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 Abstract 20 

Background: Human type-2 innate lymphoid cells (ILC2s) are identified by coupled-detection 21 

of CRTH2 and IL7Rα on lineage-negative cells. Type-2 cytokine production by CRTH2-IL7Rα- 22 

ILCs is unknown.   23 

Objective: To identify CRTH2-IL7Rα- type-2 cytokine producing ILCs and their disease 24 

relevance.       25 

Methods: We studied human blood and lung ILCs from asthmatic and control subjects by flow 26 

cytometry, ELISA, RNA-seq, qPCR, adoptive transfer to mice and measurement of airway 27 

hyperreactivity by Flexivent.     28 

Results: We found that IL5 and IL13 were expressed not only by CRTH2+ but also by CRTH2-29 

IL7Rα+ and CRTH2-IL7Rα- (DN: double negative) human blood and lung cells.  All three ILC 30 

populations expressed type-2 genes and induced airway hyperreactivity when adoptively 31 

transferred to mice.  The frequency of type-2 cytokine+ IL7Rα and DN ILCs were similar to that 32 

of CRTH2 ILCs in the blood and lung.  Their frequency was higher in asthmatic patients 33 

compared to disease controls.  Transcriptomic analysis of CRTH2, IL7Rα and DN ILCs 34 

confirmed the expression of mRNA for type-2 transcription factors in all three populations.  35 

Unexpectedly, the mRNA for GATA3 and IL5 correlated better with mRNA for CD30, TNFR2, 36 

ICOS, CCR4 and CD200R1 than CRTH2.  Using a combination of these surface markers, 37 

especially CD30/TNFR2, we identified a previously unrecognized ILC2 population.   38 

Conclusions: The commonly used surface markers for human ILC2s leave a majority of type-2 39 

cytokine-producing ILC2s unaccounted for.  We identified top GATA3-correlated cell-surface 40 
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expressed genes in human ILCs by RNA-seq.  These new surface markers such as CD30 and 41 

TNFR2 identified a previously unrecognized human ILC2 population.  This ILC2 population is 42 

likely to contribute to asthma.     43 

Clinical Implications 44 

The measurement of CRTH2- and IL7Rα- ILC2 populations through the use of novel markers 45 

such as CD30 and TNFR2 will more accurately assess the contribution of ILC2s to human 46 

pathophysiology.                         47 

Capsule summary  48 

We identified top GATA3-correlated cell-surface expressed genes in human ILCs by RNA-seq.  49 

The new surface markers such as CD30 and TNFR2 identified a previously unrecognized human 50 

ILC2 population, which is likely to contribute to asthma.     51 

 52 

Key words: Asthma, type 2 innate lymphoid cells, novel ILC2 population, cytokines 53 

Abbreviations: BAL, bronchoalveolar lavage; CRTH2, chemoattractant receptor homologous 54 

molecule expressed on T helper-2 cells; DN, double negative; ILC, innate lymphoid cell; lin, 55 

lineage  56 

  57 
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Introduction 58 

Innate lymphoid cells (ILCs) represent a distinct lymphoid lineage that diverges from T and B 59 

lymphocytes early in development under the milieu of a high level of the transcription factor ID2 60 

(reviewed in ref 1 and 2). These cells are a potent source of a variety of cytokines belonging to 61 

the type-1, -2, and -3 immune responses.  As such, they are classified into 3 types—ILC1, ILC2 62 

and ILC3 to reflect their functional analogy to Th1, Th2 and Th17 cells.    ILC2s have been 63 

traditionally identified by their expression of cell surface markers that are co-regulated with the 64 

expression GATA3 and type-2 cytokines.  The most widely used human ILC2 markers are 65 

CRTH2/IL7Rα 3, 4 and the less frequently used markers include CD161 3 and ST25, 6.  IL7Rα 66 

(CD127)+ ILCs give rise to all subtypes of ILCs.  IL7Rα is expressed on mature ILCs4.  For this 67 

reason it is a commonly used marker for detection of ILCs.  CD161 (KLRB1) is expressed by 68 

