr-1, NKdnd FeRI. “Lin” was CD3,

B220, CD11b and CD11c for other figures unlessreitse described.

In vitro cultureof ILC2s

In vitro culturing of ILC2s was performed according to poe¢ study’’. Lin ST2CD25
ILC2s were purified from the lung and colon of remice. Cells were cultured in 96-well
plate in the presence of IL-7 (10ng/ml) for 24hlI€eere then treated with IL-33 (10ng/ml)
for 24h or 72h. For treatment with inhibitors, pB8ibitor SB203580 (Selleckchem, low,
10uM; high, 30uM), NFB inhibitor Bay11-7085 (Selleckchem, low, 0.06uNgHhn0.1uM),
JNK inhibitor SP600125 (Selleckchem, low, 10uM;hi§O0uM) and NFAT inhibitor CsA
(Abcam, low, 0.03uM; high, 0.6uM) was added togethigh IL-33 for 24h before analysis.
In experiments with leukotrienes, LTC4 (100nM, Cayrand LTD4 (100nM, Cayman) was
added for the last 4h before analysis.

In vivo treatmentswith CsA or FK506

Mice were subcutaneously treated with 50ul of C8@nfg/kg) or FK506 (8mg/kg) dissolved
in 50% DMSO and 50% olive oil for 7 days before ading 500ng of IL-33 was injected i.
p. for another 4 days.

Detection of LTC4 and IL-17 by ELISA



For measurement of LTC4, lung tissues were homagdrin 1ml PBS. The extract was
centrifuged, and the LTC4 in the supernatant waasonmed by LTC4 ELISA kit (Cayman
Chemical) according to the protocol provided byrtenufacturer.

Mouse IL-17A ELISA was developed using capturelady (eBiol7CK15A5, Thermo
Fisher Scientific) and detection antibody (eBiol7Bfiermo Fisher Scientific). Absorbance
at a wavelength of 450 nm was analyzed with a spglcbtometer (Biotek).

Bone marrow transplantation

Bone marrow cells were harvested from Thy1.2 wjjsetand littermat&lyD88’ mice.
Thyl.1 recipient mice were irradiated with 550naite with 5h interval. In parallel
experiments, Thyl.1 wild-type mice were used a®odorhyl.2 wild-type and littermate
MyD88" mice were used as recipients. Recipient mice weravienously injected with
5x10¢f bone marrow cells immediately after irradiationw@eks later, mice were treated with
PBS or IL-33 and sacrificed for analysis.

In vivo blockadeof IL-17 or IL-25

Female mice were intraperitoneally treated withrigD_-33 for 4 consecutive days or
intranasally treated with 30ug papain for 3 daysitluce lung inflammation. Mice were
sacrified for analysis 24h after the last dosd 83 or papain treatment. Fior vivo blockade
of IL-17, mice were injected i.p. with 2500gIL-17 antibody (BioXcell, BEO173-5MG) or
rat IgG (Jackson ImmunoResearch) at day 0 and déyl233 or papain treatment. For
vivo neutralization of IL-25, a dose of 200a¢gL-25 antibody (Biolegend, 35B) or rat IgG
(Sangon Biotech) was used following the same pobtags above.

Induction of lung inflammation in RagZ’ 112rg ™ mice

Wild-type orll17”~ mice were injected intraperitoneally with 500ng3B-for 4 consecutive
days and ILC2s (LirSTZCD25) from the lung and colon were sorted by flow cy&dm
(purity >98%).RagZ’ 112rg™" mice were intravenously injected with 2 x°10C2s purified
from wild-type orll17”~ mice and subsequently treated intraperitoneallj &@0ng IL-33 on
4 consecutive days.

Analysis of bronchoalveolar lavage fluids (BALF)

Mice were sacrificed, and a gavage needle connéatad.-ml syringe containing 1 ml cold
PBS was inserted into the exposed trachea. ThewRB3njected, aspirated back into the
syringe, and set aside on ice. The process waategpence. BALF was then centrifuged at
4602 RCF for 3 min. Cells were re-suspended in LB8&. A 5ul aliquot of BALF was used
for the determination of total cell numbers andriw was used for flow cytometric analysis.

Histological analyses



Tissues from left lung of mice were dissected amehédiately fixed with 4%
paraformaldehyde. Tissues were then embedded éffipaand sectioned longitudinally at 7
um. Sections were then processed for periodic satiiff (PAS) staining to evaluate mucin
production using light microscope (Zeiss). NumbePAS" bronchioles/bronchi structures on
each section was quantified. Percentages of P®@chioles/bronchi structures among total
bronchioles/bronchi structures were calculated.

PAS' area in each analyzed bronchiole/bronchi strusta® analyzed by ImageJ software
(National Institutes of Health, Bethesda, MD USA)d the percentages of PA&rea in total
area of each analyzed bronchiole/bronchi structne calculated. All the PAS
bronchiole/bronchi structures on the section weadyaed in order to get an average
percentage of PASarea per bronchiole/bronchi structure.

M easurement of Airway Responsivenessto Methacholine

ILC2s were purified from IL-33-treated wild-type 17~ mice and expanded vitro with
IL-7 (10ng/ml) and IL-33 (10ng/ml) for 7 dayRagZ' 112rg™" mice were intravenously
injected with 2 x 105 wild-type di17™" ILC2s. Lung inflammation was then induced by 3
injections 500ng IL-33 daily and 1 injection of 30of papain intranasally. Methacholine
challenge was performed 24 h after the last inpeotif papain. Lung resistance, jRvas
measured through a computer-controlled FinePoiftesystem (Buxco Electronics,
Wilmington, NC) as described previou$fy Briefly, mice were anesthetized with 60mg/kg
pentobarbital i.p., and the trachea was cannulaibdan 18-gauge metal needle connected to
the RC system. Mice were ventilated mechanically fabquency of 140 breaths/min with a
tidal volume of 0.2 ml. Aerosolized methacholinesveaiministered in 30 seconds in
increasing concentrations (6.25, 12.5, 25 mg/nmhethacholine). RL was continuously
computed by fitting flow, volume and pressure toeegnation of motion.

Detection of mMRNA by Real-time RT-PCR

RNA was isolated with Trizol reagent (Thermo FisBerentific). cDNA was synthesized
using GoScript™ Reverse Transcription kit (Promege&al-time PCR was performed using
FastStart Universal SYBR Green Master (Roche). mewere run with th@QuantStudio 7
(Thermo Fisher Scientific). The results were digpthas relative expression values
normalized tg3-actin. Primers used in this study were shown inlg@&1.

Analyzing the expression of ILC2 signature genes by real-time RT-PCR

IL-17-GFP reporter mice were treated with 500n@8B for 4 consecutive days. Lung
lymphocytes were isolated and stimulated with PN$#&g(na) (50 ng/ml) and ionomycin
(Sigma) (500 ng/ml) for 4h. ILG% (Lin STZ’GFP) and IL-17ILC2s (Lin ST2ZGFP) were
sorted by flow cytometry. Each biological samplesygaoled from 2-3 mice. RNA was
extracted and the expression of ILC2 signature g@ras analyzed by real-time RT-PCR.
Relative expression of genes was analyzed by naatian tof-actin. Genes consistently



differentially expressed with more than 1.5 foldssveonfirmed with another 2 biological
repeats by real-time RT-PCR.

