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Abstract

Background: ILC2s represent an important type 2 immune c@lucocorticoid regulation of

human ILC2s is largely unknown.

Objective: To assess steroid resistance of human bloodiamdyalLC2s from asthmatic

patients and examine its mechanism of induction.

Methods: We studied human blood and lung ILC2s from astivvaand control subjects by flow

cytometry and ELISA.

Results Dexamethasone (Dex) inhibited (P=0.04) CRTH2 igpé 2 cytokine expression by
blood ILC2s stimulated with IL25 and IL33. Howeyéifailed to do so when ILC2s were
stimulated with IL7 and TSLP, two ligands of IL@R Unlike blood ILC2s, BAL ILC2s from
asthmatic patients were resistant to Dex. BAL ftbmasthmatic patients had elevated TSLP
but not IL7. The BAL TSLP level correlated (r=0)#¥ith steroid resistance of ILC2s. TSLP
was synergistically induced in epithelial cellslhg3 and human rhinovirus. Mechanistically,
Dex upregulated ILC2 expression of ILdARwhich augmented and sustained STATS5 signaling
by TSLP. TSLP induced MEK, c-Fos, ID3, pSTAT3 qa®&TAT5—molecules linked to steroid
resistance. Dex inhibited c-Fos, ID3 and pSTAT&, ot pSTAT5 and MEK. The MEK
inhibitor Trametinib, the JAK-STAT inhibitor Tofaunib and the STATS5 inhibitor Pimozide

reversed steroid resistance of BAL ILC2s.

Conclusions Dex inhibited type 2 cytokine production by blolkeC2s. IL7 and TSLP
abrogated this inhibition and induced steroid tasise of ILC2s in a MEK and STAT5-
dependent manner. BAL ILC2s from asthmatic pasievith elevated TSLP were steroid

resistant, which was reversed by clinically avdéahhibitors of MEK and STAT5.
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Clinical Implications
ILC2s become steroid resistant upon exposure td°TSLSLP correlates with the steroid
resistance of BAL ILC2s. The ILC2-dependent sidresistance of asthma may benefit from

theinhibitors of MEK and STATS5.

Capsule summary

Dexamethasone inhibited CRTH2 and IL5 but promdt&&Ra expression by ILC2s, which led

to the development of steroid resistance Thiogteesistance was reversed by MEK and

STATS inhibitors.

Key words: Asthma, type 2 innate lymphoid cells, steroidseesice, TSLP, STAT5, MEK
Abbreviations: BAL: bronchoalveolar lavage; Dex: Dexamethasdb&; inhibitor of DNA
binding 3; ILC2: innate lymphoid cell type 2; MEKIEK-ERK kinase; PBMC: peripheral blood
mononuclear cell; STAT: signal transducer and attivof transcription; TSLP: thymic stromal

cell lymphopoietin
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Introduction

Innate lymphoid cells (ILC) represent a lineagéyaiphoid cells that diverge from the lymphoid
cells (T and B cells) of the adaptive immune sys&@n early developmental stage due to high
expression of ID2 (inhibitor of differentiation @eviewed in ref. 1). ILCs are akin to NK cells
and readily respond to a tissue insult or injullyC2s are an important source of type 2
cytokines. They produce relatively high quantitésL4, IL5, and IL13 among others. They are

most prevalent in the tissue, especially in the gsattissue.

Growing number of studies implicated them in ththpgenesis of allergic diseases and in
defense against parasites. The number of ILC29rwasased in the blood from patients with
many allergic diseases—allergic rhinitis (2), asth{®), eosinophilic sinusitis (4), eosinophilic
esophagitis (5) and atopic dermatitis (6). We reggbincreased frequency of ILC2s in the
bronchoalveolar lavage from allergic asthmaticqrds (7). An increased frequency of ILC2s
was also reported in the sputum from asthmatiepti(8). By producing high quantities of IL5
and IL13 ILC2s are likely to contribute to eosindhand airway hyperreactivity. Th2 cells and
Th2-driven eosinophilia are usually sensitive tailiition by steroids (glucocorticoids), although

they can become steroid-resistant under certatamistances (9-11).

In a subgroup of patients asthma does not satisfictespond to high dose inhaled steroids and
oral steroids (12). These patients are labeled severe refractory asthma. These patients
continue to manifest eosinophilia in the blood aimd/ays while on steroids. The mechanism of
steroid resistance of this type 2 inflammationas flly understood. Recently, Kabata et al
reported that mouse ILC2s developed relative daesistance in a TSLP-dependent manner

(13). This study suggested that ILC2s could cbntg to steroid resistance in type 2
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inflammatory diseases. In contrast, Walford eepbrted that both mouse and human ILC2s
were sensitive to steroids (14). Treatment wignats caused apoptosis of ILC2s in vitro and in
vivo. The effect of steroids on ILC2s, especialigway ILC2s from human asthma is unknown.
Since the number of ILC2s is increased in asthneaasked in this manuscript if ILC2

developed steroid resistance in refractory asthma.
Materials and Methods

Human subjects We studied blood and BAL ILC2 from allergic astitin patients, disease
controls and healthy donors. Allergic asthmatitigrds and disease controls were recruited
from the outpatient clinics at National Jewish HealBronchoscopy and BAL were performed
as a part of their clinical work-up for poorly covited asthma. None of the disease control
patients met the ATS diagnostic criteria for asthrbe protocols for blood and BAL studies of
lymphoid cells from asthmatic patients and diseas#rols were approved by the institutional
IRB. Written informed consent was obtained fromheparticipant. Healthy donors were
recruited from the blood bank of National Jewislaltte Asthmatic patients and disease control
subjects maintained their controller medicationthattime of bronchoscopy. Demographic and

clinical characteristics of asthma and diseasercbstibjects are shown in Table 1.

