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@ Graphical Abstract
Heterogeneity of Human ILC2s

Newly identified Cytokines

ILC2 markers Produced

— Conventional— CD30+, TNFR2+, ICOS+ — Type-2
ILC2s

— ILC3 Type-3

Non-conventional — CD30+, TNFR2+, ICOS+ — Type-2
ILC2s
ILC1 Type-1
Non-conventional— CD30+, TNFR2+, ICOS+— Type-2
ILC2s
ILC3 Type-3

(Bold font indicates dominance in a given population)

Abbreviations: Lin, Lineage; ILC, innate lymphoid cell;CRTH2, chemokine
receptor expressed on Th2 cells; TNFR2, tumor necrosis receptor-2; 1COS,
Inducible T cell co-stimulator




10

11

12

13

14

15

16

17

18

19

Title:

Optimal Identification of Human Conventional and Non-conventional (CRTH2-IL7Ra-)

ILC2s Using Additional Surface Markers

Sucai Litt* PhD, Kapil Sirohi*, PhD, Mukesh VerrmtaPhD, Jerome McKayPhD, Lidia
Michalec, PhD, Anand SripadaPhD, Tomas DanhofnPhD, Donald Rollins®, MD, James
Good* MD, Magdalena M. Gorskd MD, PhD, Richard J. Martirf, MD and Rafeul

Alam™*MD, PhD

!National Jewish Health, Department of Medicine,iSian of Allergy & Immunology, and
Division of Pulmonary and Critical Care Medicinegii¥er, Colorado

“Center for Genes and Environment, National JewishltH, Denver, Colorado
3University of Colorado Denver, School of Medicifenver, Colorado

* Equal first author

Corresponding author:

Rafeul Alam, MD, PhD, National Jewish Health, Depaant of Medicine, 1400 Jackson Street,

Denver, CO 80206. Phone 303 398 1656; Fax 302280; e-mail; alamr@njhealth.org

Running Title: A novel human ILC2 population

The authors declare no competing financial interest



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Abstract

Background: Human type-2 innate lymphoid cells (ILC2s) areritified by coupled-detection
of CRTH2 and IL7R on lineage-negative cells. Type-2 cytokine proaucby CRTH2-IL7Rx-

ILCs is unknown.

Objective: To identify CRTH2-IL7Rux- type-2 cytokine producing ILCs and their disease

relevance.

Methods: We studied human blood and lung ILCs from astlereatd control subjects by flow
cytometry, ELISA, RNA-seq, qPCR, adoptive transtemice and measurement of airway

hyperreactivity by Flexivent.

Results: We found that IL5 and IL13 were expressed noy &yl CRTH2+ but also by CRTH2-
IL7Ra+ and CRTH2-IL7R- (DN: double negative) human blood and lung ceffl.three ILC
populations expressed type-2 genes and induceayalyperreactivity when adoptively
transferred to mice. The frequency of type-2 cytek IL7Ra and DN ILCs were similar to that
of CRTH2 ILCs in the blood and lung. Their freqagnvas higher in asthmatic patients
compared to disease controls. Transcriptomic arsabf CRTH2, IL7Rx and DN ILCs
confirmed the expression of MRNA for type-2 traisan factors in all three populations.
Unexpectedly, the mRNA for GATA3 and IL5 correlateetter with mRNA for CD30, TNFR2,
ICOS, CCR4 and CD200R1 than CRTH2. Using a contionaf these surface markers,

especially CD30/TNFR2, we identified a previoustyecognized ILC2 population.

Conclusions: The commonly used surface markers for human ILE2g a majority of type-2

cytokine-producing ILC2s unaccounted for. We iderd top GATAS3-correlated cell-surface
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expressed genes in human ILCs by RNA-seq. Theseudace markers such as CD30 and
TNFR2 identified a previously unrecognized huma@2Lpopulation. This ILC2 population is

likely to contribute to asthma.

Clinical Implications
The measurement of CRTH2- and ILARLC2 populations through the use of novel markers
such as CD30 and TNFR2 will more accurately as$essontribution of ILC2s to human

pathophysiology.

Capsule summary

We identified top GATA3-correlated cell-surface esgsed genes in human ILCs by RNA-seq.
The new surface markers such as CD30 and TNFR&fiddma previously unrecognized human

ILC2 population, which is likely to contribute tgtama.

Key words: Asthma, type 2 innate lymphoid cells, novel IL@&ulation, cytokines
Abbreviations: BAL, bronchoalveolar lavage; CRTH2, chemoattrattaceptor homologous
molecule expressed on T helper-2 cells; DN, donbbgtive]LC, innate lymphoid cell; lin,

lineage
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Introduction

Innate lymphoid cells (ILCs) represent a distirychphoid lineage that diverges from T and B
lymphocytes early in development under the mili€a bigh level of the transcription factor ID2
(reviewed in ref and?). These cells are a potent source of a varietytfkines belonging to

the type-1, -2, and -3 immune responses. As sbely,are classified into 3 types—ILC1, ILC2
and ILC3 to reflect their functional analogy to TA'h2 and Th17 cells. ILC2s have been
traditionally identified by their expression of kslirface markers that are co-regulated with the
expression GATAS and type-2 cytokines. The moslalyi used human ILC2 markers are
CRTH2/IL7Ru * * and the less frequently used markers include CB#6H ST2 °. IL7Ra
(CD127)+ ILCs give rise to all subtypes of ILC4.7Ra is expressed on mature ILCsFor this
reason it is a commonly used marker for detectidh©@s. CD161 (KLRB1) is expressed by
NK cells, all T helper cell subtypes including Te&l, Tregs, MAIT cells, follicular dendritic
cells and various subpopulations of ILCs, especialC1’. CD161 is expressed by highly
activated cells regardless of the cell type. CRT&l&ceptor for prostaglandin D2 (PTGDR2),
is expressed by Th2 cells, type-2 CD8 T cells, remshils, basophils and a subset of monoéytes
19 CRTH2 is specific for type-2 polarized cells atsdexpression is regulated by GATA3

For these reasons CRTH2 is used as a type-2-spewfiker for ILC2s. Indeed, numerous
publications reported the frequency ILC2s in vasidiseases using a combination of
CRTH2/IL7Ru as ILC2-specific surface mark&rd®. CRTH2+ ILC2s express high levels of
type-2 cytokines. However, it is unknown wheth&TEi2- ILCs are capable of producing type-
2 cytokines. Recently, Lin-IL7& cells have been shown to give rise to various ILC
populations including ILC28 *® The foregoing studies raise concerns about acgwf ILC2

frequency based solely upon their expression of @Rand IL7Rx, as this may underestimate

4
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the true frequency of ILC2s. The objective of ttigdy was to assess the capacity of lin-
CRTH2-IL7Ra- cells to express GATA3 and other ILC2 markersuding type-2 cytokines.
Through transcriptional profiling of CRTH2+, IL8R and CRTH2-IL7R- ILCs we identified
cell surface markers that strongly correlated wtle-2 signature genes. Using these new cell
surface markers we detected a novel CRTH2-li7But type-2 cytokine+ ILC2 subpopulation

in asthmatic patients and disease control subjects.
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Materials and M ethods