Statistical M ethods

Unless otherwise noted, statistical analysis wa®paed with the unpairefllann Whitney
U-test on individual biological samples using Griapt Prism 5.0 program. Data from such
experiments are presented as mean values + SENMO*05 was considered statistically
significant;**p<0.01;***p<0.001.



Results
IL-33 induces|L-17-producing I L C2 independently of the adaptive immune system

When mice were treated with IL-38 vivo, we observed an increased production of IL-17
from lymphocytes in the lung (Figure 1A). ConsiskermRNA expression of IL-17 in lung
lymphocytes was significantly higher in IL-33-tredtmice than control (Figure 1B). Using
flow cytometry analysis, we found the majority &f17 was produced from Lineadkin’)
cells (Figure 1C). Both the percentage and cell memof LinIL-17" cells were increased
upon IL-33 treatment (Figures 1D and 1E), while pleecentage of LiilL-17" lymphocytes
was similar compared to control group. Intriguinglye found most IL-17 cells were
Lin GATA3" cells (Figure 1F), which match the identity of IL<Rnown to be expanded by
IL-33. The LINnGATA3'IL-17" cells highly expressed markers for ILC2s includifigyl,
CD127, Sca-1, CD25, KLRG1 and PD¥1* compared to LiItGATA3 non-ILC2s (Figure
S1). This suggests IL-33-induced [BATA3'IL-17" cells are indeed ILC2s. Notably, ILC2s
produced limited amount of IL-17 under the steatdyes but acquired the ability to produce
significantly higher amount of IL-17 after challetywith IL-33 (Figures 1F and 1G). The
above data suggest IL-33 promotes IL-17 produdiiom ILC2s, which are the major source
for IL-17 among lung lymphocytes after IL-33 injwet. In papain-induced lung
inflammation, we also observed induction of IL-Ixpression from ILC2s (Figures 1H and
11), although in a lesser degree compared to llingseted mice (Figure 1G).

In order to determine if the induction of IL-17-picing-ILC2s by IL-33 is dependent on the
adaptive immune system, we injected IL-33Ragl’” mice. We similarly observed an
increased percentage and total cell number oflllib7* cells in lung lymphocytes of
IL-33-treatedRag1’ mice (Figures 1J, 1K and 1L). No enhancement @ garcentage of
Lin*IL-17" cells was found (Figure 1K). And IL-17 was mainlgroduced by
Lin GATA3'ILC2s upon IL-33 injection (Figure 1M). The IL-1#quluction gated on ILC2s
from IL-33-injected mice was significantly incredseompared with PBS-treated group,
which has barely any IL-TR.C2s (Figures 1M and 1N). The above data sugdesi3l
enhances IL-17 production from ILC2s independeotlthe adaptive immune system.

In addition to the lung, systemic administrationliof33 to mice induced IL-17 production
from Lin™ cells in the large intestine but not in bone marmr mesenteric lymph nodes
(MLNs) despite an expansion of STIXC2s in all analyzed organs (Figures S2A-S2C)11-
production within ILC2s in the large intestine shaalva trend of enhancement in wild-type
mice, and this was significant Rag1l’ mice, with a smaller extent than the lung (Figuriis
S2D-S2F). We therefore focused on the biology e88-induced IL-17ILC2s in the lung.
The above data imply a tissue-specific featuretferinduction of IL-17ILC2s by IL-33.

Theinduction of 1L-17-producing-ST2'IL C2sisindependent of RORyt

RORyt has been known to be a master regulator for Ileg@ression in various types of
immune cells’*. And ST2IILC2s expanded by IL-25 express R@Rind secrete IL-17".
We observed IL-33 specifically expanded SL217" cells but not ST2L-17" cells in the
lung (Figures S3A and S3B). Besides, IL-17 derifrain Lin ST2 cells was significantly



less than IL-17 derived from LiBTZ cells (Figures S3A and S3B). And neither ST2L7"
nor ST2IL-17"driven by IL-33 expressed RQR(Figures S3C and S3D). We also confirmed
that in papain-induced lung inflammation, IL-17 eegsion was induced in STRC2 but not
STZ2ILC2 (Figures S3E and S3F).

To further determine if ROR was required for the induction of ST-17*ILC2s by IL-33,
we injected IL-33 taRord™9®(Ront-deficient) mice and contrdRor™or wild-type mice.
We observed no defective IL-17 induction from ILC2g IL-33 in the lung ofRord™d®
compared tdrord™*or wild-typemice (Figures 2A and 2B). And the IL-1ZC2s in Rord™*
and Rord™9® mice were ST2 (Figure S3G). The above data suggest the IL-38ded
IL-177ILC2s are independent of R@Rand distinct from ilLC2s. In order to describes th
IL-33-induced STAL-177ILC2 more briefly, we name these cells as I8 this study.

Ahr facilitates|L-17 production by 1L C2;;s

Aryl hydrocarbon receptor (Ahr) is highly expresség Thl7 cells and has been
demonstrated to promote transcription of Th17 dyed in many types of immune cells by
directly binding to the promoter of IL-17 or thrdugnteraction with ROR “>*3 We thus
investigated if Ahr affected the induction of ILG2 by IL-33. We treated Ahr-deficient mice
or littermate wild-type orAhr™ mice with IL-33. Strikingly, the induction of IL7L from
ILC2s by IL-33 in the lung oAhr’ mice was significantly reduced compared to contriale
(Figures 2C and 2D). The IL-1IZ.C2s in Ahr"" and Ahr’™ mice were ST2(Figure S3H).
This suggests Ahr facilitates the induction of 1L,@2by IL-33. The percentage of ILC2s in
the lung, as well as IL-5 production by ILC2s wasmparable betweeAhr’™ mice and
control group (Figures 2E-2G), indicating Ahr has impact on expansion of ILC2s or
expression of type 2 cytokines by ILC2s in respaiask.-33. The reliance of IL-17 but not
IL-5 production by ILC2s on Ahr was similarly obged in papain-induced lung
inflammation (Figures 2H and 2I).

We then investigated if Ahr regulated IL-17 prodiostfrom STZILC2s in the absence of
other immune or non-immune cells. We purified 8L22s from naiveRagl’ Ahr’ mice or
RagI” mice, and treated the cells with IL-7 and IL-B3vitro. In this culture system, we
avoided the effect of non-ILC2s which may indirgciffect IL-17 production from ILC2s.
After 7 days of culture, IL-17 was readily detedtatvom ILC2s in the control group (Figure
2J). Notably, IL-17 expression from Ahr-deficiehiO2s was significantly less than control
group (Figures 2J and 2K). Nevertheless, Ahr-defitilLC2s exhibited no defective IL-5
expression compared to control ILC2s (Figures 20241). ILC2s maintained ST2 expression
during in vitro expansion (Figure 2M). The abové¢adadicate Ahr regulates the induction of
ILC2,ss by IL-33 independently of other types of cells.