Isolation of PBMC, lin- cells, culture and flow cybmetry for ILC2s: PBMC were isolated
from EDTA-treated blood by density centrifugatiorttwFicoll-Hypaque. PBMC were cultured
in RPMI 1640 plus 10% FBS in the medium alone dhwhe cytokine combo (as indicated in
the text) with Dexamethasone () or vehicle (0.1% ethanol) as described previp(sh).
The following cytokines were used at 20 ng/ml caortition: IL2, IL7, IL25, IL33 and TSLP

(all from Peprotech, Rocky Hills, NJ). The coneatibn of the allergen extract Aspergillus sp.
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(Greer Labs, Lenoir, NC) in the PBMC culture wasgdml. In select experiments lin- cells
were isolated fom PBMCs by negative selection uamgpbody-coated magnetic beads (lineage
cell depletion kit) from Miltenyi, Inc. San DiegG@A. PBMCs and lin- cells were cultured for 5
days unless otherwise stated in the text. Mongi2qiM, Biolegend, Inc., San Diego, CA) was
added to all cultures 4 hr before conclusion. dwihg culture cells were pelleted and then

stained for flow cytometry as described previoyih).

Processing and culture of BAL cells for ILC2 studie: BAL cells were pelleted, washed and
cultured in the medium (RPMI 1640 plus 10% FBShalor with cytokines (as described for
PBMCs in the previous section) with vehicle (0.1%480) or Dexamethasone (18, from
Sigma-Aldrich, Inc. St. Louis, MO). In select exjpents Trametinib (1QM) from LC
Laboratories, Tofacitinib (0.@M) from ApexBio, or Pimozide (fiM) from Tocris Bioscience
was added to the culture. BAL cells were cultuiced3 days until otherwise stated. Monensin
(2 uM) was added to all cultures 4 hr before conclusiballowing culture cells were pelleted

and then stained for flow cytometry as describevipusly (7, 15).

Flow cytometric staining of cells Staining for flow cytometry was carried out ascléed
previously (7, 15). Fluorophore-labeled antibodiese: human lineage cocktail (CD3, CD14,
CD16, CD19, CD20, CD56), ERI, CRTH2, IL7Rx, CD25, IL5 from Biolegend; PFVD eFluor
780, pSTATS3, pSTATS from e-Bioscience; ST2 and Ik2&eptor (IL17RB) from R&D
Systems; ID3 and MEK from BD Bioscience; c-Fos frGell signaling Technology, and
glucocorticoid receptor antibody from Bioss Antilesl The labeled ERI antibody was added
to the lineage cocktail. We stained cell surfaeek®ars on live cells first. Then, we fixed cells

using 4% paraformaldehyde, permeabilized them Witho saponin and performed staining for
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intracellular molecules (cytokines, signaling meles and transcription factors). Flow
cytometry was performed on LSRII (BD Bioscienceghe data was analyzed by the FlowJo
software. Isotype antibody controls and FMO (fegmence minus one) were used to develop

the gating and data analysis strategies.

Airway Epithelial Cell Culture and Real-time PCR: Freshly isolated epithelial cells from
bronchial brushing were obtained from allergic asdtic patients and were cultured in air-liquid
interface as described previously (16). Confluesils were cultured with IL13 (10 ng/ml), IfN
(20 ng/ml), LPS (Jug/ml, Sigma-Aldrich, Inc., St. Louis, MO), poly-I(G0 ng/ml) or human
rhinovirus-16 (8 x 1O TCIDsywell) for 24 hr. Isolation of MRNA and real-tinfRCR was
performed as described previously (17). The pranier TSLP were: forward 5'-
ACCTTCAATCCCACCGCCGGC-3’; reverse 5'-GGCAGCCTTAGTTCATGGCGA-3'

(synthesized by Integrated DNA technologies, Inaralville, lowa).

ELISA for cytokines: IL7 and TSLP in the BAL from asthmatic patientslalisease controls
and TSLP from epithelial cell cultures were meagung ELISA. IL5 was measured in the
culture supernatant from lin- cells. The IL5 ELI&Awas from Thermo Fisher Scientific, Inc.,
Walthma, MA (detection threshold 4 pg/ml) and thé ELISA kit was from R&D, Inc.,
Minneapolis, MN (detection threshold 15.6 pg/mlyiadhe TSLP ELISA kit was from e-
Bioscience, Inc. (detection threshold 15.6 pg/mi).ISA was performed as per manufacturer’s

instruction as described previously (7, 17).