Human subjects: We studied blood and bronchoalveolar lavage (BRIQ2 from allergic
asthmatic patients, disease controls and healthgrdo Asthmatic patients and disease controls
were recruited during July, 2015 through Decemb@19 from the outpatient clinics at National
Jewish Health. Healthy donors were recruited ftbenblood bank of National Jewish Health.
Bronchoscopy and BAL were performed as a part@if ttlinical work-up for poorly controlled
asthma as defined by EPR3 guidelines. We recraitgzhtients who were eligible, i.e. 1) Met
criteria for poorly controlled asthma despite gliebased therapy; and 2) Qualified for
clinical bronchoscopy. None of the disease comgadients met the American Thoracic Society
diagnostic criteria for asthmaubjects in the disease control group were selected to match to

those in the poorly controlled asthma group regarding age and sex. Demographic and clinical
characteristics of asthma and disease control sisbgee shown in Supplemental Table-1.
Asthma patients, who were recruited for blood studies rhetdriteria for asthma as per ATS
guidelines (presence of reversible airway obstomcéind/or a positive methacholine test). The
clinical severity of their asthma varied from mitdsevere, and well-controlled to poorly-
controlled. Asthmatic patients and disease comsibjects maintained their controller
medications at the time of bronchoscopy and blaasvd The protocols for blood and BAL
studies of lymphoid cells from asthmatic patiemtd disease controls were approved by the
institutional IRB. Written informed consent was aibed from each participant. The data using
all available samples are shown in each experimeiis manuscriptl.solation of PBMCs, lin-
cells, culture and flow cytometry for ILC2s: PBMCs were isolated from EDTA-treated blood
by density centrifugation with Ficoll-Hypaque. PBM were cultured in RPMI 1640 plus 10%

FBS in the medium alone or with the cytokine corfdindicated in the text) as described
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previously®. The following cytokines were used at 20 ng/mi@entration: IL2, IL7, IL25, and
IL33 (all from Peprotech, Rocky Hills, NJ). In eet experiments lin- cells were isolated from
PBMCs by negative selection using antibody-coatadmetic beads (lineage cell depletion kit)
from Miltenyi, Inc. San Diego, CA. PBMCs and licells were cultured for 5 days unless
otherwise stated in the text. Monensinu{2, Biolegend, Inc., San Diego, CA) was added to all
cultures 4 hr before conclusion. Following cultasdis were pelleted and then stained for flow

cytometry as described previously14, 51.

Processing and culture of BAL cellsfor ILC2 studies: BAL cells were pelleted, washed and
incubated with Monensin (@M) in RPMI 1640 plus 10% FBS for 4 hr and thenrstdi for flow

cytometry as described previously®?

Flow cytometric staining of cells: Staining for flow cytometry was carried out ascléed
previously**>% A list of all fluorophore-labeled antibodiesptgpe control antibodies and other
relevant reagents is given Supplemental Table-2.added a labeled &I antibody to the
human lineage cocktail to eliminate basophils. fidé stained cells with the eBioscience
fixable viability dye and then stained surface neaskon live cells. We fixed cells using 4%
paraformaldehyde, permeabilized them with 0.1% segpand performed staining for
intracellular molecules (cytokines, signaling maeikes 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.

Isolation of ILCsfrom the human lung: Deidentified human lungs were obtained from the

Donor Alliance of Colorado and International Inst& for the Advancement of Medicine
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(Edison, NJ). A fragment of the lung tissue waglfy minced and then treated with 0.5 mg/ml|
of collagenase (Worthington # LS004197) in presexic¥6 penicillin/streptomycin for 30 min
as described previously. Cell suspensions were agitated at room temper&urlO minutes in
RPMI 1640 with 100U/mL DNAse | and 10% FBS prioffiltration through a 40m filter and
red blood cell lysis. The cells were then washeavBR PBS. The pelleted single cells were
subjected to a density centrifugation on a FicolpBique (relative density 1.077) gradient. Live
mononuclear cells were collected from above theigra, washed 3x and cultured overnight in
RPMI1640 containing 10% FBS, IL2 (100 units/ml) dfd penicillin/streptomycin. Cells were
stained for FACS for the following surface markeZf45, Lin, CD25, CRTHZ2, IL7R and the
fixable viability dye e-Fluor 780 (e-BioscienceSingle cells were gated for e-Fluor 780-
CD45+lin-CD25+cells and then sorted for CRTH2+,Rd# and DN cells. The sorted cells
were cultured for 5 days with IL2 (100 units/mihe culture supernatant was collected for

measurement of IL5. The pelleted cells were useatioptive transfer experiments.

Adoptivetransfer of ILCstoimmunodeficient mice and measurement of airway
hyperreactivity: FACS-sorted CRTH2+, IL7&+ and DN cells from the human lung were
cultured overnight with IL2 (100 units/ml) befordaptive transfer. A total of 20LCs
(CRTH2+, IL7Ra+ and DN) cells in 1 ml volume per mouse was irgraausly injected into
Rag2":yc mice. As a control for cell transfer we sortedduCD45+CD3+CD4+ T cells,
cultured them with IL2 as above and transferreRag2”:yc’ mice at 16 cells/mouse. The
mice were rested for 1 day and then intranasa@yiehged with thélternaria allergen (10
pg/mouse) for 3 consecutive days. Airway hypeitiedyg in response to inhaled methacholine
was measured by Flexivent 1 day later as descpbmdously®®. The protocol for mouse
studies was approved by the institutional IACUC.
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Airway hyperreactivity measurement: Measurement methodologies have been explained in
depth elsewher¥. Briefly, mice were anesthetized with ketamineQ(18g/kg), xylazine (9

mg/kg), and acepromazine (4 mg/kg). After lossooftfpad pinch reflex, a tracheotomy was
performed and the mouse was attached via an 18&gauula to a small-animal ventilator with

a computer-controlled piston (Flexivent; Scireqjc&were ventilated at a frequency of 90
breaths/ min with a tidal volume of 20 mL/kg duringbulization and otherwise with a

frequency of 150 breaths/ min with a tidal voluni€® mL/kg while breathing against an

artificial positive end-expiratory pressure of 2053 cm HO. Lungs were inflated to total lung
capacity twice to standardize volume history. Rasise measurements were then taken to
establish the baseline for the total lung resistaarad at each methacholine dose. Group averages

were expressed as fold increase over the baselsistance (mean + SEM).

ELISA for cytokines: IL5 was measured in the culture supernatant \@®TH2+, IL7Ra+ and
DN cells following their FACS-sorting of CD45+linf25+ cells isolated from the human lung.
The IL5 ELISA kit was from Thermo Fisher Scientjflac., Waltham, MA (detection threshold

4 pg/ml) ELISA was performed as per manufacturierisruction as described previousfy™

RNA-seq: PBMCs were isolated from 4 healthy donors bylrElypaque density
centrifugation. Lin- cells were separated by niegatelection using antibody-coated magnetic
beads (Lineage Cell Depletion Kit, Miltenyi, Inclin- cells were then surface stained and
FACS-sorted for CRTH2+IL7&+ (CRTH2), CRTH2-IL7R+ (IL7Ra) and DN (CRTH2-
IL7Ra-) cells. RNA was isolated from the sorted cell® (cell per ILC population) using
RNeasy Mini Kit (Qiagen, Inc. San Diego, CA) an@disor RNA-seq analyses in the NJH

Genomic Facility. The isolated total RNA was preszd for next-generation sequencing (NGS)
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library construction as developed in the NJH Germsriiacility for analysis with a Life
Technologies (Carlsbad, CA, USA) lon Proton NGSfptan. A modified Kapa Biosystems
(Wilmington, MA, USA) KAPA Stranded mRNA-Seq kitifavhole transcriptome libraries was
used to primarily target all polyA RNA. Briefly drary construction started from isolation of
total RNA species, followed by mRNA (poly-A) isdla, 1 and 29 strand cDNA synthesis,
adaptor ligation, amplification, and bead templgti@nce validated, the libraries were
sequenced as barcoded-pooled samples on a P1dtmhip, as routinely performed by the

NJH Genomics Facility.