MyD88 signaling from the hematopoietic compartment is essential for the induction of
ILC2,

MyD88 signaling has been known to be the key mdéecediating downstream signals of
IL-33 *%. We utilized MyD88-deficient mouse to perform banarrow transfer experiment to
determine if hematopoietic or non-hematopoieticesyswas essential for the induction of



ILC2,5s by IL-33.

Under the steady-state, IL-17 production from IL@2ss comparably low in wild-type and
MyD88-deficient mice gated on ILC2s from the domwigin (Figures 3A and 3B). After

IL-33 treatment, ILC2s from MyD88-deficient donashibited defective induction of IL-17

compared to ILC2s from wild-type donors (Figures&#d 3B), suggesting MyD88 signaling
from the hematopoietic cells is essential for thauction of ILC2+s in the lung. In contrast,

the expression of IL-17 from wild-type ILC2 doncglls was similarly induced by IL-33 in

wild-type and MyD88-deficient recipients (FigureS and 3D), suggesting MyD88-signaling
from non-hematopoietic cells is dispensable foritigeiction of ILCZ+s in the lung by IL-33.

Sustained 1L-33 signal isessential for the maintenance of 1LC2;;s

IL-33 challenged ILC2 has been reported to sustaithe lung for up to 60 days without
continuous supplement of endogenous or exogeno®s . We therefore questioned if
ILC2,s;s would retain in the lung after we stopped IL-83&atment for a period of time. We
designed a ‘“resting” protocol in which we injectedld-type mice with IL-33 for 4
consecutive days and analyzed cytokine productiom ILC2s 12 days later. We found the
percentage of IL-17 expression from ILC2s signifitha declined in “rested” mice compared
to mice freshly challenged with IL-33 (Figures SdAd S4B). And the induction of IL-17
from ILC2s could be achieved again when we re-engkd rested mice with IL-33 (Figures
S4A and S4B). The above data suggest continuousalsigf IL-33 is required for the
maintenance of ILCZs.

Leukotrienesand IL-33 synergistically induce the mRNA expression of IL-17in ILC2

The reliance of ILC2 on IL-33 signaling led us to question that IL-33uld directly drive
the mMRNA expression of IL-17 in ILC2s. To test thig purified ILC2s from naive wild-type
mice and stimulate them with or without IL-88vitro in the presence of IL-7 to maintain the
survival of ILC2s. Intriguingly, while IL-33 effigntly induced mRNA expression of I1L-13
(Figure 4A), no enhancement of IL-17 mRNA in ILO&as observed with either short (24h)
or long term (72h) stimulation with IL-33 (Figurd8¥ This suggests IL-33 alone doesn't
induce mMRNA expression of IL-17 in ILC2s.

Leukotrienes have been shown to stimulate produaifaype 2 cytokines by ILC2s through
inducing calcium influx and activating NFAT (nuctefactor of activated T-cellsY. We thus
determined if leukotrienes could induce the mRNApression of IL-17 in ILC2s.
Consistently, LTC4 could be detected in lung tissoé both wild-type andRagl’ mice,
although injection of IL-33 didn't significantly t&lr the level of LTC4 (Figure 4C).

We found both LTC4 and LTD4 efficiently enhanced N#Rlevel of IL-13 in ILC2s purified
from naive mice, which was consistent with previoggorts (Figure 4D). Surprisingly, no
induction of IL-17 mRNA was observed with LTC4 off4 treatment (Figure 4E),
suggesting leukotriene alone doesn’t drive the mRIMgression of IL-17 in ILC2s. However,
in the presence of IL-33, both LTC4 and LTD4 gnpathhanced mRNA level of IL-17 in
ILC2s (Figure 4E), with more than 100 fold compatedL-33 alone or leukotriene alone
(Figure 4E). This synergistic effect of leukotrisnand IL-33 was also obvious for the



induction of IL-13 mRNA expression in ILC2s (Figud®). Nevertheless, the combinatorial
effect of the two to induce IL-13 production by IR€was not so striking compared to IL-33
alone, which is already a strong inducer for IL-e&ression (Figure 4D). However, both
leukotrienes and IL-33 are essentially requiredtfi@ induction of IL-17 mMRNA expression
in STZILC2s.

Cysltrl (cysteinyl leukotriene receptor 1) has besgorted to signal through NFAT and PKC
(protein kinase C§"“® And IL-33 activates multiple pro-inflammatory casles including
MAPK  (mitogen-activated  protein  kinase) and KB- (nuclear factor
kappa-light-chain-enhancer of activated B célisyVe then treated ILC2s with inhibitors for
key signaling molecules in the presence of LTC4 [&r83. We found cyclosporine A (CsA),
an inhibitor of NFAT signaling, dramatically abdied the induction of IL-17 in ILC2s
(Figure 4F). CsA also significantly inhibited théridA expression of IL-13 in ILC2s, but to a
lesser degree compared to the inhibitory effeclloh7, consistent with a milder effect of
leukotrienes to boost IL-13 in the presence of danhIL-33 (Figure 4F). Similarlyn vivo
blockade of NFAT signaling with CsA or FK506 profally diminished the induction of
ILC2,5s, while 1L-13 expression by ILC2s was affectecagsser extent (Figures 4G-4%)
Inhibitors for p38 and JNK suppressed mRNA expossif both IL-17 and IL-13 in a dose
dependent manner (Figure 4F). While inhibitor fd¥-kB slightly but significantly inhibited
IL-17 expression in ILC2s, it had no impact on egsion of IL-13 at the same dose (Figure
4F). The above data suggest NFAT signaling is ¢isédor the induction of ILCZs. And
multiple signaling cascades downstream of IL-3%luding NFxB, JNK and p38, are
collectively supportive for IL-17 mRNA expressianiLC2s.

ILC2.;splay a pathogenicrolein I L-33-induced lung inflammation

Our finding suggests ILC2s expanded by IL-33 se&xva&n endogenous source for IL-17. We
thus evaluated the pathogenicity of the IL$2n IL-33-induced lung inflammation in
Rag1’ mice, in which we could limit the role of IL-33 n®stringently to ILC2s. We found
depletion of IL-17 by neutralization antibody sifigantly reduced the percentage and cell
number of neutrophils in the BALF (Figures 5A-5ercentage and cell number of
eosinophils in the BALF showed a trend of downratjah after depletion of IL-17, but the
change was not significant compared to IgG-treageaup (Figures 5A-5C). We then
evaluated mucin production in lung epithelial cddlg periodic acid-schiff (PAS) staining.
Although no difference was found in the percentagé PAS area at a
per-bronchus/bronchiole level (Figures 5D and BiEmber of PAS bronchi/bronchioles was
significantly lower in IL-17-depleted mice than Iggsoup in IL-33-treated mice (Figures 5D
and 5F). This suggests mucin-producing lung epihdiells are less disseminated in
IL-17-depleted mice than control after IL-33 treatmy indicating a restriction of the
pathology after IL-17 neutralization. Notably, bkade of IL-17 inRagl’™ mice similarly
prohibited the infiltration of neutrophils and ewsphils to the airways in papain-induced
lung inflammation (Figures 5G-5H). Therefore, wencode endogenous IL-17 plays a
pathogenic role in lung inflammation by promotiregiuitment of inflammatory cells to the
airways and enhancing mucus production by lundhefitl cells.