Statistical Analyses:Comparison between the study groups was done lypMeéhitney U test
unless otherwise stated. Comparison among mukipldy groups was performed by Kruskal

Wallis test. Pearson correlation coefficient wasdito calculate correlation coefficient.
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Results

Study Subjects.We studied blood and BAL from a total of 50 asthmpatients and 35 disease
controls. We also obtained blood from the Natialealish Health Blood Bank for Research,
which recruits healthy donors under an institutldR®8. The demographics and disease

characteristics for the patient populations arexshim Table 1

Effect of Dexamethasone on blood ILC We examined the effect of Dexamethasone (Dex) on
survival of blood ILC. To this goal we cultured MB in medium and with a combination of
cytokines I1L2/IL7/1L33 with and without Dex for Sagls. Cell death was initially analyzed by
gating for live and dead cells by flow cytometryngsforward and side scatters. We observed a
modest increase in dead cells in cultures with (@xine Repository Figure E1). There were
more dead cells in cultures stimulated with cytekinwhich perhaps reflects activation-induced
cell death. The live cell population was gatedftwther analysis for dead cells using a fixable
viability dye e-Fluor 780 (e-Bioscience). We oh&sl a modest increase in dead cells in
cultures with Dex, cytokines and cytokines plus D&ke difference in the dead cell number

among these cultures was not significant.

Airway but not blood-derived ILC2s are relatively geroid resistant. Next we cultured

PBMC from an allergic asthmatic patient with thesizing allergen extract of Aspergillus or a
combination of cytokines—IL2/IL33 and IL2/IL7/IL3® the presence or absence of Dex for 5
days. After culture the cells were gated for Ige@egative (lin-) cells, then CRTH2+IL@R
cells (referred to as CRTH2+ cells, Figure 1A), #meh IL5+ cells (Figure 1B). We found that
Dex potently inhibited IL5+ ILC2s from Aspergillasd 1L2/1L33-stimulated cultures.

However, Dex was less effective in inhibiting ILB¥C2s from the IL2/IL7/IL33-stimulated
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culture (Figure 1B). We performed a similar expent with Dex using BAL cells from an
allergic asthmatic patient. Cells were culturethet IL2/IL7/IL33. We observed negligible
inhibition of BAL IL5+ ILC2 (Figure 1C). Figure 1[& E show cumulative data on Dex-
inhibition of IL5+ CRTH2+ ILC2 from the blood andA obtained from 14 allergic asthmatic
patients. Dex significantly inhibited 1L2/IL33#stulated IL5+ ILC2s from the blood but failed
to inhibit IL5+ ILC2sfrom the BAL. We analyzed tleéfect of Dex on fluorescence intensity of
IL5 staining in BAL ILC2s. Dex did not reduce theean fluorescence intensity (MFI) of IL5 in
ILC2s (online repository figure E2A). We measutled effect of Dex on BAL cell viability
using two viability dyes—the fixable viability dyeFluor 780 and the dye Zombie aqua. Both
dyes stain dead cells. Dex caused a modest ircnea®ad cells in BAL when stained with e-
Fluor 780 but not when stained with Zombie aqudiferrepository figure E2B&C). The
clinical characteristics of the BAL donors are shaw Table 1. The patients had moderate to
severe asthma as defined by the EPR3 guidelineg.sénsitivity (% inhibition of IL5+ cells) of
BAL ILC2s correlated negatively with BAL eosinophilr=-0.77, P=0.00003) and blood
eosinophils (r=-0.69, P=0.003), but positively withseline FEV1 (r=0.58, P=0.003) and

FEV1/FVC ratio (r=0.51, P=0.01) (Table 2).

The IL7Ra ligands—IL7 and TSLP induce steroid resistance iwitro . Next we examined the
effect of various combinations of ILC2-stimulatiogtokines on induction of steroid resistance
in vitro. We found that the presence of IL7 and-P3®ut not IL25 or IL33 in the cytokine
combo was associated with the development of steesistance (Figure 2A). IL7 and TSLP
attenuated Dex-inhibition of IL5+ ILC2 in the bloodlote that IL2 was added to all cultures as
an ILC growth factor. It did not make any diffecerfor steroid resistance. Kinetics analysis

showed that the development of steroid resistaegeaired a prolonged, 5 days of exposure to



190 these cytokines (Figure 2B). Dex did not signifita change the number of lin- cells in the

191 culture.

192 Next we examined the direct effect of Dex on isadidineage- negative (Lin-) cells (representing
193 ILCs) from the peripheral blood. The effect of Deas measured by two approaches:

194 measurement of secreted IL5 by ELISA and measureai¢he expression of intracellular IL5
195 by FCM. Dex inhibited IL5 secretion by IL2/IL33ustulated ILCs by nearly 79% (Figure 2C).
196 In contrast, it inhibited IL5 secretion by IL2/TSidmulated ILCs by only 25%. The

197 measurement of intracellular IL5 in ILCs from theere experiment showed a similar result.

198 Dex inhibited intracellular IL5 expression in ILR83- and IL2/TSLP- stimulated ILCs by 65%

199 and 18%, respectively (Figure 2D).

200 We examined steroid resistance of IL5+lineagets ¢elhich represent T cells, NK cells,

201 myeloid cells and mast cells) in the BAL and cangal them with ILC2s. IL5+lineage+ BAL
202 cells from these asthmatic subjects were alsoigtegsistant (Figure 2E). However, their

203 steroid resistance was milder when compared tgti#reid resistance of ILC2s. Note that the
204 frequency of IL5+lineage+ cells was much highenth@at of IL5+ ILC2s in BAL. In some

205 patients Dex actually increased the number of ILU832s likely due to the increased number of

206 CRTH2+IL7Ro+ cells (see below).

207 The foregoing experiments were performed with detlsn asthmatic patients. In a next set of
208 experiments we examined the effect of Dex on IL@mfhealthy controls. PBMCs from

209 healthy subjects had low levels of CRTH2+ ILC2slif@repository figure E3A) and type 2
210 cytokine expression (online repository figure E3Bulture of these cells with 1L2/1L33 and

211 IL2/TSLP marginally increased their cytokine exmies. Dex inhibited IL2/IL33- but not
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IL2/TSLP-induced IL5 expression in ILC2s from héglsubjects (online repository figure
E3C). The results suggest that TSLP induces steesistance in ILC2s not only from asthmatic

patients but also from healthy subjects.