Basecalling, barcode demultiplexing and adaptertiing was performed by the lon Torrent
Suite 5.0.4 software. Sequence reads of at I€ast [Bngth were mapped to the hgl9 release of
the human genome using STAR (version 2.5.1b) witices site data from the Ensembl

annotation release 75.

Reads mapping unambiguously to each gene in thenibsisannotation were quantified using the
featureCounts program (version 1.5.0-p1) from theesad package (Liao & al.:
https://doi.org/10.1093/bioinformatics/btt656). ifkase statistical comparisons of the gene
expression between the cell genotypes were pertbimitd Wald test of the DESeq2 package
version 1.8.1 (Loeve & al.: https://doi.org/10.11863059-014-0550-8) for the R statistical
software version 3.2.0 (https://www.R-project.onghile accounting for any donor-specific
effects. Resulting p-values were adjusted for iplgltesting using the method by Benjamini

and Hochberg (1995 [: https://www.jstor.org/stab8#6101 ]). For plotting, gene expression

values were normalized to transcripts per milli@R§). Principal component analysis (PCA)

was calculated using the prcomp function in R werd.5.1 based on unscaled TPM.

10
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Statistical Analyses. Comparison between the study groups was done lyMeéhitney U test
unless otherwise stated. Comparison among mukipldy groups was performed by Kruskal
Wallis test. For correlations based on RNA-Segltesgene expression values in TPM from all
samples were used. The CORREL function in MicroEBatel was used to calculate Pearson
correlation coefficients. Statistical analyseseveerformed and graphs were generated using

the GraphPad Prism 6 software (San Diego, CA).
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Results

Type-2 cytokines are expressed by CRTH2- and IL7Ra- ILCs: CRTH2 and IL7R are commonly
used to detect human ILC2s in the lineage- (tharitibody cocktail contained antibodies
against CD3, CD14, CD16, CD19, CD20, CD56 angRFq cell population of blood or other
tissues. We asked whether CRTH2 and ladptured all type-2 cytokine+ ILCs. To this goal,
we examined type-2 cytokine expression by periptsoad CRTH2+IL7Rx-,

CRTH2+IL7Ro+, CRTH2-IL7Ra+ and CRTH2-IL7Ri- ILC populations (Fig. 1A-J) cultured
with IL2/IL25. The gating strategy is shown in &g 1 and is based upon isotype (CRTH2
isotype control antibody: rat 1gG2a, IL7Ra isotyjmatrol: mouse IgG1; IL5 isotype control: rat
IgG1; Fig. S1A) and FMO (fluorescence minus onejtcs (Fig. S1B). We observed that the
CRTH2+IL7Rua- and CRTH2+IL7Ri+ populations (referred to as CRTH2+ cells) of LéeHs
had the highest frequency of IL5+ cells (Fig. 1@ &t). The CRTH2+ population contained a
total of 15.7% of all IL5+lin- cells. However, CRIR-IL7Ra+ (referred to as IL7&+, Fig. 1)
and CRTH2-IL7Rx- (referred to as double negative: DN, Fig. 1J)yajpons of Lin- cells also
contained a significant, albeit a lower frequentiLé+ cells. The IL7Ri+ and the DN
populations contained 4.2% and 16.1% of all IL5+&alls, respectively. As the DN cells
outnumbered the CRTH2+ cells, the absolute numbkiSa- DN cells was higher than that of
IL5+ CRTH2+ cells. Data presented in this figurengs from a single asthmatic donor.
Cumulative data from18 asthmatic patients and $2adie controls is shown in a latter figure
(Fig. 4A). We checked the contamination of lineaggdls (identified through our gating
strategy) with CD4 and CD5 T cells. The lineaggisccontained 0.23% and 0.51% of CD4 and

CD5 T cells(Fig. S1C). We examined the frequency of IL5+ cells in the lineage+ (containing CD4 T

12



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

cells) population. The frequency was 5%. The results suggest that a negligible ~0.001% cells (0.23

x 0.005) within the IL5+Lin- population were CD4 T cells.

We observed incomplete separation of CRTH2+IL7Rels én Figure 1. To test if this was related to a
poorly performing antibody, we performed additioagperiments and stained cells with anti-IL7Ra
antibodies from 3 different vendors (BD, Biolegeamti R&D). With cells cultured with medium alone
(Fig. S2), only the Biolegend antibody showed alkdwuble positive (CRTH2+IL7Ra+) cell population
(1.47% vs. 0.59 and 0.1%). In IL2/IL33-stimulatdtures a small cluster of cells was separateld an
visible with all three antibodies. The BD antibo#shich was conjugated with PE (a stronger
fluorophore than A488), showed the best separafidre clusters were smaller with the Biolegend and
R&D antibodies. However, if one counts all CRTHZHs (CRTH2+IL7Ra- and CRTH2+IL7Ra+), the
total number of cells was similar with BD and Bigémd antibodies. The total number of CRTH2+ cells
was 5.9+6.5=12.4% with the BD antibody and 10.3=1.8.1% with the Biolegend antibody. The R&D
antibody performed poorly. We do find a high degoé variability and heterogeneity of these
measurements in the population. Although the Bieelgantibody detected a smaller and not fully
separated cluster of CRTH2+IL7Ra+ cells in dondt did detect a distinct and well separated cluste

CRTH2+IL7Ra+ cells in three other donors (lowergdan

Type-2 cytokine expression by IL#&R and DN cells occurred not only under stimulatat b
also under non-stimulated conditions (Fig. S3). avkured PBMCs with various combinations
of cytokines—IL2/1L33, IL2/7, IL2/TSLP, IL2/IL7/IL3 and in addition to IL2/1L25. All these
cytokine combinations induced a similar profiletgbe-2 cytokine expression by the ILC
populations and there was no significant differemceng the culture conditions (not shown).
IL5 expression by the three ILC population follogistimulation with 1L2/7/33 is shown in Fig.
S3. We asked if the expression of type-2 cytokimeson-CRTH2 ILCs was due to the mixed

cell culture milieu of the PBMCs. To address tigstion, we isolated lineage- cells, cultured

13



253 them with and without IL2/IL25 and compared theuteswith that from the PBMC culture.

254  1L13+ ILC2s were present both in CRTH2+ and CRTHZ subpopulations (Fig. S5). The

255 isotype antibody control for IL13 was rat IgG1 (F&LA) and the FMO for IL13 is shown in

256 Fig. S1B. We studied airway ILC2s obtained throbgtnchoalveolar lavage (BAL) from

257 asthmatic patients. BAL ILC2s were studied ex wwithout cytokine stimulation. Fig. S4

258 shows representative flow cytographs of IL5 expoesby BAL CRTH2+, IL7Ri+ and DN

259 cells from an asthmatic patient. The isotype al®DFcontrols were the same as those described
260 for Fig. 1. We observed a similar distributionliob+ cells in BAL ILCs. Cumulative data of

261 IL5 expression by BAL CRTH2+, IL7&+ and DN cells from 34 asthmatic patients and 16

262 disease controls is shown in a latter figure (BHj).