Although ILC2s are locally the dominant cell pogida that secretes IL-17 in IL-33-induced



lung inflammation, it is possible that systemiclZ-derived from ILC3s and neutrophils play
a role in the diseas€. Therefore, we induced disease and neutralizedl7Ilin RagI”
Rord™9® mice which are deficient for ILC3 and neutrophéirived IL-17* %° We found
percentage and cell number of neutrophils and ephkiits in the BALF were comparable
betweerRagl’ Rord@™9" mice compared to litermaRagl’ Rord™* mice in IL-33-induced
lung inflammation, suggesting RRs less likely to be a pathogenic factor in ILH88uced
lung inflammation (Figures S5A-S5C). Furthermoregplétion of IL-17 was similarly
effective in ameliorating the diseaseRag1’ Rord9" mice indicated by reduced percentage
and cell number of neutrophils in BALF, althoughrgentage and cell number of BALF
eosinophils was not affected (Figures S5A-S5C). @beve data indicate IL-33-induced
IL-17 exacerbates lung inflammation independenthR®Ryt, implying the critical role of
ILC2-derived IL-17 in the disease.

To further elaborate the pathogenic role of IL£%e adoptively transferred IL-33-expanded
ILC2s purified from IL-17-deficient mice or wild-pe mice toRag2' 112rg” mice, which
were lack of ILCs. We then induced lung inflammatia Rag2’112rg” mice by injecting
IL-33 (Figure 6A). ILC2s fromll17’" mice and wild-type mice expanded equally in
Rag2'112rg ' mice after IL-33 treatment (Figure 6B). Besidis7 " 1LC2s had no defective
IL-5 or IL-13 production compared to wild-type mi¢leigure 6C). And lymphocytes isolated
from IL-33-treatedRag2’ 112rg” mice receivingll17”1LC2s had barely detectable IL-17
production compared to mice receiving wild-type RSC(Figure 6D), further indicating
ILC2s being the major source for IL-17 in this dise. Consistently, we observed significant
reduction in percentages and total cell numberbathh neutrophils and eosinophils in the
BALF of Rag2112rg” mice receivingll17”ILC2s compared to mice transferred with
wild-type ILC2s (Figures 6E-6G). The above datagasyll17”1ILC2s are less potent in
recruiting inflammatory cells to the airways. Singly, in lung inflammation induced with
IL-33 together with intranasal administration ofppan, airway hyperresponsiveness was
significantly lower inRag2’ 112rg” mice transferred withi17 " ILC2s than wild-type ILC2s
(Figure 6H). This supports the notion that IL&2 are highly pathogenic in lung
inflammation.

ILC24;s concomitantly express|L-5and IL-13 but few GM-CSF

ILC2,;8 concomitantly expressed IL-5 and IL-13 (Figure ).7Ahus, the ILC2s
phenotypically mirror the previously described IZ-Th2 cells, which are IL-9L-13"IL-17"
cells.

We further compared the expression of previousbratterized 106 ILC2 signature genes in
lung ILC2;;s(LIN"STZ’GFP) and IL-17ILC2s (Lin STZGFP) using real-time RT-PCR by
taking the advantage of IL-17-GFP reporter moussbl@ S1)°%. Although the majority of
ILC2 signature genes were expressed at similarldeletween ILCZ and IL-17I1LC2,
including ST2, GATA3 and IL-13 (Figure S6A), 15 gsnwere found to be differentially
expressed by ILGZ than IL-17ILC2 for more than 1.5 fold (Figure 7B and Table).S2
Though IL-17RB was expressed at a higher leveLid7'1LC2s compared to IL-1TLC2s,
blockade of IL-25 with neutralizing antibody or ggic ablation of IL-25 in mice didn’t
impair the induction of ILC2s(Figures 1G, S6B-S6E). This suggests IL-33 induc€2,:s



through an IL-25-independent mechanism. Notably, tiRNA expression of GM-CSF was
significantly lower in ILC2;s than IL-17ILC2s (Figures 7B and 7C). Since GM-CSF
production by ILC2 has been well established and-G8F plays an essential role in lung
inflammation® °# * we analyzed the expression of GM-CSF at proteiellin ILC2-s by
flow cytometry (Figure 7D). Surprisingly, in thenlg of IL-33-treated wild-type oRagl’
mice, both ILC2;s and IL-17ILC2s expressed limited amount of GM-CSF (FigurBsand
7E). Slightly more GM-CSF was derived from IL-0C2s compared with ILCgZs,
consistent with lower level of Csf2 mRNA in ILGR (Figure 7D). Intriguingly, we found
GM-CSF expression in naive and “rested” ILC2s (@scdbed in Figure S4), predominantly
by IL-171LC2s, was significantly higher than the expressionlL-33-challenged ILC2s
(Figures 7D and 7E). Therefore, IL-33 treatmentitesin different kinetics of GM-CSF and
IL-17 production by ILC2s.



Discussion

IL-17 has been known to play an important role lie fpathogenesis and progression of
asthma®. Increased level of IL-17 in lungs of asthmatitigrets has been associated with the
severity and heterogeneous forms of the dised$es’ Previous study has shown
memory/effector IL-17Th2 cells are highly pathogenic in asthma thansitas Th2 and
Th17 cells in terms of recruiting leukocytes infiion to the airways and promoting mucin
production by lung epithelial cell$®. In this study, we have identified papain or
IL-33-induced STALC2s, subset of the ILCs, to be a previously umapiated source for
IL-17. We name this cell population as IL&2ILC2;;s concomitantly produce IL-5 and
IL-13, making them phenotypically mirroring the menyleffector IL-17Th2 cells.
Neutralization of IL-17 in IL-33-induced lung inflamation ameliorated the disease, and
genetic deletion of IL-17 in ILC2s reduced the panicity of ILC2s to recruit inflammatory
cells to the BALF in IL-33-induced lung inflammatipconfirming the detrimental role of
ILC2,55 in the disease. Our data have for the first themealed ILCZ to be a highly
pathogenic population in lung inflammation.

Previous report has shown that STIRC2s (natural ILC2) express few IL-17 under the
steady-state, while ilLC2s (inflammatory ILC2s)win by IL-25 can produce high amount of
IL-17 . Similar to IL-17Th2 cells, ilLC2s co-express GATA3 and R@Rimplying the
production of IL-17 by IL-17Th2 cells and ilLC2s is supported by R@R'. In contrast,
ILC2;7s didn’'t express ROR and their production of IL-17 was independentRDRyt.
Consistently, the severity of IL-33-induced Ilungflammation was comparable in
RORyt-deficient mice compared to control mice, suggesRORt was dispensable for the
pathogenicity of ILC2s.