TSLP is increased in BAL from asthmatic patients ad correlated with steroid resistance of
ILC2. Since BAL ILC2s from asthmatic patients were ligkdy resistant to Dex-mediated
inhibition we asked if IL7 and TSLP contributedthis resistance. We examined the level of
IL7 and TSLP in BAL from asthmatic patients. ILAsvlargely undetectable in BAL from
asthmatic patients (data not shown). In contmstdetected higher levels of TSLP in BAL from
asthmatic patients as compared to disease coffigisre 3A). We examined the relevance of
TSLP for ILC2 steroid resistance. The level of PStegatively correlated with Dex-inhibition

of BAL IL5+ ILC2 (Figure 3B).

TSLP is synergistically induced by IL13 and human hinovirus-16. Next we examined the
expression of TSLP by human airway epithelial celisured under air-liquid interface. We
initially studied TSLP mRNA induction by the tyRecytokine IL13, the type 1 cytokine 1N
the TLR4 agonist LPS and the TLR3 agonists poly-IIC13 and poly-IC induced the expression
of mMRNA for TSLP (Figure 3C). Since poly-IC is mal mimic, we examined the effect of
human rhinovirus with and without IL13 on TSLP puatlon at the protein level. We chose
rhinovirus because it is a frequent cause of as@aaerbation (18). Human rhinovirus-16

induced modest production of TSLP, which was syistoglly augmented by I1L13 (Figure 3D).

Dex strongly induces IL7Rx on ILC2s. We studied the mechanism of IL7 and TSLP inaurcti
of steroid resistance. We cultured PBMC in thespnee or absence of Dex. Dex inhibited the

frequency of CRTH2+ but strongly upregulated tlegjfrency of IL7R+ ILCs (Figure 4A-C).
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More importantly, it increased the expression l¢ugtan fluorescence intensity) of ILdRN

cells (Figure 4D). Since most of our asthmaticgras are on inhaled steroids and some are on
systemic steroids, we compared IL7Ra+ lineages ¢elthe blood and BAL. We found
increased number of ILZR- cells in BAL (Figure 4E). We recognize that thisrease could be
due to a number of reasons, which include the Uyidgrdisease process and the treatment with
steroids. We examined the effect of Dex with aitthout the cytokines (IL7 and TSLP) on
expression of the IL2 receptor CD25, IL25 receptad 1L33 receptor (ST2). Dex with and
without the cytokines had negligible effects onrmegsion of these receptors on ILC2s (Online

Repository Figure E4).

IL7Ra is the common receptor for IL7 and TSLP (19). irfeeease in IL7R raised an

intriguing possibility that IL7 and TSLP signalimgas altered in Dex-treated cells, which
secondarily contributed to steroid resistance.tebb this hypothesis we cultured cells with
vehicle or Dex for 3 days and then stimulated WiYTSLP for increasing period of time. We
monitored the level of pSTATS5, which is a majorrgiing molecule downstream of ILBR

Dex pre-treated cells showed a significantly highegquency of pSTAT5+ cells (Figure 4F).
Further, this increased level of pSTAT5 was sustiover a longer period of time as compared

to vehicle-treated cells.

Dex is less effective in suppressing MEK1 and STAT&gnaling in the presence of TSLP

In a next set of experiments we examined the siggahechanism that contributed to steroid
resistance of ILC2s. We previously reported th&KM (referred to as MEK) conferred steroid
resistance to T cells (14). MEK translocated ®nhcleus, interacted with the glucocorticoid

receptor co-repressor SMRT and induced its nueeport (20). MEK also directly bound to

12
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the c-Fos promoter. Recently, a functional gensmtady utilizing ShRNA against all known
genes identified MEK2 and MEK4 as top inducerstefad resistance in leukemic cells (21).
MEK is expressed at a low level in quiescent catlid is upregulated upon stimulation (11). We
examined the induction of MEK by ILC2-regulatingalines in the presence and absence of
Dex. Note that Dex and the cytokines were addedltineously to the culture for these
experiments. 1L2/IL33 and IL2/TSLP increased éixpression of MEK in ILC2s (Figure 5A).
Dex caused a near complete inhibition of MEK indutby IL2/IL33 but only modestly

affected the induction by IL2/TSLP. Figure 5B slsosumulative data on MEK suppression by
Dex from 7 asthmatic patients. The results shat Erex was a stronger inhibitor for IL33 than
for TSLP in suppressing MEK. MEK activates ERK&f#l induces c-Fos among many other
genes. C-Fos, a component of the AP1 complexpleasously been shown to antagonize GR at
transcriptional level (22). We examined c-Fos ©tehn in ILC2s by IL2/IL33 and IL2/TSLP.
Dex caused a dramatic inhibition of c-Fos inductioiLC2s stimulated with IL2/IL33 and
IL2/TSLP (Figure 5C and online repository figureA}5 STATS is another signaling molecule
that induces steroid resistance (23). STAT5 btndee GR and sequesters it in the cytosol. We
examined the effect of Dex on pSTATS inductionli€Ps. Dex was effective in inhibiting
IL2/IL33-induced but not IL2/TSLP-induced pSTATSigbre 5D). MEK and STAT5 are