263 We next asked if the DN ILC population containedqursors for CRTH2+ and ILZR ILC2s,
264  which could explain the capacity to express typsadkines. ILCs manifest a high degree of
265 plasticity”*° The ILC transition from one type to another maguire a transient state, when
266 they do not express typical surface markers. Tess this question, we sorted DN cells (lin-
267 CRTH2-IL7Ra-cells) (Fig. 2A), IL7Ri+ and CRTH2+ cells (the isotype and FMO controés ar
268 shown in Fig. S1A-B). The purity of DN cells isestn in Fig. S1D. We cultured them with
269 IL2/1L25 for 7 days. We cultured the cells foramger period of time in order to allow

270 differentiation. The cultured cells were then exaed for expression of CRTH2, ILtRand

271 1L13 (Fig. 2B). Of the DN cells 18% converted tRTH2+ and 37% to IL7R+.

272 Approximately 29% and 17% of the “new” CRTH2+ ahdRoa+ cells expressed IL13,

273  respectively (Fig. 2C-F). About 43% of the célamulatively, slightly over 50%, Fig. 2F)
274 remained DN, and 12% of these DN cells express&8.IL The culture of IL7&+ cells showed

275 that the majority (87%) retained their surface espron (Fig. S6A and C). About 3.6% became

14
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CRTH2+ and 3.5% became DN. All three populatioxgressed IL13. Unlike IL7&+ cells,
about 87% of CRTH2+ cells lost their surface exgic@sduring the 7-day culture (Fig. S6B and
D). Nonetheless, both the CRTH2- and CRTH2+ @etjsressed IL13. These findings in
aggregate suggest that the DN ILC population castaipreviously unidentified ILC2

population that does not express CRTHZ2 or Ia7Rn addition, it contains ILCs that are capable
of expressing (or re-expressing) CRTH2 and Ib7Apon culture with ILC2 growth factors.
Finally, the CRTH2 population and to a lower exténé IL7Rx population manifest dynamic
changes in their surface marker expression oves.tivile compared the proliferation of the ILC
populations in IL2/IL25-stimulated cultures by measg Ki67+ cells. All three subpopulations
showed similar levels of Ki67 staining (Fig. 2Gggesting an equivalent proliferative response

to growth factors.

IL7Ra+ and DN ILCs produce and secrete IL5:  We examined secretion of IL5 by CRTH2+,
IL7Ra+ and DN ILCs. To this goal we FACS-sorted lin-GRFIL7Ra+ (CRTH2+), lin-

IL7Ra+ and lin-CRTH2-IL7Rx- subpopulations (Fig. S7) from the human lungofwing
collagenase digestion and isolation of mononuatelis. Note that the gating strategy for the
lung ILC populations was slightly different frometlone that was used for human blood. This is
because 1) we used the cell sorter BD FACSAriadfus sort cells; 2) human lung cells
showed higher intensity of staining for CRTH2 ah@dRa. The combination of these two factors
resulted in better separation of lung ILC populagithan that was observed with blood ILC
populations using the cell analyzer LSRFortesdae Jorted cells were cultured with 1L2/1L25
for 3 days and the culture supernatant was asdayéids by ELISA. IL5 was detected in the
culture supernatant from all three ILC subpopulaibut not from a B cell population, which

was used as a control (Fig. 2H). ILd@Rand CRTH2+ ILCs produced higher levels of IL5 as
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compared to DN ILCs although the difference didmaich statistical significance likely due to

the donor-to-donor variation and low sample size.

ILC2 subpopulations induce airway hyperreactivity following adoptive transfer to Rag2”: )¢

mice: To test their biological relevance we FACS-soita-IL7Ra+ and lin-DN ILCs along

with lin-CRTH2+ ILCs and CD3+CD4+ T cells from theman lung as described above. We
transferred the sorted ILC populations adoptivelRag2 :yc’ mice. The number of CRTH2+,
IL7Ra+, DN and CD4 T cells that were transferred to eachise were T 1@, 1¢° and 16

cells, respectively. One day after the adoptigagfer we administered the allergen extract of
Alternaria intranasally on 3 consecutive days. We measure@yahyperreactivity to
methacholine one day later. All three ILC subgdapans, and expectedly, not control (CONT)
CDA4 T cells induced a significant level of airwagistance following the adoptive transfer (Fig.
21). The results suggest that both lloARand DN ILCs are equally effective in inducing an
asthma-type airway response in mice. The limitatbthis experiment is that it utilizes an

ectopic (human cells transferred to mice) and nloysiplogic approach.

Characterization of ILC2 subpopulations: We asked if DN cells expressed typical markers of
ILC2. All three ILC populations from the blood ergsed GATAS3, PLZF, and Bcll1b (Fig. 3),
three key ILC2 transcription factors. Expectedhyy CRTH2+ population expressed the highest
level of these transcription factors. ICOS and 6Déxpression was highest in CRTH2+ cells
(Fig. S8). IL25R and KLRG1 were expressed mosthC&RTH2+ and IL7R+ cells and only
minimally on DN cells. The expression of KLRG1 waedest in our study subjects. Low levels

of RORYT are known to be expressed by ILG2s Accordingly, all three subpopulations
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expressed low levels of RQR and there was no difference in their expressoellamong the

subpopulations. TSLPR was primarily expresse@ByH2+ cells.

Freguency of ILC2 subpopulationsin asthma: To establish the relevance of type-2 cytokine-
producing ILC2 subpopulations we studied their @rexacy in bronchoalveolar lavage (BAL)
from 34 asthmatic patients and 16 disease conffbais latter included patients with other
allergic and pulmonary conditions without asthmbhpwequired diagnostic bronchoscopy and
BAL. These patients had one of the following d&ssa—chronic cough, bronchiectasis, chronic
aspiration, tracheobronchomalacia, COPD, and puhmoinfiltrates of unknown etiology. The
patient characteristics and their medications hosva in Supplemental Table-1. All BAL ILCs
were studied ex vivo. We also studied type-2 aytedproducing ILC2s in the blood from 18 of
these 34 asthma patients and 12 of the diseaselsonBlood ILCs were studied following
isolation and culture of PBMCs with medium alonenith cytokines for 5 days. This is based
upon our initial optimization experiments where eudtured cells for 3, 5 and 7 days and then
studied expression of cytokine+ cells. The culeff®BMC for 5 days produced the highest
level of cytokine+ ILCs (data not shown). SincelBIACs were studied ex vivo (Figure 4B),
we show ILC data from non-stimulated PBMCs thatenasltured in the medium alone (Fig.
4A). We recognize that the BAL and PBMC data areacomparable because of the difference
in the culture condition. Our primary goal is tww the difference in the frequency of
cytokine+ ILCs between asthma and disease corntrogese two tissue compartments (blood
and BAL). We observed an increased frequency 5#@RTH2+, IL5+IL7Rx+ and IL5+DN
cells in the blood and BAL from asthma patiente@spared to disease controls (Fig. 4A and
B). The median frequencies of IL5+ CRTH2+, IL5+Rd+ and IL5+DN cells in the PBMCs

were 0.011%, 0.030% and 0.038% in asthmatic patmd 0.004%, 0.010% and 0.010% in
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344 disease controls, respectively. The frequency5+IILC populations was significantly higher
345 in asthma than disease controls in the blood. médian frequency of IL5+IL7&+ and

346 IL5+DN cells was slightly higher than that of IL5SRTH2+ cells in the blood although the

347 difference did not reach statistical significanPe.2 and 0.1, respectively). The median

348 frequencies of IL5+ CRTH2+, IL5+IL7&+ and IL5+DN cells in the BAL were 0.06%, 0.09%
349 and 0.05% in asthmatic patients and 0.01%, 0.0180a01% in disease controls, respectively.
350 The frequency of IL5+ ILC populations in BAL wasdely similar within the study group but
351 was significantly higher in the asthma as comp#odtie disease control group. The foregoing
352 results suggest that the measurement of IL5+ oallsin the CRTH2 population will miss

353 approximately two-thirds of all IL5+ ILCs. In ord&o establish the clinical relevance, we

354 studied correlation of BAL IL5+CRTH2+ ILC2s with&BAL eosinophil count and compared it
355 with that obtained using the total number of BAIS#ILCs (CRTH2+, IL7Ri+ and DN). BAL
356 IL5+CRTH2+ ILC2s showed a low level correlation @45) with BAL eosinophils (Figure 4C).
357 This correlation became stronger and reached diceet (r) of 0.61 when the total number of
358 IL5+ILCs (CRTH2+, IL7Rx+ and DN) were correlated with eosinophils (FigdiBy. The

359 results demonstrate that the measurement of typgeRine+ CRTH2 cells as effector ILC2s
360 underestimates the true frequency of human typgdkme+ ILCs, and undervalues their

361 contribution to asthma.