Ahr has been shown to regulate the expression b7 Eytokines in various immune ceffs
%355 We found Ahr-deficient mice had defective indantiof ILC2,;s compared to littermate
control mice, with no defect of expansion of ILO2Ih-33 or production of type 2 cytokines.
In vitro culturing of ILC2s from naivéhr-deficientmice with IL-33 had reduced expression
of IL-17, indicating Ahr facilitates the inductiaf ILC2;-s in an “ILC2-only” system.

We have further shown the induction of IL-17 mRN¥pression requires cooperative effect
of IL-33 and leukotrienes, the receptor of whichhighly expressed by ILC28. The
accumulation of IL-17 mRNA in IL-33 treated lungnphocytes is likely due to a
combinatorial effect on ILC2 by IL-33 and leukotrés, which could be detected in the lung
tissue.

The synergistic effect of IL-33 and leukotrienesgromoting type 2 cytokines has been
proved in previous stud¥. Here we show that leukotrienes and IL-33 worketbgr to

induce the mRNA expression of IL-17. Importanthe ¥ound leukotriene or IL-33 alone was
not potent enough to induce IL-17 expression, wthiteinduction of IL-13 could be achieved
with each one of them. Considering IL-17 is tygigalot a signature cytokine for ILC2s, we
reasoned the induction of IL-17 expression requinedtiple factors. Consistently, both NFAT



downstream of leukotriene signaling and kB/p38/JNK downstream of IL-33 signaling

were important for IL-17 expression by ILG2 In contrast, expression of IL-13 by ILC2s
was less dependent on NFAT than expression of ILThérefore, when there is abundant
IL-33, a further promotion of type 2 cytokine pration by leukotrienes may be mild. In

contrast, expression of IL-17 by ILC2s is highlysiéve to the presence of leukotrienes. This
finding fulfills our knowledge for pathogenicity déukotrienes in asthma by promoting
ILC2;5S.

The pathogenicity of ILC2s was further addressed by adoptively transfeiitigy 1LC2s or
wild-type ILC2s to Rag'l1l2rg” mice, which were treated with IL-33 to induce lung
inflammation. In this system, the differential setyeof the disease between two groups could
be exclusively attributed to IL-17 production byaR. Strikingly, wild-type ILC2s were more
pathogenic thahl1771LC2s in recruiting inflammatory cells to the airyga Thus, ILC2s
are highly pathogenic in IL-33 induced lung inflaaion. Flow cytometry analysis revealed
that ILC2s concomitantly produced IL-5 and IL-13. In paraiiéth the IL-17Th2 cells,
ILC2,;s represent the innate compartment of the highlyqegenic IL-51L-13IL-17" cells. It
remains to be explored whether there is cooperdtidween ILC2s and IL-17Th2 cells to
exacerbate antigen-specific allergic responses.

It is intriguing that ILC2,s express few GM-CSF, an ILC2 signature cytokinehviplays an
important role in lung inflammatiot ° > In fact, we found ILC2s produced decent level of
GM-CSF under the steady-state. However, GM-CSF ymtich in ILC2s was reduced upon
IL-33 injection and recovered after withdrawing 3B; which was opposite to the kinetics of
IL-17 expression by ILC2s in response to IL-33. Td®ve data indicate IL-33 plays an
inhibitory role on GM-CSF production by ILC2s. Cdadexing ILC2 can be maintainegd
vivo for a long time independently of IL-33, IL-17 a@M-CSF could in turn participate in
the progression of lung inflammation after an alitthallenge with IL-33. The significance of
opposite effect of IL-33 on GM-CSF and IL-17 protlas by ILC2s needs to be further
investigated in animal models and clinical studi®@sgether, our finding highlights the
pathogenicity of ILCZs in lung inflammation. Elimination or functiondblokade of ILC2;s
may be a promising strategy for the treatmentlefgk diseases.
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Figurelegends

Figure 1 Lung inflammation induces IL-17 production by lung 1L C2s independently of
the adaptive immune system

Lung inflammation was induced by IL-33 (A-G and J-& papain (H and 1) in wild-type
(A-) or Ragl’ (J-N) mice. Lung lymphocytes were isolated for sl (A) Cells were
cultured in medium for 48h and supernatants welleated. Level of IL-17 was measured by
ELISA and the amount of IL-17 normalized to the gieiof the tissue was shown. (B) mRNA
expression of IL-17 in lung lymphocytes was analybg real-time RT-PCR. (C and J) The
expression of lineage markers (Lin) and IL-17 gatedlive lymphocytes from indicated
groups was analyzed by flow cytometry. (D and K Fercentages of Lith-17" cells and
Lin*IL-17" cells gated on live lymphocytes were shown. Daganaeans+SEM. Cell numbers
of LinIL-17" cells (E and L) and IL-TTLC2s (I) from the lung of individual mouse were
shown. Data are means+SEM. (F and M) The expresdi®@ATA3 and IL-17 gated on Lin
cells was analyzed by flow cytometry. (G, H and R@rcentages of IL-I7cells in
Lin GATA3" (ILC2) were shown. Data are means+SEM.

Figure 2 Ahr but not RORVt facilitatestheinduction of IL-17'ILC2sby IL-33

(A-G) Mice with indicated genotypes were treatethwi-33 or papain (H and I). (A-1) Lung
lymphocytes were isolated for analysis. (J to My 8T2'CD25 ILC2s were purified and
cultured with IL-7 and IL-33 for 7 days. (A, C, Fand M) The expression of GATA3, ST2,
IL-5, and IL-17 gated on Lincells of live lung lymphocytes was analyzed bwfloytometry.
The percentages of IL-17B, D, H and K) or IL-5 (G, | and L) cells in LIlGATA3" (ILC2)
from mice with indicated genotypes were calculard shown. (E) The percentages of ILC2
in lymphocytes were shown. Ctrl includedA?r” ™ mice and 3Ahr"* mice. (H and 1) Ctrl
includes 3Ahr”" mice and 5Ahr"* mice. Error bars represent SEM. (A-M) Data are
representative of at least two independent expatisne

Figure 3 MyD88 from the hematopoietic compartment is required for the induction of
|LC217S

The expression of IL-17 gated on ThyLid GATA3" (ILC2) (A) or Thyl.TILC2 (C) of the
donor origin was analyzed by flow cytometry. (B ddPercentages of IL-17 gated on ILC2
of the donor origin were shown. Data are meanszSBilta are representative of three
independent experiments.