NK cells, all T helper cell subtypes including Th2 cell, Tregs, MAIT cells, follicular dendritic 69 

cells and various subpopulations of ILCs, especially ILC17.  CD161 is expressed by highly 70 

activated cells regardless of the cell type.  CRTH2, a receptor for prostaglandin D2 (PTGDR2), 71 

is expressed by Th2 cells, type-2 CD8 T cells, eosinophils, basophils and a subset of monocytes8-72 

10.  CRTH2 is specific for type-2 polarized cells and its expression is regulated by GATA311.  73 

For these reasons CRTH2 is used as a type-2-specific marker for ILC2s.  Indeed, numerous 74 

publications reported the frequency ILC2s in various diseases using a combination of 75 

CRTH2/IL7Rα as ILC2-specific surface markers12-14.  CRTH2+ ILC2s express high levels of 76 

type-2 cytokines.  However, it is unknown whether CRTH2- ILCs are capable of producing type-77 

2 cytokines.  Recently, Lin-IL7Rα- cells have been shown to give rise to various ILC 78 

populations including ILC2s15, 16.  The foregoing studies raise concerns about accuracy of ILC2 79 

frequency based solely upon their expression of CRTH2 and IL7Rα, as this may underestimate 80 
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the true frequency of ILC2s.  The objective of this study was to assess the capacity of lin-81 

CRTH2-IL7Rα- cells to express GATA3 and other ILC2 markers including type-2 cytokines.  82 

Through transcriptional profiling of CRTH2+, IL7Rα+ and CRTH2-IL7Rα- ILCs we identified 83 

cell surface markers that strongly correlated with type-2 signature genes.  Using these new cell 84 

surface markers we detected a novel CRTH2-IL7Rα- but type-2 cytokine+ ILC2 subpopulation 85 

in asthmatic patients and disease control subjects.            86 

  87 
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Materials and Methods 88 

Human subjects: We studied blood and bronchoalveolar lavage (BAL) ILC2 from allergic 89 

asthmatic patients, disease controls and healthy donors.  Asthmatic patients and disease controls 90 

were recruited during July, 2015 through December, 2019 from the outpatient clinics at National 91 

Jewish Health.  Healthy donors were recruited from the blood bank of National Jewish Health.  92 

Bronchoscopy and BAL were performed as a part of their clinical work-up for poorly controlled 93 

asthma as defined by EPR3 guidelines.  We recruited all patients who were eligible, i.e. 1) Met 94 

criteria for poorly controlled asthma despite guideline-based therapy; and 2) Qualified for 95 

clinical bronchoscopy.  None of the disease control patients met the American Thoracic Society 96 

diagnostic criteria for asthma.  Subjects in the disease control group were selected to match to 97 

those in the poorly controlled asthma group regarding age and sex. Demographic and clinical 98 

characteristics of asthma and disease control subjects are shown in Supplemental Table-1.  99 

Asthma patients, who were recruited for blood studies met the criteria for asthma as per ATS 100 

guidelines (presence of reversible airway obstruction and/or a positive methacholine test).  The 101 

clinical severity of their asthma varied from mild to severe, and well-controlled to poorly-102 

controlled.  Asthmatic patients and disease control subjects maintained their controller 103 

medications at the time of bronchoscopy and blood draw.  The protocols for blood and BAL 104 

studies of lymphoid cells from asthmatic patients and disease controls were approved by the 105 

institutional IRB. Written informed consent was obtained from each participant. The data using 106 

all available samples are shown in each experiment in this manuscript. Isolation of PBMCs, lin- 107 

cells, culture and flow cytometry for ILC2s:  PBMCs were isolated from EDTA-treated blood 108 

by density centrifugation with Ficoll-Hypaque.  PBMCs were cultured in RPMI 1640 plus 10% 109 

FBS in the medium alone or with the cytokine combo (as indicated in the text) as described 110 



7 
 

previously51.  The following cytokines were used at 20 ng/ml concentration: IL2, IL7, IL25, and 111 

IL33 (all from Peprotech, Rocky Hills, NJ).  In select experiments lin- cells were isolated from 112 