362 Since CRTH2 is commonly used as a marker of hurb@24, we examined the frequency of

363 CRTH2+ ILCs in the blood from 30 asthmatic patieantsl 17 disease controls. The frequency of
364 CRTH2+ lin- ILCs was assessed in the blood und#iff8rent conditions: 1) Ex vivo, 2) Culture
365 in medium alone for 5 days; and 3) Culture in thesspnce of cytokines (IL2/IL25) for 5 days.

366 We also studied the frequency of CRTH2+ ILCs in Bitddm 33 asthmatic patients and 24
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disease controls. The frequency of CRTH2+ ILQsQD45+ cells) in BAL was assessed ex
vivo. The frequency of CRTH2+ ILCs in PBMCs waw/lex vivo (Fig. S8A). The median
frequencies of CRTH2+ ILCs were 0.05% and 0.01®BR/Cs in asthma and disease controls,
respectively. These frequencies increased to 041894.10%, respectively, when PBMCs were
cultured in medium alone for 5 days. They furtimereased to 0.48% and 0.19% of PBMCs
when cultured with 1L2/1L33 for 5 days. The incses after cytokine stimulation were
statistically (P<0.05) significant. The medianguencies of CRTH2+ ILCs ex vivo in BAL

were 0.50% and 0.29% in asthma and disease canis|mectively (Fig. S9B). These
frequencies were 10 to 29-fold higher than thoslaénblood and were similar to those observed
upon stimulation of blood ILCs in vitro. The resu$uggest that the airway milieu favors type-2

ILC differentiation or expansion of differentiatddC2s.

Transcriptomic profiling by RNA-seq confirms heterogeneity of human ILCs. To determine if
other cell surface markers would correlate betién type-2 cytokines and thus, provide a
superior means to capture type-2 cytokine+ ILCsanayzed the transcriptomic profile of
CRTH2, IL7Rx and DN ILCs. We FACS-sorted lin- CRTH2+, ILdR and DN cells from the
PBMC obtained from 4 healthy subjects, isolated R then performed RNA-seq at the NJH
Genomics Core. A representative sorting strateghown in Fig. S10. We first analyzed the
expression of mMRNA for CRTH2 (PTGDR2) and ILd® determine the purity of the sorted
cells. The mRNA for CRTH2 was expectedly presaerthe CRTH2 population but not in other
two populations (Fig. 5A). This result verifiecattthe IL7Rx and DN populations did not
contain CRTH2+ cells. The mRNA for ILBRwas highest in the IL7&Rpopulation. The
CRTH2 population consists of CRTH2+IL@Rand CRTH2+IL7R+ cells. Expectedly, the

CRTH2 population expressed a lower level of mMRNAIEYRa. The lowest level of mRNA for
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IL7Ra was present in the DN population. This is alsceexgd as the distribution of cells among
these two populations (ILAR and IL7Rx-) is a continuum (Fig. S10). Next, we analyzed the
RNA-seq data for the presence of core ILC genesQR& TMEM176B, TMEM176A and
TRGV3) as identified in a recent paplerAll three ILC populations expressed the core ILC
genes (Fig. 5A). They did not express the NK asBociated genes CD56 and NCRL1. Principal
component analysis (PCA) showed that the CRTH2 jatipus clustered together tightly as did
the IL7Rx populations, which were very close to the CRTH&®r (Fig. S11). Three of four

DN samples were either embedded or very closes@RTH2 and IL7R| clusters. The results
suggest that despite the heterogeneity of surfas&enexpression, ILC gene expression profiles

are quite similar.

The expression of mMRNA for GATA3 was highest in GiRTand lowest in DN cells (Fig. 5B),
which is in agreement with the flow data. The eggsion of MRNA for RORA was similar in all
three populations. The expression of RORC was [otwe mMRNA for TBX21 was present at a
similar level in all three populations. To validdhis finding we examined IRNexpression in
CRTH2+ ILCs. Blood ILCs from most asthma patiatits not express IFNbut expressed IL5
(Fig. S12A-C). However, in some asthma subjedtd @ populations including the CRTH2
population (Fig. S12D and E) expressed yhkiNaddition to IL5. The foregoing cytokines co-
localized in CRTH2+ cells (Fig. S11F). The freqoenf dual IFNA+ IL5+ CRTH2+ ILCs is

quite low and represented about 11% (N=18).

Next we examined genes known to regulate ILC2stygpel2 cytokines (Fig. 5B and C). These
genes included IRF4, GFI1, NFATC1, NFATC2, JUNBJd 8ATF. GFI1, NFATC1 & 2, and

BATF were expressed at a similar level by all tHtg@ populations. IRF4 tended to be higher
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in CRTH2- cells and JUNB tended to be higher in &Ms but the differences did not reach
significance due to donor variability. Similar egpsion of these genes in addition to the
expression of GATAS provides a mechanistic basigkpression of type-2 cytokines by ILAR
and DN populations. RUNX3, which controls the egsion of RORE was present at a higher
level in all three populations. All three subpopiaas expressed mRNA for IL5 and IL13 and
negligibly, for IL4 (Fig. 5D-F). The expression miRNA for IL5 and IL13 was lowest in the

DN population.

We asked if mRNA for ILC precursors was selectivialyreased in the IL7&® and especially, in
the DN population. Previous studies identifiectaes of genes that marked precursor ILCs in
humans and mié&?°. We examined the expression of top 8 ILC premugenes—PDCD1,
ZBTB16, CD7, NFIL3, ITGA4, KIT, TCF7 and ICAM1. Ehexpression of these genes was
similar in the DN population, except for KIT, whigbas significantly lower in the IL76R
population, especially when compared to the CRTBj2uation (Fig. 5G). The expression of
ICAM1 mRNA tended to be higher in DN cells. We Baad immune response-associated
genes that were expressed at a high level in the@@ddlation. IFNG expression was
significantly higher in DN cells (Fig. 5H) and dndt correlate with TBX21 expression. The
expression of FoxP3, IL12RB2 and TIGIT showed aésey for higher expression in DN cells
but the difference was not significant (Fig. SThe IL7Ra population was characterized by
dominant expression of ILC3-related genes—IL17A.&1F (Fig. 5J and K). The expression of
IL22 and IL23A showed a tendency for higher expoess The foregoing results suggest that
IFNy-producing cells (ILC17?) and type-3 cytokine-proihg ILC3s were dominant in DN and
IL7Ra populations, respectively. Nonetheless, bothufdmns were heterogeneous and
contained poorly distinguishable ILCs and GATA3€Rs.
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Correlates of GATA3 and type-2 cytokines. We analyzed the RNA-seq data for correlation with
GATAZ3, IL5 and IL13. We observed a strong correatof GATA3 with IL5 (r=0.83) and IL4
(r=0.80) but not with IL13 (r=0.13). The resuliggiests that IL13 is regulated differently than
GATA3 and IL5 in ILCs. We examined the top gerest torrelated with GATAS3, IL5 and
IL13 (Fig. 6A and B). In this analysis we primgr{but not exclusively) focused on genes that
are expressed on the cell surface with the goaséothem for ILC2 detection. The top genes
that correlated with GATA3 and IL5 were CD30, CDRIQ TMEM156, TNFR2, DPP4,
IL17RB, ICOS and CCR4. As anticipated, CRTH2 amil&1 showed a much lower
correlation with GATA3/IL5. The top genes thatredated with IL13 were TMEM173
(STING), IL1RL1, RBPJ, JUNB, NFKB1, CD74, CD58, IN®, TREML1, and OX40. A
higher degree of correlation of these genes witi/&2, IL5 and IL13 suggests that they might