Figure 4 IL-33 and leukotrienes synergistically promote the mRNA expression of |L-17
inlLC2

(A and B) ILC2s from naive wild-type mice and cudid in the presence of IL-7 for 24 h.
Cells were stimulated without or with IL-33 for @her 24 h or 72 h before collected for
analysis. (C) Levels of LTC4 in lung tissues weralgzed by ELISA. Level of LTC4
normalized to weight of lung tissue was shown. Catarepresentative of two independent



experiments. (D and E) ILC2s were purified fromwveawild-type mice and cultured with
IL-7 for 24 h. Cells were then treated with or waithh IL-33 for 24 hr. In some groups, LTC4
(100nM) or LTD4 (100nM) was added for the last ddfiore cells were collected for analysis.
(F) Cells were treated with IL-7, IL-33 and LTC4the presence or absence of inhibitors for
NFAT, JNK, p38 and NkB. The expressions of IL-17 or IL-13 mRNA were nalired to
control group (Mock) respectively. Relative IL-1hdalL-13 mRNA expression in fold
compared to control group was shown. (D-F) Datanaeans+SEM. Data are representative
of triplicates from one experiment. Experiments éndeen repeated for 3 times. (G) Mice
were treated with CsA or FK506 before and during38.injection. Expression of IL-17,
IL-13, GATA3 gated on Lincells was analyzed by flow cytometry. (H and Iydeatages of
IL-13" and IL-17 cells gated on ILC2s were shown. Data are méz&M. Data are
representative of two independent experiments.

Figure51L-33-driven IL-17 production plays a pathogenic rolein lung inflammation

Lung inflammation was induced Rag1’ mice by IL-33 or papain. Mice were injected with
anti-IL-17 antibody or control IgG during inductiar lung inflammation. BALF cells were
counted and analyzed by flow cytometry. Data arpresentative of two independent
experiments. (A-C and G-H) Expression of CD11b, Gy&nd Siglec-F in BALF cells gated
on CD45 cells was analyzed by flow cytometry. (B and Gjceatages of BALF neutrophils
(CD11b'Ly6G") and eosinophils (CD11BiglecF) gated on CD45cells from indicated
groups were shown. (C and H) Cell numbers of BAldutrophils and eosinophils were
shown. (D) Paraffin-embedded lung sections fromicatgéd groups were stained with
periodic acid-schiff (PAS). Magnifications are 4xda20x respectively. Black squares
indicated bronchi/bronchioles structures. Red sepiandicated PAS bronchi/bronchioles
structures. (E) Average percentages of P&®a in individually analyzed bronchioles/bronchi
from indicated groups were shown. (F) Percentadé?A& bronchioles/bronchi among all
bronchioles/bronchi per section from indicated gwvere shown. (B, C, E-H) Data are
means=SEM.

Figure 6 1117 "1LC2s had reduced function in recruiting leukocytes to the airways in
| L-33-induced lung inflammation in Rag2’112rg *~mice

(A) The protocol of ILC2 transfer and induction d&ing inflammation. (B-D) Lung
lymphocytes were isolated froag2’ 112rg”" mice. The expression of lineage markers,
GATA3, IL-5, IL-13 and IL-17 were analyzed by floaytometry. (B) Percentages of ILC2
(Lin GATA3") gated on live lymphocytes were shown. (C) Peagad of IL-5 and IL-13
cells in ILC2 (LINGATA3") were shown. (D) Cells were cultured in medium 48h. The
level of IL-17 in the supernatants collected waalgred by ELISA. (E-G) BALF cells were
counted and analyzed by flow cytometry. (E) Theregpion of CD11b, Ly6G and Siglec-F
gated on CD45 leukocytes was analyzed by flow cytometry. (F) ceatages of BALF
neutrophils (CD11y6G") and eosinophils (CD118iglecF) gated on CD45cells were
shown. (G) Cell numbers of BALF neutrophils andiroghils were shown. (B, C, D, F and
G) Data are meansSEM. (H) R (Lung resistance) of indicated groups was measaned



shown. “N” indicates nhumbers of mice used in eaddug. Data are representative of two
independent experiments.

Figure 7 1L C2.;s concomitantly express|L-5 and IL-13 but expressfew GM-CSF

(A) Lung lymphocytes were isolated from wild-typécmtreated with IL-33. (D and E) Lung
lymphocytes were isolated from wild-type aRéhgl mice at the steady-state (SS), after
treated with IL-33 for 4 days(IL-33) or the “restedtate (Rested). (A, D and E) The
expression of IL-5, IL-13, GM-CSF and IL-17 gatedlbC2 (Lin GATA3") was analyzed by
flow cytometry. (B) Genes with differential exprass from ILC2; (Lin"STZGFFP) and
IL-1771LC2 (Lin"STZ'GFP) with more than 1.5 folds in all 4 biological reye were shown.
Ratio of gene expression level of ILGA -171LC2 was calculated and the Logalue of
the ratio was shown. (C) mRNA expression of GM-G@&#s analyzed by real-time RT-PCR.
Each line connected one pair of IL{zand IL-171LC2 from one biological repeat. Statistical
analysis was performed using paired Student'stt {8 Percentages of GM-CSEC2,,
(upper right quadrant in D) and GM-CHEL7 ILC2 (upper left quadrant in D) in ILC2 from
indicated groups were shown. Data are means+SENb & Data are representative of two
independent experiments.
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Figure 6
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Figure 7
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Table S1 Sequencesfor primersused in this study

3110043021Rik-FW

CAGCAGCGGCGAGTGG

3110043021Rik-RV

TAAGCAAAGGTAGCCGCCAA

0610010012Rik-FW

CGTGGAGCAGAGAGGTGCAT

0610010012Rik-RV

TTGGCCCCATTGGCTGTTGT

5730469M10Rik-FW

AACACTGGAGAAAGAACCAAGG

5730469M10Rik-RV

CAGGTCTGCTGCTTCCGC

Ab124611-FW CATCACAGTGCTGGTGAGAAAA
Ab124611-RV GTTGCCACTGAGTCTTCCTGA
Acbd7-FW TGGGAGAGTCACAGCATTCC
Achd7-RV CTTCCGGTCTGCTTTTCAGC
Acer2-FW GTGCTTTGGCCATGTGGTTT
Acer2-RV ACACACACCACTGCCTTGAA
Adam19-FW TGTGTGATTGCGGACAGTGA
Adam19-RV TAGCGGAGGGCTACCTTCTT
Apbb2-FW TCTCGATGTCCCTTTGCAAGAT
Apbb2-RV TGTCCATGCCGACAGGTCT
Alox5-FW CGAGTTCCCATGTTACCGCT
Alox5-RV GGGGTTCCACTCCATCCATC
Ar-FW GTGCCGGACATGACAACAAC
Ar-RV CCACATGCAAGTTGCGGAAG
Areg-FW CAGCTATTGGCATCGGCATC
Areg-RV TCAACTTTTACCCTGCATTGTCCT
Arl5¢c-FW GGAGTCAGGAGCACAAAGTCA
Arl5¢c-RV ACCTCATTGGTCAGGAACTGG
Bambi-FW GGATCGCCACTCCAGCTACT
Bambi-RV GTCTGGAGAAGCAGGCACTAA
Bmp2-FW CTAGATCTGTACCGCAGGCA
Bmp2-RV GGCCGTTTTCCCACTCATCT
Bmp7-FW CAGGACAGCCACTTCCTCAC
Bmp7-RV CTCCCGATGGTGGTATCGAG
Bzw2-FW CCTAAAGCAATACGCTCCGC
Baw2-RV CCTCTTCGCTCAGAACGTCG
Calca-FW CACCGCTCACCAGGAAGG
Calca-RV ATGCCTGGTACAGGAGCAAG
Carl3-FW ACCCGTTATGCTTGCTTCCA
Car13-RV AAGAGGCTTCGGAATCTGGC
Ccl1-FW AGGATGTTGACAGCAAGAGC