PBMCs by negative selection using antibody-coated magnetic beads (lineage cell depletion kit) 113 

from Miltenyi, Inc. San Diego, CA.  PBMCs and lin- cells were cultured for 5 days unless 114 

otherwise stated in the text.  Monensin (2 µM, Biolegend, Inc., San Diego, CA) was added to all 115 

cultures 4 hr before conclusion.  Following culture cells were pelleted and then stained for flow 116 

cytometry as described previously14, 51.       117 

Processing and culture of BAL cells for ILC2 studies: BAL cells were pelleted, washed and 118 

incubated with Monensin (2 µM) in RPMI 1640 plus 10% FBS for 4 hr and then stained for flow 119 

cytometry as described previously 51, 52.   120 

Flow cytometric staining of cells: Staining for flow cytometry was carried out as described 121 

previously 14, 51.  A list of all fluorophore-labeled antibodies, isotype control antibodies and other 122 

relevant reagents is given Supplemental Table-2.  We added a labeled FcεRI antibody to the 123 

human lineage cocktail to eliminate basophils.  We first stained cells with the eBioscience 124 

fixable viability dye and then stained surface markers on live cells.  We fixed cells using 4% 125 

paraformaldehyde, permeabilized them with 0.1% saponin and performed staining for 126 

intracellular molecules (cytokines, signaling molecules and transcription factors).  Flow 127 

cytometry was performed on LSRII (BD Biosciences).  The data was analyzed by the FlowJo 128 

software.  Isotype antibody controls and FMO (fluorescence minus one) were used to develop 129 

the gating and data analysis strategies.          130 

Isolation of ILCs from the human lung:  Deidentified human lungs were obtained from the 131 

Donor Alliance of Colorado and International Institute for the Advancement of Medicine 132 



8 
 

(Edison, NJ).  A fragment of the lung tissue was finely minced and then treated with 0.5 mg/ml 133 

of collagenase (Worthington # LS004197) in presence of 1% penicillin/streptomycin for 30 min 134 

as described previously 53. Cell suspensions were agitated at room temperature for 10 minutes in 135 

RPMI 1640 with 100U/mL DNAse I and 10% FBS prior to filtration through a 40µm filter and 136 

red blood cell lysis. The cells were then washed 3x with PBS.  The pelleted single cells were 137 

subjected to a density centrifugation on a Ficoll-Hypaque (relative density 1.077) gradient.   Live 138 

mononuclear cells were collected from above the gradient, washed 3x and cultured overnight in 139 

RPMI1640 containing 10% FBS, IL2 (100 units/ml) and 1% penicillin/streptomycin.  Cells were 140 

stained for FACS for the following surface markers: CD45, Lin, CD25, CRTH2, IL7Rα and the 141 

fixable viability dye e-Fluor 780 (e-Bioscience).  Single cells were gated for e-Fluor 780-142 

CD45+lin-CD25+cells and then sorted for CRTH2+, IL7Rα+ and DN cells.   The sorted cells 143 

were cultured for 5 days with IL2 (100 units/ml).  The culture supernatant was collected for 144 

measurement of IL5.  The pelleted cells were used in adoptive transfer experiments.   145 

Adoptive transfer of ILCs to immunodeficient mice and measurement of airway 146 

hyperreactivity: FACS-sorted CRTH2+, IL7Rα+ and DN cells from the human lung were 147 

cultured overnight with IL2 (100 units/ml) before adoptive transfer.  A total of 105 ILCs 148 

(CRTH2+, IL7Rα+ and DN) cells in 1 ml volume per mouse was intravenously injected into 149 

Rag2-/-:γc-/- mice.  As a control for cell transfer we sorted lung CD45+CD3+CD4+ T cells, 150 

cultured them with IL2 as above and transferred to Rag2-/-:γc-/- mice at 106 cells/mouse.  The 151 

mice were rested for 1 day and then intranasally challenged with the Alternaria allergen (10 152 