be superior to CRTH2 and IL?Rin detecting type-2 ILCs.

The CD30/TNFR2 surface marker combination correlates better with GATA3 and type-2
cytokine+ ILC2s: Next, we examined combinations of the top six @&3correlated genes to
detect GATAS3/type-2 cytokine+ ILC2s by flow cytomeaind compared them to
CRTH2/IL7Ra, and CRTH2/CD161 combinations. These gene cortibmsincluded
CD30/ICOS, CCR4/CD200R, IL17RB/ICOS, CCR4/ICOS, OONFR2 and CRTH2/CD30
(Fig. 6C)). The primary objective is to identiffcambination of surface markers that captures
nearly all type-2 cytokine+ ILCs. The CCR4-CD20pBECR4-ICOS-, IL17RB-ICOS- and
CD30-ICOS- populations contained relatively higmtner of IL5+ ILCs (>0.02% of PBMCs).
The CD30-TNFR2- and CRTH2-CD30- populations corgdithe least number of IL5+ ILCs
(<0.02% of PBMCs) suggesting that the combinat@mSD30/TNFR2 and CRTH2/CD30

captured all type-2 cytokine+ ILCs. Representatiioe cytometry plots for IL13+ cells
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458 identified by the CD30/TNFR2 gating strategy areveh in Fig. 6D. We compared GATA3

459 expression among CD30/TNFR2 populations. Unlikd8R-IL7Ra- (DN) cells, which

460 expressed GATAS3, CD30-TNFR2- cells did not exp®83 A3 (Fig. 7A). The results suggest
461 that the CD30/TNFR2 combination is more sensithantCRTH2/IL7Rx in capturing GATAS

462 and IL5+ ILCs.

463 Next, we interrogated the expression of mRNA for30aind TNFR2 in CRTH2, IL7& and

464 DN populations. The mRNA for CD30 and TNFR2 wapressed not only by CRTH2+ ILC2s
465 but also by IL7R+ and DN ILCs (Fig. 7B and C). We examined thpregsion of type-2

466 genes (GATAS3 and IL13) within the DN ILC populatioring CD30 and TNFR2 as surface
467 markers. GATAS3 was detected in CD30+, TNFR2+, GBBNFR2+ cells but not in CD30-
468 TNFR2- cells within this DN ILC population (Fig. JD Likewise, IL13 was not detected in
469 CD30-TNFR2- cells (Fig. 7E). Finally, we comparée total number of IL5+ ILCs in PBMCs
470 as detected by the CRTH2/IL@Rstrategy (the sum of IL5+ cells in CRTH2+, ILdRand DN
471 populations) and CD30/TNFR2 strategy (the sum &fHicells in the CD30/TNFR2+

472 populations). Both strategies yielded similautess(Fig. 7F) indicating that all type-2

473 cytokine+ ILCs were accounted for by the CD30/TNFRPproach. The results in aggregate
474  suggest that the CD30/TNFR2 approach detectedvéopsty unrecognized CRTH2-IL7AR

475 (DN) ILC2 population. The CD30/TNFR2+ populatioaptured nearly all GATA3 and IL5+
476 ILCs. Finally, we analyzed the flow cytometry détat by gating for type-2 cytokine+ cells in
477  the lin- population and then examining the expssif surface markers. We tested the

478 combination of CRTH2/TNFR2 and compared it with tie@ventional markers CRTH2/IL7Ra.
479  We found that 11.5% of the DN population from tHRTE2/IL7Ra combination expressed
480 IL13 (Fig. S13). In contrast, only 3.3% of DN eeltom the new combination of
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CRTH2/TNFR2 expressed IL13. Thus, the combinatib@D30/TNFR2 and CRTH2/TNFR2

represented superior markers for quantificatiohwhan ILC2s.
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Discussion

In this paper we showed that the commonly used I&@Pace marker CRTH2 did not identify
all type-2 cytokine+ ILCs. The CRTH2-IL#R and DN (CRTH2-IL7k-) subpopulations also
contained type-2 cytokine+ ILC2s and expressedygpe-2 transcription factors. The CRTH2+
ILC population had the highest frequency of typey®kine+ ILC2s when compared to IL@R
and DN populations. However, the CRTH2+ populati@s much smaller in size than the other
two populations. Consequently, the absolute rermobtype-2 cytokine+ ILCs in IL7&+ and
DN populations was similar to or higher than timathe CRTH2+ population. The enumeration
of lin-CRTH2+ cells as ILC2s underestimated thaltoipe-2 cytokine+ ILCs in the blood and
lung. To address this shortcoming, we examinedjéme expression profile of CRTH2+,
IL7Ra+ and DN cells by RNA-seq and then correlated thetin the type-2 signature genes.
This approach identified multiple surface markéet torrelated with GATAS better than
CRTH2. The new surface markers (CD30, ICOS, TNRR® CCR4) captured more than 95%
of type-2 cytokine+ ILCs. Of these new markersdbmbinations—CD30/TNFR2, CD30/ICOS
and CD30/CRTH2 showed the highest level of sensitivihe application of the foregoing
markers helped detect a previously unrecognizedHERIL7Ra- subpopulation of ILC2s. This
subpopulation expressed GATAS3 and type-2 cytokindwus, the use of CD30/TNFR2,
CD30/ICOS and CD30/CRTH2 represents additionategjies to capture type-2 cytokine+

human ILC2s.

ILCs have previously shown to be very plasficILC2s become ILC1s upon exposure to IL1
and IL12 and begin to express T-bet andyiihile losing their ability to produce type-2

cytokines'®. We observed that about 56% of DN cells conveide@RTH2+ and IL7R+ ILCs
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upon culture with type-2 inducing cytokines. Thigght suggest that DN cells represent
progenitors. However, the progenitor status caerptain their expression of GATA3, RORA
and, especially, the type-2 cytokines. Our RNA-data did not show any preferential
expression of known progenitor-associated molednl&N cells (Fig. 5C). In their single cell
RNA-seq study of tonsil cells, Bjorklund et‘aleported that about 20% of ILC1s, which were
sorted as cells lacking specific surface markersH@Rand CD117, clustered with ILC2s or
ILC3s due to their genomic profile. In our PCA bs& of RNA-seq data DN cells from 2 of 4
subjects clustered with the CRTH2 and lla7Bopulations. We believe that the DN cells
represent a mixture of progenitors and mature ILTse mature ILCs temporarily and
intermittently downregulate the expression of stefenarkers such as CRTH2 and Ilor &Fig.
S5) but retain the maturation-associated functfarytokine expression. Our results also
suggest that some ILC2 -associated surface maskelsas CD30, TNFR2 and ICOS are less

plastic.