Ccl1-RV

TAGTTGAGGCGCAGCTTTCTC




Ccrd4-FW

GGCATTGCTTCATAGACTGTCC

Cerd-RV GTACCAGCAGGAGAAGCCAA
Cor8-FW ACCTCAGAAGAAAGGCTCGC
Cer8-RV GAGGAGGAACTCTGCGTCAC
Cd27-FW CTATAGCCAGCGGTCATCCC
Cd27-RV CTGCCGGTCTTCATTTGGC
Chd7-FW GAAGAATCTGCTGGTTTACGG
Chd7-RV GGTGTGATGAGGTCCCAGAT
Csf2-FW TCAAGAAGCTAACATGTGTGCAG
Csf2-RV ACAGTCCGTTTCCGGAGTTG
Cxcl2-FW CAACCACCAGGCTACAGGG
Cxcl2-RV GGCTATGACTTCTGTCTGGGC
Cyp2d22-FW TTGGACCACGCTCTCAAGGTA
Cyp2d22-RV GTCCAGTATGGTCAGCGAAGG
Cyp51-FW GCCTATGTGCCATTTGGAGC
Cyp51-RV GGGTTTTCTGGGGTGTGGAT
D330045A20Rik-FW | AAGGCCCAAGTGCTAATCCG
D330045A20Rik-RV | CTTGCCACAGCTGACTCTCC
Dgat2-FW CCCTACTCCAAGCCCATCAC
Dgat2-RV GGCATGGTACAGGTCGATGT
Dhx40-FW TGGAAGCTCAACTTCGGGAAC
Dhx40-RV ACTTCCACGCCCATCCATTG
Dusp10-FW TGTTGCTGCTGGGGATCAAT
Dusp10-RV GTGCCACTACTACCCTGTCG
Ebi3-FW CTCCTAGCCTTTGTGGCTGA
Ebi3-RV CACCTGGCGGAAGTGAGAG
Emp3-FW TCTTCAGCAACTCTCGGCTT
Emp3-RV CCACCAACAGGAGGAGTGAC
Fams5d-FW ATTCCGAATTGGCTCCAGCA
Fam55d-RV TTGTGTTGGCTCCTCACCTG
Fam71f2-FW CGGTCCGTTTTCCACCTGTA
Fam71f2-RV TGGATGTTTCTCGTGGAGCC
FbxI21-FW AGTCAGATGGGTGTCGGTGA
FbxI21-RV TGGTTCAGTCTGAGTGACGTG
Foxp3-FW CCCAGGAAAGACAGCAACCTT
Foxp3-RV TTCTCACAACCAGGCCACTTG
Galnt3-FW ACCAGGGAGGCAAACCATTG
Galnt3-RV TCCTTCTGGATGTTGTGCCG

Gata3-FW

AGAGGTGGACGTACTTTTTAAC




Gata3-RV AGAGATCCGTGCAGCAGAG
Gcfcl-FW ACATCCCTCAGGTTCAAGCA
Gcfcl-RV TCATGGAGTCCAACCTGTCT
Glbl-FW GGATGGACAGCCATTCCGAT
Glbl-RV CACGGTCCCCAGAAAACTCA
Grin2d-FW ACAACCAGCCAAGAGTGGAG
Grin2d-RV GGGCCATGTAGTTGAGCACT
H2-Oa-FW GCCCAGTATCCGCAGGTAAC
H2-Oa-RV AGAAGCTTCCAGAAGTCCGC
Hba-a2-FW TGATGTAAGCCACGGCTCTG
Hba-a2-RV CAGTGGCTCAGGAGCTTGAA
Hesl-FW CAACACGACACCGGACAAAC
Hesl-RV GGAATGCCGGGAGCTATCTT
HIf-FW CACGATGGAGAAAATGTCCCG
HIf-RV CTGCTGCTCTCATCGTCCAG
Homer2-FW CCCACCCAGACTTGGAAATACA
Homer2-RV TTGGTGCTGGGGTCAATCTG
Hs3st1-FW ATTTGCTCCAAAGGGCGCAG
Hs3st1-RV AGGCTCCCTCTTGATTACTGGA
[14-FW AACTCCATGCTTGAAGAAGAACTC
[14-RV CCAGGAAGTCTTTCAGTGATGTG
[110ra-FW CTCGCTTCACAGTGGATGAA
[110ra-RV GTGAGGGTGAAGGTTTCCTG
[113-FW GCAACATCACACAAGACCAGAC
[113-RV GAATCCAGGGCTACACAGAACC
[117rb-FW TCCCTCCAGATGACAACAGA
[117rb-RV CTTCCTTGCCTCCAAGTTAGGT
11rl11-FW TCAATTCACACACGCGGAGA
[11r11-RV ATCTGCCACAGGACATCAGC
[15-FW GTTGACAAGCAATGAGACGATGAG
[15-RV CCCACGGACCGTTTGATTCTTC
[19r-FW TGGCTCCTCTTTACCAGTAACC
[19r-RV GGTGGGTCCAACTTGATGTGT
Inpp4b-FW AGCCCTCACCTGAAAGATGCT
Inpp4b-RV TAGCCGGTGTTCCTTCTCTCT
[pmk-FW AAGTGGGCATACTCCAGCAC
[pmk-RV CAGTCAGCAGCGTAAACCAT
[rf4-FW TCCAGACCCTCAGAGACAGA
Irf4-RV CGGTGGTAATCTGGAGTGGT