known to regulate each other (24). Treatment wi¢hMEK inhibitor Trametinib significantly
inhibited pSTATS5 induction by IL2/IL33 and IL2/TSL{Figure 5E). This suggested that MEK
functioned upstream of STAT5. We examined if TSld@ IL33 differentially affected GR
expression on ILC2s upon culture. 1LC2s expres$sgl levels of GR (Figure 5F). TSLP did

not alter GR expression when compared with IL33.
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Next we studied the effect of Dex on MEK and pSTAABAL ILC2s from asthmatic patients.
Dex was unable to inhibit MEK and pSTATS in BAL IR€ (Figure 6A & B). TSLP is known

to activate STAT3 (25). Interestingly, pSTAT3 eagsion in BAL ILC2s was susceptible to
Dex-mediated inhibition (Figure 6C and online raepmoy figure E5B). ILC2s express ID3
(inhibitor of DNA binding 3), a transcription fagtthat is involved in developmental processes
of lymphocytes (26). ID3 is positively regulategithe MEK-ERK signaling pathway and
induces steroid resistance (27). We examined pBession by BAL ILC2s in the presence and
absence of Dex. Dex significantly inhibited ID3peassion in BAL ILC2s (Figure 6D and

online repository figure E5C).

Since MEK seems to play an important role in steresistance of ILC2s, we asked if its level
was higher in BAL as compared to blood ILCs. HFuos purpose we studied BAL and blood
ILCs from the same patients (n=4). A small fractad BAL ILCs, studied ex vivo, expressed
MEK (online repository figure E6 A& B). In contriablood ILCs expressed very little MEK.
The difference in the MEK level between BAL andddowas statistically significant. Blood
ILCs increased their MEK expression when culturechedium alone. This increase was further

augmented upon culture with IL2/TSLP (online repawyifigure E6C).

Inhibition of MEK and STAT signaling reverses sterad resistance In order to establish the
relevance of MEK and STAT5 signaling in steroidisemnce we cultured BAL cells with
Trametinib (28) and Tofacitinib (29), inhibitors BIEK and the JAK-STAT pathway,
respectively. Both inhibitors reduced the frequeoftlL5+ ILC2s (Figure 7 A & B). More
importantly they reversed the steroid resistand@Alf ILC2s. Since Tofacitinib inhibits all
STATSs downstream of Jak kinases, we examined feetedf the STATS5 inhibitor, Pimozide

(30). Pimozide inhibited the frequency of pSTATEetls as well as IL5+ ILC2s in BAL (Figure

14



301 7 C&D). Italsoreversed the steroid resistamicBAL ILC2s. Both Tofacitinib and Pimozide

302 were more effective than Trametinib in inhibiting#I1LC2s.
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Discussion

In this paper we identified a selective, stimulpsfic pathway in ILC2 conveying lack of
response to Dex, a pathway that could be implicetatieroid-resistant asthma. We showed that
IL33- and IL25- inducible IL5+ ILC2s in the bloodene sensitive to inhibition by Dex. In
contrast, IL7- and TSLP-inducible IL5+ ILC2s wegtatively steroid resistant. We elucidated
the mechanism of development of this steroid rese#. Dex increased the expression of
IL7Ra, which is the common receptor for IL7 and TSLmheThcreased expression of ILAR
promoted heightened and sustained induction of gST@and MEK in ILC2s by TSLP.

Sustained induction of pSTAT5 and MEK convertedatesensitive ILC2s into steroid resistant
cells. Pharmacological inhibition of MEK and STA$tgnaling abrogated steroid resistance of

ILC2s.

Steroid resistance of mouse ILC2s was previousiyrened by Kabata et al (13). Similar to
human ILC2s, mouse ILC2s became steroid resistaomt exposure to IL7 and TSLP. The
authors demonstrated the development of steroistaase in a mouse model of allergic asthma,
which was reversed by an anti-TSLP antibody, aedSRhATS5 inhibitor Pimozide. The results
established an important role for the TSLP-STATE &x steroid resistance of ILC2 in a mouse
model of asthma. There are differences in steestance between mouse and human ILC2s.
Mouse ILC2 became steroid resistant when cultungld lv2. In contrast, human ILC2s
remained steroid sensitive in presence of IL2. Béeve that the upregulation of ILéRvas
critical for development of steroid resistance umtan ILC2s. This is supported by the finding
that only IL7Rx agonists but no other ILC2-stimulating cytokinesrgvcapable of inducing
steroid resistance. Although IL2 induces STAT%s thduction is of short duration and lower

amplitude when compared to TSLP induction of STATDex-treated cells. This also goes
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along with the finding that the induction of steteesistance required prolonged incubation with

TSLP.

The effect of dexamethasone on lymphocytes hasqugly studied by many labs. A

microarray study showed that IL@Rvas one of the top upregulated genes by Dex in
lymphocytes (31). Consequently, Dex actually insesl, not reduced the survival of
lymphocytes upon stimulation with IL7. In our syidex increased the number of IL5+ ILC2s

in some asthmatic patients (Figure 2B). Other e reported similar positive effects of Dex
on lymphocytes. Dex increased the number of llysrphocytes in a mouse model of chronic
asthma (32). Dex also increased the differentiatiohuman Th17 cells (33). These findings
suggest that glucocorticoids exert both antagan#std protagonistic effects on development and

function of lymphocytes including innate lymphoiells.