All three ILC populations expressed GATA3, RORA arlder type-2 transcription factors. On
the other hand, the CRTH2 population from a smalug of asthmatic patients expressedy{FN
The expression of IFjNby CRTH2+ ILC2s is not a surprise. Lim et apreviously reported
that a significant fraction of ILC2 clones co-exgsedsATA3 with T-bet, and IL13 with IFN
Beuraud et af® reported that human and mouse CCR10+ ILC2s, eslpechose obtained from
the lungs, express IRN The results suggest that a subtype of ILCsrémerently versatile and
pluripotent. Some transcriptional master regukaterg. TBX21) are epigenetically marked by
H3K4me3 and H3K27me¥%. Gene loci that are simultaneously marked by H8KZ and
H3K27me3 are considered bivalent and pof&dlis possible that bivalence of TBX21 is
particularly prominent in select ILCs, which expigitheir versatility.
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530 One important aspect of our study is that we measaytokines without PMA/ionomycin

531 stimulation. This approach distinguishes this gtisdm many previous studies where PMA and
532 ionomycin were added to maximally stimulate cytekproduction before flow cytometric

533 analysis® * ¥ 333% |n our opinion the foregoing approach detecésytbtential of the cell to

534  produce cytokines but does not detect their ongpmguction of cytokines. The frequency of
535 cytokine positive cells measured under ex vivo @os is relatively low when compared to
536 PMA/ionomycin stimulated cells. Nonetheless, this level of cytokine positive cells is

537 clinically relevant.

538 CRTH2 was originally identified as a cell surfaeeeptor that was highly expressed on Th2
539 cells®° CRTH2 had a high predictive value for type-2okyte expression in Th2 cells.

540 However, the negative predictive value of CRTH2-ACDcells for production of type-2

541 cytokines was low in early papers. In the origi6®TH2 paper Nagata et alreported that

542 89% and 95% of CRTH2+ CD4 T cells expressed IL41&48, respectively, while 19% and
543 28% of CRTH2- CD4 T cells expressed IL4 and ILEZpectively. The result suggested that
544 CRTH2 expression did not capture all type-2 cytekimoducing cells. Similarly, Di Fanis et al.
545 ' demonstrated that CRTH2- T cells produced ¥4 theuanof IL4 secreted by CRTH2+ T

546 cells. Our results with ILC2s are in agreemenhuwiite foregoing Th2 cell studies.

547 We identified CD30, TNFR2, ICOS, and CCR4 as adddl ILC2 markers. These molecules
548  are expressed by many T cell subtypes, and othgshgid and myeloid celf§>8 CD30

549 knockout mice are unable to mount an eosinophifiammation in an acute model of asthma
550 and in allergic rhiniti$® “°© TNFR2 knockout mice did not have any effect tergen-induced
551 airway hyperreactivity or eosinophilic inflammatibnt they had decreased airway

552 hyperreactivity and neutrophilic inflammation in @amone-induced airway inflammation model
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“1 An antibody-mediated inhibition of TNFR2 blockaliergic inflammation elicited by a
combination of an allergen and the viral mimic ptily*>. ICOS plays a key role in ILC2-
mediated allergic inflammatioh*>. CCR4 knockout mice have impaired allergic inffaation

% The high degree of correlation of the foregaimgjecules with GATA3 and IL5 suggests that

they are co-regulated. Our results suggest thayrmobthese surface markers, especially CD30,

TNFR2 and ICOS are useful for identification ofakine-producing ILC2s.

Comparison studies showed that BAL had 3 to 8-fdgher levels of IL5+ ILC2s than blood in
asthmatic subjects. This applies to all subtygds@2s—CRTH2, IL7Rx and DN ILC2s. The
frequency of CRTH2+ ILC2s is 10-fold higher in BAthan in blood. The results suggest that
the airway milieu favors differentiation and/or exggion of CRTH2+ ILC2s as well as type-2
cytokine+ ILCs.  This is consistent with the watithat tissue signals imprint ILC2 identfty

For example, lung ILC2s express higher levels d? &3 compared to gut ILC2s. One of the
caveats of BAL studies is that we compared ILCsvbeh asthma patients and disease controls.
The latter included patients with other respiratitinesses. Some respiratory illnesses (e.g.
COPD) are associated with abnormal ILC numB&rahich might have affected our comparison

analysis.

Two recent publications clearly demonstrated exgpossof type-2 transcription factors in
CRTH2- ILCs from the peripheral blood. Lim et Hlperformed RNA-seq on peripheral blood
lin-CRTH2-CD117+ cells, which are considered preows of ILCs. The foregoing cells
expressed GATA3 and RORA, two known ILC2 transaoipfactors. However, these cells did
not produce type-2 or other cytokines upon stinohetvith PMA and ionomycin, thus,
supporting their precursor nature. It is unclé#rey had capacity to produce cytokines upon
stimulation with ILC2-promoting cytokines such &2 IL33 or IL25. Nagasawa et &P
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demonstrated the expression of type-2 transcrigdotor such as GATA3 in CRTH2-KLRG1+
ILCs. Finally, Cavagnero et dlreported thaflternaria induced non-conventional ILC2s in the
mouse lung that did not express the signature Iin@tkers—ST2 and IL7&® The foregoing
studies indirectly suggested the existence of ILGZSRTH2- and IL7R- ILC populations. As
mentioned previously, Bjorklund et dlreported the transcriptome of human tonsil ILC# th
were examined by single cell RNA-seq. They rembtite expression of mMRNA for GATAS,
RORA and ZBTB16 in all three ILC populations andttfor Bcl11b in ILC1s and ILC2s.

Simoni et al?°

conducted a thorough transcriptomic and mass atiecranalyses of ILCs from
cord blood and various human organs. Similar tofiodings they concluded that GATA3 and

RORYT cannot be used to distinguish various human lb@utations.

In summary, a significant fraction of type-2 cytio&i+ cells are not detected by the commonly
used ILC2 markers—CRTH2 and IL@R As a consequence, the true frequency of ILC2s is
underestimated by the currently applied flow cyttmoepproaches. We have identified a
number of cell surface receptors that capture itjeest number of type-2 cytokine+ cells from
the ILC population. These receptors include CD3® BNFR2. A combination of these
receptors outperforms the currently used ILC2 markeCRTH2 and IL7R and represents an
additional approach for enumeration of type-2 ciytek ILCs. We believe that most surface
markers are likely to under- or over-estimate the frequency of ILC2s because of highly
plastic nature of ILCs. As such, the most meanihgfrategy is to enumerate the frequency of

type-2 cytokine+ ILCs as a measure of active ILC2s.
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FigureLegends

Figure1l. Expression of IL5 by ILC2 subpopulations. PBM@sn an allergic asthmatic
subject were cultured with IL2/IL25 for 5 days aathlyzed for IL5+ cells by flow cytometry.
Mononuclear cells (A) were sequentially gated fagke cells (B), CD45+ cells (C) and lineage
(lin) — cells (D). Gated lin- cells were analyZed expression of CRTH2 and ILZR(E). Each
quadrant (Q1: CRTH2+IL7&[F]; Q2: CRTH2+IL7Ru+ [G]; Q3: CRTH2-IL7Ri+ [H]; and

Q4: CRTH2-IL7Rx- ([I]) was then analyzed for expression of IL5helthreshold for positive
staining was determined by isotype antibody stgrind FMO (fluorescence minus one) (Fig.