Kenn4-FW TCTGCACGCTGAGATGTTGT
Kcnn4-RV TCCTTGGCATGGAAGACCAC
Klrgl-FW ACATTTCCGGACAACCAGGG
Klrgl-RV TGTTCCTCAAGCCGATCCAG
Lgmn-FW TTGCCAACTCTGAAGAAAACC
Lgmn-RV CATCCTCTCCGGTGTAGTCC
Lpcat2-FW CCCCAGATACTAGTTTTCCCAGA
Lpcat2-RV ACACACAGCTGGAGGAATGT
Lrrc33-FW AGCCTTTGGAGACTGGAAGC
Lrrc33-RV GAAAACCCAGGCAAAGCCAG
Lrrc52-FW CCCCTGGATATGCAACTGCT
Lrrc52-RV GGAGTGGATTCCCCACCTTC
Mboat1-FW TTCAATGGCATGGACACGGA
Mboat1-RV TACCAGGGAACCCGCTCATA
Mcbor-FW GCCTGGAACCCGTGAAGAAT
Mcbr-RV CACTTCTTGGCATCGGATTTACC
Med12|-FW CTACGTATCCTGCAGCCACC
Med12|-RV GCTTTACTTTTGAACAGGCACT
Mras-FW CTTAACGGTGTGCAGCGGA
Mras-RV TGGTCGCCATGTTTCTGGTAG
Naip5-FW ACGGAGTCTGACCTCTCCAA
Naip5-RV CTTGCAGGAAGCAAGCACAG
Naip6-FW CTCATGACTGCGCTTGCTTC
Naip6-RV GAGCCTGGGCAAACTTTTCTG
Nav2-FW GACTACCCAGCTGACTGCAA
Nav2-RV AGCCTGATGGTCATGTTTCC
Nck2-FW GTCGGGAGTGGTACTATGGC
Nck2-RV ACGCTTTGAGAGACACGGAG
Neb-FW CCTGACATGCTGAGAGCCAA
Neb-RV GGCATTCAGGCCTCTTCCTT
Nfix-FW CAAGCGCCCCAAGTCCAT
Nfix-RV GCTGCAGAAGTCCAGCTTTC
Nfkb1-FW ACTGGAAGCACGGATGACAG
Nfkb1l-RV ATCTCCTTGGTCTGCTGCAC
Npnt-FW AGATGTGTTCATTCCACGGCA
Npnt-RV TGAGATACTGTCCACCTGCTG
Pard3-FW AAGAAAGGTACAGAAGGACTGGG
Pard3-RV GACCTCTATTAGCCGGTCTCC
Pcsk1-FW TCTTTGCTCTGGCCTTGGAG




Pcsk1-RV TCCAAATCGGCTGTTCACCA
Pdcd1-FW GCAGTTGAGCTGGCAATCAG
Pdcd1-RV GTGAAGGTGGCATTTGCTCC
Pde7b-FW AATGGTTGAGAGGTGTGGCG
Pde7b-RV ATGAATGGGTAGGAGCCACG
Pdliml-FW GCAGACAACATGACGCTCAC
Pdlim1-RV CGGTTGTGGGCACTTCCTAT
Plaur-FW CACAAACCTCTGCAACAGGC
Plaur-RV TAGGATAGCGGCATTGCAGG
Plk2-FW CATCAGAGGGAAAAGATCGAC
PIk2-RV TTCTGGCTCTGTCAACACCTT
Pparg-FW GGGCTGAGGAGAAGTCACAC
Pparg-RV TCAGTGGTTCACCGCTTCTT
Ppp2r3a-FW GAGCAGCGGGCACTGAG
Ppp2r3a-RV ATAACTGAGTCCTCCCAGGC
Ptgir-FW TCCGTCACTCTCAGCCTCTAT
Ptgir-RV AGTGAAGCCTCGGATCATGAGA
Ptpn13-FW CGACTATGATGGGTCTCCGC
Ptpn13-RV TTCACCGTCTGTTGTCTCCG
Ptpn9-FW TCGTCGTGAGAACCCTGTTG
Ptpn9-RV CTCGGGTTTGGTCTAGGCAG
Rabda-FW GGAGTGGAATTTGGCTCAAAGA
Rab4a-RV GTAAGCGCATTGTAGGTTTCTCG
RNf128-FW GGACAAGATCCATCTGGCTTCA
RNf128-RV TGATTGCAACAATGTCCCCAG
Rplpl-FW GTCCTTCCGAGGAAGCTAAGG
Rplp1-RV CATTGATCTTATCCTCCGTGACC
Rps19-FW CACAGTCAAGCTGGCCAAAC
Rps19-RV TCTGACACCGTTTCTCTGCC
Serpinel-FW CAATGGAAGGGCAACATGACC
Serpinel-RV GCCTGTGCTACAGAGAGCTG
Spes3-FW CACGGGCCCTAGAGAAAGAA
Spes3-RV TCCCAAAGGACAACTTGGTTCA
Spry1-FW CTCTGCGGGCTAAGGAGC
Spry1-RV TTCCAGCAGTCAGCGGAAAT
Sab2-FW CTGTGAGACCTGCACAGAGG
Sab2-RV TGTCACACTTCACTCCTCGC
Stxbp6-FW CCTGTCTTCGGTTGGGACG
Stxbp6-RV GATGGCAGACTTGGCACTCA




Taf1d-FW CTTGTCCTAGTCCGGCTGCT
Tafld-RV GCTGCCATCAGAGGAGTCAT
Tanc2-FW CAACCTCTCTCGATGTCGCA
Tanc2-RV TTGCCCTTGCTCTCGCATAG
Tgm2-FW TAAGAGTGTGGGCCGTGATG
Tgm2-RV TTTGTTCAGGTGGTTGGCCT
Tphl-FW TCCTCCGAAAGAGGGAGAGT
Tphl-RV TCCGGGACTCGATGTGTAAC
Tspanl3-FW TGTTGGTGGCATTGGTCTCT
Tspanl3-RV GCGAGGGTCTTTCTGGTTCC
Ube2e2-FW CGCGAAACTGTCAACCAGTG
Ube2e2-RV CAGCACTACAGTTGGGAGGG
Ube2l6-FW CAACGTCAGGGAGGATGGTC
Ube2l6-RV ACTCACCAGCACATTGAGGG
unc5b-FW TGCGTGCTGAATCAGAGAACT
unc5b-RV ACCGCTACCACCACAAAGAC
Zc3h12c-FW GACCCACGGCTGTGATCCTG
Zc3h1l2c-RV GTTCCGTGCACTTGACTCCA




Table S2 Differentially expressed genes between 125 and IL-177ILC2.

Relative expression: Ratio of ILC2,7/IL-171LC2 (L0g;.5)

Samplel | Sample2 | Sample3 | Sample4 | average
[117rb 2540975 | 3.36943 | 2.13414| 1.120789 | 2.291334
Lgmn 2.722714 | 2.766995 | 1.262573 | 1.743606 | 2.123972
Pdcdl -2.30468 | -2.36349 | -1.43054 | -1.18492 | -1.82091
3110043021Rik | -2.04925 | -2.53894 | -2.4717 | -1.52509 | -2.14625
Grin2d -3.87456 | -1.67166 | -2.12437 | -1.71466 | -2.34631
Mboat1 -2.49392 | -2.51325 | -2.73336 | -1.67177 | -2.35307
Ab124611 -1.82225 | -4.53893 | -1.65387 | -1.46559 | -2.37016
Nfix -1.73405 | -2.99037 | -2.91961 | -1.85328 | -2.37433
Fam71f2 -2.6955 | -3.22526 | -2.61147 | -1.90913 | -2.61034
Alox5 -3.65807 | -3.8813 | -2.79934 | -2.70094 | -3.25991
5730469M10Rik | -3.25209 | -1.73198 | -4.52508 | -4.13671 | -3.41146
Apbb2 -4.68719 | -4.09895 | -1.74913 | -3.24809 | -3.44584
Csf2 -5.1029 | -4.75797 | -3.08911 | -2.49184 | -3.86045
Tgm2 -8.42454 | -4.05204 | -2.24474 | -4.19655 | -4.72947
Foxp3 -9.14956 | -6.71182 | -8.42492 | -8.81883 | -8.27628
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