Steroids are the mainstay of anti-inflammatory dlpgrin asthma. Yet, a significant number of
patients do not adequately respond to steroids (Bgroid resistance in asthma is likely to
occur at multiple cellular levels. Steroids indutgammatory cell apoptosis, and inhibit their
proliferation and cytokine production. A moderatiof these anti-inflammatory effects has been
reported for lymphocytes and monocytes obtaineah fsevere asthmatic patients (reviewed in
ref. 10). This is the first report on steroid stance of ILC2s from a group of refractory

asthmatic patients.

Many studies have delineated the mechanism ofidtegsistance at the signaling and molecular
levels. Steroid resistance of mononuclear celtstminduced in vitro with microbial
superantigens in an ERK1/2-dependent manner (84)mentioned previously, we reported

induction of steroid resistance in T cells by MEKIpstream activator of ERK1/2 (11). In
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addition to ERK1/2, the p38 MAPK promotes steradistance of cells by phosphorylating
unliganded GR and sequestering it in the cytoss). (Both ERK1/2 and p38 MAPK induce c-
Fos. The inhibition of c-Fos by Dex in ILC2 suggethat the former is unlikely to be involved
in steroid resistance of ILC2s. The ERK pathwajuires ID3 in lymphocytes. 1D3 confers
steroid resistance through inhibition of the traimion factor SRG3 (27). We observed
inhibition of ID3 by Dex in BAL ILC2s. Thereforeye do not believe that this pathway is

important for steroid resistance of ILC2.

One of the mechanisms of transrepression of gen&Hbis its interaction with SMRT (36).

The latter forms a multimolecular complex with HD&37). GR utilizes SMRT to recruit
HDAC to the target genes and causes deacetylatithe @hromatin. As mentioned MEK
translocates to the nucleus, interacts with SMRT @auses its nuclear export (18, 38). The fact
that MEK inhibitor reversed steroid resistance,o/s and ID3 were not involved in steroid
resistance raises two possibilities: 1). Anotrethpray downstream of ERK1/2 mediates steroid
resistance; 2). MEK directly mediates steroid tasise through its interaction with SMRT.
These possibilities need to be addressed in fgtugies. Direct interventions in HDAC

function also induce steroid resistance. The phoispsitide kinasé (P1-3 kinas®) inhibits

histone deacetylase 2 (HDAC?2), which leads to slaesistance (39).

As mentioned previously, TSLP and IL7 signal thro@&JAT3 and especially, through STATS
(40). Both STAT3 and STAT5 have a complex relatop with GR. They can function as
protagonists and antagonists at the transcriptiewval depending upon the cell type and the
culture milieu (41). The activation of GR inhib@gpression of mMRNA for STAT5, and Jak3,
the upstream activator of STAT5 (42, 43). STATBds GR in the cytosol and prevents its
nuclear translocation (23). STAT5 knockdown regsrsteroid resistance. In our study two
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clinically available drugs—the Jak-STAT inhibitoof&citinib and the STAT inhibitor Pimozide
strongly inhibited BAL IL5+ ILC2s and reversed thsieroid resistance. These findings suggest
that STATS5 plays a critical role not only in indiget of IL5+ ILC2s but also in development of

steroid resistance.

Three epithelial cytokines-I1L25, IL33 and TSLP amev considered to play an important role in
inception of a type 2 immune response, allergisisieity and asthma (44). Of these three
cytokines only TSLP, which is a Dex-regulated llovkgand, induced steroid resistance of
ILC2s. Most asthmatic patients are steroid sesesaind are well-controlled with inhaled
steroids. However, they transiently develop steresistance during an asthma exacerbation and
require systemic administration of a much highesedof a steroid. Viral infection, especially,
rhinovirus infection is a frequent cause of astlaxacerbation (18). Our finding that the
combination of IL13 and rhinovirus augment TSLPdurction by epithelial cells provides a
mechanistic understanding of steroid resistancemg@asthma exacerbation. An anti-TSLP
antibody has previously been shown to block allesigpeluced bronchospasm in asthma (45).
Our results provide a rationale for trial of anidr8LP antibody, Trametinib and especially,

Tofacitinib and Pimozide in steroid resistance i@sth
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526 Legends to the Figures

527 Figure 1. Effect of Dexamethasone (Dex) on IL5+ ILC2s. PB&4rom an allergic asthmatic
528 patient were cultured with Aspergillus, IL2/IL33 2/IL7/IL33 for 5 days with and without
529 Dex. A: PBMCs were stained with labeled antibodies agaheslineage markers, CRTH2,

530 IL7Ra, and their isotype antibody controls (shown atttg. Live and lineage-negative cells
531 were gated for CRTH2+ and IL?R cells. Dual CRTH2+IL7R+ cells were then analyzed for
532 IL5 expression.B: Expression of IL5 in lin-CRTH2+IL7&+ cells in cultures with Aspergillus,
533 1L2/1L33 or IL2/IL7/IL33 in presence or absencel@éx. C: Effect of Dex on BAL lin-