S1).

Figure 2. Differentiation, proliferation, cytokine secratiand in vivo activity of DN ILCs. A-

E: FACS-sorted DN (lin-CRTH2-IL7&-) cells from PBMCs obtained from an asthmaticguatti
(A) were cultured with IL2/IL25 for 7 days and thexpression of CRTH2 and ILBRwas
analyzed (B). The newly emerged CRTH2+ (C), Io0#RE) and the remaining DN cells (D)
were gated for expression of IL13. F: Resultsxpiegiments from 3 different asthmatic donors.
G: FACS-sorted CRTH2+, IL7& and DN cells were cultured with IL2/IL25 for 7ydaand

then analyzed for expression ki67 by flow cytoméhiy3). (H) CD45+Lin- CRTH2+, IL7Ra+
and DN ILCs from the human lung were cultured Viit®/IL25 for 5 days and then supernatant
was assayed for IL5 by ELISA. Culture supernateorh IL2/IL25-treated B cells (negatively
selected from PBMCs) was used a control. Each synepresents a single lung donor. ()
Human lung-derived ILC2 subpopulations were cutiuséth IL2 overnight and adoptively
transferred (10cells/mouse) to Rag2yc”™ mice. Lung-derived CD45+CD3+CD4 T cells were

injected (16 cells/mouse) as a control. One-day latter theemiere challenged with the
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Alternaria allergen for 3 consecutive days before methachalradlenge. The increase in lung
resistance was statistically significant (*=P<0.0&gst) for all ILC2 populations as compared to

the control (CONT).

Figure 3. Expression of ILC2-related markers in ILC2 subgapons. PBMCs from 3-4 donors
were cultured with IL2/IL25 for 3 days and then lgmad for expression of GATAS3, PLZF, and
Bclllb, in lin- CRTH2+, IL7R(+ and DN ILCs by flow cytometry. Histograms of mea
fluorescence intensity are shown in the upper panelbar graphs with statistical analysis are

shown in the lower panel. Each symbol represedtar.

Figure4. Comparison of blood and bronchoalveolar lav&yel() ILC2 populations in
asthmatic patients and disease controls (BCRBMCs from 18 asthmatic patients and 12
disease controls were cultured in the medium aloné days and then analyzed for IL5+ ILC2
populations. The frequency of IL5+lin- cells igpented as % PBMCs. ILE BAL cells from
34 asthmatic patients and 16 disease controls staiged ex vivo for IL5+ (CD45+Lin-) ILC2
populations by flow cytometry. The frequency of H.B.Cs is presented as % BAL cells.
Statistical significance (Mann-Whitney U test) iown at the top of the dot plot€& D:
Correlation (r) between BAL eosinophils and BAL #&RTH2+ ILC2s (C) and BAL total

IL5+ ILC2s (CRTH2+, IL7Rx+ and DN).

Figure5. Expression profile of ILC-related genes in IL&#populations by RNA-seq.
FACS-sorted CRTH2+IL78+ (CRTH2), CRTH2-IL7Ri+ (IL7Ra) and DN lin- cells from the
peripheral blood of 4 healthy donors were usedatate RNA and perform RNA-seq. A:

Expression of genes used for sorting of ILCs (PT@PDR7R), and core ILC- and NK cell-
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826 related genes (TPM: transcripts per million). Bl &1 Expression of genes related to ILC1

827 (TBX21), ILC2 (, GATA3, RORA, IRF4, GFI1, NFATC1,FATC2, JUNB, BATF), and ILC3

828 (RORC and RUNX3). D-F: Expression of type-2 cytwk{IL4, IL5, and IL13) genes. G.

829 Expression of ILC2 precursor-related genes. Hlamdp immune response genes expressed by
830 DN cells. Jand K: Top cytokine genes expressell bBRRa+ cells. Gene expression values are
831 normalized to transcripts per million (TPM). Sgéital significance, when present, is shown on

832 the top of the bars.

833 Figure6. A list of the top genes that correlated with G¥8Tand type-2 cytokines, and their
834 surface expression on ILC2 populations. RNA-seq dats analyzed for Pearson correlation (r)
835 with type-2 genes, and the top genes that corelaith GATA3/IL5 and IL13 are shown in

836 panels A & B, respectively. C: PBMCs from asthmgtatients were cultured with 1L2/I1L25 for
837 5 days, stained for flow cytometry and then analyioe expression of IL5 by CD45+lin- cells
838 expressing various combination of surface markgrsi(for CCR4/CD200R, CCR4/ICOS,

839 IL17RB/ICOS, CD30/ICOS and CD30/CRTH2; N=7 for CDBRNFR2). D: Representative

840 flow cytometry plots from a single donor showing tating strategy for CD30 and TNFR2

841 expressing ILCs and their expression of 1L13.

842 Figure7. CD30/TNFR2 as ILC2 surface markers. A: A hiséog of expression of GATA3 in
843 various populations of lin-CD30/TNFR2 +/- cellsBMCs were cultured with 1L2/1L25 for 5
844  days, stained for flow cytometry and then gatedisatjally for live mononuclear cells, single
845 cells, lin- cells, CD30+TNFR2+, CD30+TNFR2-, CD30FR2+ and CD30-TNFR2- cells.

846 The expression of GATA3 was analyzed in the lattdrC populations (N=4). B & C:

847 Expression of mMRNA for CD30 and TNFR2 in ILC pogidas as measured by RNA-seq. D &
848 E: Expression of GATA3 and IL13 in DN, CD30/TNFR2¢£lls. PBMCs were cultured with
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IL2/IL25 for 5 days, stained for flow cytometry atiten gated sequentially for live mononuclear
cells, single cells, CD45+, lin- cells, CRTH2-IL7R&€D30+TNFR2+, CD30+TNFR2-, CD30-
TNFR2+ and CD30-TNFR2- cells. The expression offl@& and IL13 in the latter 4 ILC
populations is shown (N=3). F: Comparison of floytometric enumeration of IL5+ ILCs in
PBMCs using the CRTH2/IL76Rand CD30/TNFR2 antibody-based detection approachés-
cells were first analyzed in lin- cells (Total) hd lin- cells were then gated for CRTH2/ILAR
(left) or CD30/TNFR2 (right) and IL5 expression wagalyzed in the indicated cell populations

(N=4). CD30: CD30+TNFR2-; TNFR2: CD30-TNFR2+; DAID30-TNFR2-.
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Correlation Coefficient Correlation Coefficient
r for r for
GATA3 1ILS IL13 IL13 ILS GATA3
CD30 0.89 0.84 0.1 TMEM173 0.77 0.19 0.17
CD200R1 0.84 0.76 0.15 IL1RL1 0.74 -0.12 -0.2
TMEM156 0.8 0.53 0.11 RBPJ 0.72 -0.21 -0.3
TNFR2 0.77 0.51 0.13 JunB 0.68 -0.27 -0.44
DPP4 072 0.7 043 NFKB1 0.67 023 0.2
IL17RB 0.66 0.87 0.51 CD74 0.65 -0.32 -0.06
ICOs 0.63 0.67 -0.01 CD58 0.64 037 0.39
CCR4 0.6 072 0.63 INSIG2 0.63 -0.33 -0.24
CD161 0.57  0.41 0.008 TREML1 0.62 -0.28 -0.36
CRTH2 0.44 0.62 0.26 0OX40 0.61 0.2 _0.16
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