534 CRTH2+IL7Ro+IL5+ cells. BAL cells from an allergic asthmapatient was cultured with and
535 without Dex for 5 days and then analyzed for liv@45+lin-CRTH2+IL7Rx+IL5+ cells. D &
536 E: Cumulative data on the effect of Dex on blood &yl BAL (E) lin-CRTH2+IL7Ri+I1L5+

537 cells 14 allergic asthmatic patients. V: vehifex: Dexamethasone

538 Figure 2. A: Effect of cytokines on development of steroidsesice. PBMCs from allergic
539 asthmatic patients were cultured with a combinatiblh. C2-stimulating cytokines in the

540 presence or absence of Dex for 5 days. The cells then stained for FCM and gated for IL5+
541 ILC2s as described under Figure 1A. *P<0.05 (ns8)Kinetics of development of resistance
542  against inhibition of IL5+ ILC2s by Dex. PBMCs veecultured with IL2/TSLP plus vehicle or
543 Dex for 1, 3 and 5 days and then analyzed for IlL%32s by FCM . *P<0.05 (n=4). C&D:

544  Lin- cells (0.4 x 16 per culture) from peripheral blood obtained fromll@rgic rhinitis (non-

545 asthmatic) patients were cultured with 1L2/IL33Ib2/TSLP with and without Dex (10-7 M) for
546 5 days. Cell-free supernatant was analyzed folj.ELISA. Cells were analyzed by FCM for

547 intracellular IL5. Dex inhibition of IL5 secretioand intracellular IL5 expression are presented
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in panel C and D respectively. P value for datpamel C was calculated by paired t test due to
low N. E: Comparison of the effect of Dex on ILBEs (lin-CRTH2+IL7Ro+) and IL5+
lineage+ cells in BAL. BAL cells were cultured Wwitehicle or Dex for 5 days, stained and first
gated for CD45+ cells and then for lin-, CRTH2+7Ra+, IL5+ cells (IL5+ ILCs) and lin+

IL5+ cells. Each data point is an individual asthpatient (n=9).

Figure 3. C: TSLP Level in BAL from asthmatic patients andedise controls. TSLP was
measured by ELISA. n= 20P: Correlation between BAL TSLP levels and Dex iritidim of
BAL IL5+ ILC2s. E: Effect of select cytokines and TLR ligands orL.PPSroduction by airway
epithelial cells. Human airway epithelial cellsjtared in air-liquid interface, were stimulated
with IL13, IFNy, LPS or poly-IC for 24 hr and then expression 8P mRNA was analyzed by
real-time PCR. *P<0.05 (paired t test, n=5) asgarad to medium (Med)F: Effect of IL13
and human rhinovirus-16 infection on TSLP produttiy airway epithelial cells. Human
airway epithelial cells cultured as above, wermatated with IL13, human rhinovirus-16 (RV)
or a combination of both for 48 hr. Supernatans awssayed for TSLP by ELISA. *P<0.05

(paired t test, n=3 replicates) as compared to umedMed).

Figure 4. A-D: Effect of Dex on CRTH2 and IL7Rexpression on ILC2s. PBMCs were
cultured with vehicle or Dex for 5 days and theairsgd for flow cytometry. Live lin- cells were
gated for CRTH2 and IL7® A representative flow cytogram is shownAin Cumulative data
from 14 asthmatic patients for the frequency offEIR+ and IL7Rx+ cells are shown iB & C,
respectively.D shows the mean fluorescence intensity of lu#Rexpression from the same
study subjectsE: Comparison of the frequency of IL@R ILCs between blood and BAL.

PBMCs and BAL cells from asthmatic patients wetel&d ex vivo for IL7R on gated live lin-
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CRTH2+ cells. Each symbol represents a donor (n=B4Effect of Dex on TSLP signaling.
PBMCs from allergic asthmatic patients were culdungth vehicle (V) or Dex for 3 days and
stimulated IL2/TSLP for increasing period of timéhe frequency of pSTAT5+ cells on gated

live lin-CRTH2+ cell population was measured. PBH) N=4, paired t test).

Figure 5. A&B : Effect of Dex on cytokine-induced MEK1 (MEK) inciion. PBMCs from an
asthmatic patient were cultured with medium or Hl2s one of the two epithelial ILC-inducing
cytokines—IL33 and TSLP with and without Dex fodays. The expression of MEK on gated
live lin-CRTH2+ cells was analyzed by FCM. Reprdatine flow cytograms are shown in panel
A and cumulative data from 7 asthmatic patienshswn in panel BC&D: PBMCs were
cultured as under Figure 5A and then the frequeficyFos+ and pSTAT5+ cells in the live lin-
CRTH2+ cell population was assessed. P*<0.05dgaitest, N=4) as compared to vehicle
(V)-treated cells.E: Effect of the MEK inhibitor Trametinib on pSTATB ILCs. PBMCs from
allergic asthmatic patients were cultured with medilL2/IL33 or IL2/TSLP with and without
Trametinib (10uM) for 5 days and then assessed for pSTAT5. (h<@.,05, paired t test). F:
Expression of glucocorticoid receptor (GR) in cytaktreated cells. PBMCs were cultured with
medium, IL2/TSLP or IL2/IL33 for 5 days. The expseon of GR was studied in gated live lin-

CRTH2+ cells. A representative flow cytogram frome of 3 similar experiments is shown.

Figure 6. Effect of Dex on select signaling molecules MLBLC2s. BAL cells were cultured
with vehicle (V) or Dex for 5 days and then the gsion of MEK+ (A), pSTAT5+ (B),
pSTAT3+ (C) and ID3+ (D) cells were analyzed oredate lin-CRTH2+ cells by flow

cytometry. Each symbol represents a single asgratiant (n=5-7).
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Figure 7. Effect of MEK, Jak and STATS5 inhibitors on steteesistance of BAL ILC2s. BAL
cells were cultured for 3 days with vehicle, Déxe MEK inhibitor Trametinib with and without
Dex (A), the Jak3 inhibitor Tofacitinib with and withoDex B) or the STATS5 inhibitor

Pimozide with and without DexC&D ). The effect of Dex and the inhibitors with andhaut

Dex on BAL IL5+ ILC2s A, B & D) is shown. The flow cytogram in C shows the effefct
Pimozide on pSTAT5. Each symbol represents asiaghma patients (n=5-7). P values were

calculated using the non-parametric Kruskal Wads.
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Table 1. Demographic and clinical characteristickie study patients

Paramete Asthmatic patient Disease contrg

N 50 35

Diagnose: 50 patients with asthmé7 patients witl | 21 patients with chronic cough a
allergic rhinitis, 29 with chronic concurrent allergic rhinitis & GERD, 6
sinusitis, 42 with GERD, 3 with patients with bronchiectasis, 7 with
bronchiectasis and 5 with aspiration | chronic aspiration and 1 with COPD

Male/femal 28/22 19/16

Age 53.1+4 (£2) 543+ 4 (53

FEV1 (%, 71.4 + 4 (72)* [64-81] 894 + 4(89) [78-99]

Reversibility (%)

17.0 +6 (14)*[10-21]

2806 (2) [0-6]

PC20 (mg/ml) fo
methacholine

2.7+ 06 (2.3)*a [0.3-6]

242 + 0.8 (25) [20-25]

Allergy skin test
positivity

44

24

Eosinophils AL
blood

490+ 88 (300)* [200-700]

100 + 1 (100) [0-200]

Total IgE (KIU/L)

277+ 34 (177) [88-525]

132 % 72 (59) [32-266]

BMI 281+2 (28 276+ 1 (27
Asthma systemic steroids: 10 patients ICS/LABA: 7
medications Omalizumab: 13 SABA: 18

ICS/LABA: 50

LTI: 19

SABA: 50

Tiotropium: 9

a: number in the parenthesis () indicates medianumbers in [ ] indicate the range in the
group. *: P<0.05, Mann-Whitney U test; a: perfornwgth 35 patients




Table 2. Correlation of BAL ILC2 steroid sensitivity with clinical parameters

Variables Correlation (r) with P
Dex inhibition of
ILC2s
BAL eosinophils -0.77 0.00003
Blood eosinophils -0.69 0.0003
Baseline FEV1 0.58 0.003
FEVVFVC ratio 0.51 0.01
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L egendsto online repository figures

E1l. A: Effect of Dex and cytokines on live and deadscall demonstrated by forward scatter
(FS) and side scatter (S$: The live cells were then further analyzed foadieells using the
fluorescent vital dye e Fluor 780 (FVD e-Fluor 78eBioscience, Inc). The boxed area in the

flow cytogram shows the number of dead cells.

E2. A: Mean fluorescence intensity (MFI) of intracelluld5 staining of BAL ILC2s cultured
with vehicle (V) or Dex. BAL cells were obtaineai allergic asthmatic patients. Each
symbol represents a single don&& C: Cell viability of BAL cells upon culture with vecle
(V) or Dex. Dead cells were analyzed by two defardead cell dyes—e-Fluor 780 (B) and
Zombie aqua (Biolegend, Inc.) (C). Flow cytogreans representatives of 3 separate

experiments.

E3. Effect of Dex on CRTH2+ and IL5+ ILC2s from higl subjects. PBMCs were cultured
with 1L2/IL33 or IL2/TSLP with and without Dex fds days. A: Gated lin- cells were analyzed
for CRTH2/IL7R0. B: Gated lin-CRTH2+ cells were analyzed for lIL3/3. C: Cumulative

data on the effect of Dex on IL5+ILC2s obtainediré healthy controls.

E4. Effect of Dex with and without IL7/TSLP on expsém of the receptors for IL2 (CD25),
IL33 (ST2) and IL25. PBMCs were cultured with Dektwand without IL7 or TSLP or medium
alone for 5 days. The expression of CD25, ST2IaR8 receptor on gated live lin-CRTH2+
cells was analyzed by FCM. Representative flow gigms from one three similar experiments

are shown.

E5: Effect of Dex on expression of c-Fos by blood §,.@nd of pSTAT3 and ID3 by BAL ILCs.

PBMCs or BAL cells from allergic asthmatic patiemtsre cultured with vehicle (V) or Dex for



3 days and analyzed by flow cytometry. Represmetfibw cytograms for c-Fos in blood lin-

cells (A), and pSTAT3 (B) and ID3 (C) in BAL linetis are shown.

E6: Comparison of MEK expression by blood and BAL H.CA& B: Lin- cells from BAL and
PBMC obtained from an asthmatic patient were stharel analyzed ex vivo for MEK
expression. Representative flow cytograms are shoywanel A. Panel B shows cumulative
data on MEK expression in lin- cells from 4 asthimpatients. C: PBMCs from the patient
shown in panel A were cultured in medium alone mh\W.2/TSLP for 5 days. Lin- cells were

gated and analyzed for MEK expression.
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