µg/mouse) for 3 consecutive days.   Airway hyperreactivity in response to inhaled methacholine 153 

was measured by Flexivent 1 day later as described previously 54.   The protocol for mouse 154 

studies was approved by the institutional IACUC.   155 
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Airway hyperreactivity measurement: Measurement methodologies have been explained in 156 

depth elsewhere 54. Briefly, mice were anesthetized with ketamine (180 mg/kg), xylazine (9 157 

mg/kg), and acepromazine (4 mg/kg). After loss of foot-pad pinch reflex, a tracheotomy was 158 

performed and the mouse was attached via an 18 gauge cannula to a small-animal ventilator with 159 

a computer-controlled piston (Flexivent; Scireq). Mice were ventilated at a frequency of 90 160 

breaths/ min with a tidal volume of 20 mL/kg during nebulization and otherwise with a 161 

frequency of 150 breaths/ min with a tidal volume of 20 mL/kg while breathing against an 162 

artificial positive end-expiratory pressure of 2.5 to 3 cm H2O. Lungs were inflated to total lung 163 

capacity twice to standardize volume history. Resistance measurements were then taken to 164 

establish the baseline for the total lung resistance and at each methacholine dose. Group averages 165 

were expressed as fold increase over the baseline resistance (mean ± SEM).   166 

ELISA for cytokines: IL5 was measured in the culture supernatant from CRTH2+, IL7Rα+ and 167 

DN cells following their FACS-sorting of CD45+lin-CD25+ cells isolated from the human lung.  168 

The IL5 ELISA kit was from Thermo Fisher Scientific, Inc., Waltham, MA (detection threshold 169 

4 pg/ml) ELISA was performed as per manufacturer’s instruction as described previously 51, 55.   170 

RNA-seq:  PBMCs were isolated from 4 healthy donors by Ficoll-Hypaque density 171 

centrifugation.  Lin- cells were separated by negative selection using antibody-coated magnetic 172 

beads (Lineage Cell Depletion Kit, Miltenyi, Inc).  Lin- cells were then surface stained and 173 

FACS-sorted for CRTH2+IL7Rα+ (CRTH2), CRTH2-IL7Rα+ (IL7Rα) and DN (CRTH2-174 

IL7Rα-) cells.  RNA was isolated from the sorted cells (105 cell per ILC population) using 175 

RNeasy Mini Kit (Qiagen, Inc. San Diego, CA) and used for RNA-seq analyses in the NJH 176 

Genomic Facility.  The isolated total RNA was processed for next-generation sequencing (NGS) 177 
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library construction as developed in the NJH Genomics Facility for analysis with a Life 178 

Technologies (Carlsbad, CA, USA) Ion Proton NGS platform. A modified Kapa Biosystems 179 

(Wilmington, MA, USA) KAPA Stranded mRNA-Seq kit for whole transcriptome libraries was 180 

used to primarily target all polyA RNA. Briefly, library construction started from isolation of 181 

total RNA species, followed by mRNA (poly-A) isolation, 1st and 2nd strand cDNA synthesis, 182 

adaptor ligation, amplification, and bead templating. Once validated, the libraries were 183 

sequenced as barcoded-pooled samples on a P1 Ion Proton chip, as routinely performed by the 184 

NJH Genomics Facility.  185 

Basecalling, barcode demultiplexing and adapter trimming was performed by the Ion Torrent 186 

Suite 5.0.4 software.  Sequence reads of at least 30 nt length were mapped to the hg19 release of 187 

the human genome using STAR (version 2.5.1b) with splice site data from the Ensembl 188 

annotation release 75. 189 

Reads mapping unambiguously to each gene in the Ensembl annotation were quantified using the 190 

featureCounts program (version 1.5.0-p1) from the subread package (Liao & al.: 191 

https://doi.org/10.1093/bioinformatics/btt656).  Pairwise statistical comparisons of the gene 192 

expression between the cell genotypes were performed with Wald test of the DESeq2 package 193 

version 1.8.1 (Loeve & al.: https://doi.org/10.1186/s13059-014-0550-8) for the R statistical 194 

software version 3.2.0 (https://www.R-project.org/) while accounting for any donor-specific 195 

effects.  Resulting p-values were adjusted for multiple testing using the method by Benjamini 196 

and Hochberg (1995 [: https://www.jstor.org/stable/2346101 ]).  For plotting, gene expression 197 

values were normalized to transcripts per million (TPM).  Principal component analysis (PCA) 198 

was calculated using the prcomp function in R version 3.5.1 based on unscaled TPM. 199 
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Statistical Analyses: Comparison between the study groups was done by Mann-Whitney U test 200 

unless otherwise stated.  Comparison among multiple study groups was performed by Kruskal 201 

Wallis test.  For correlations based on RNA-Seq results, gene expression values in TPM from all 202 

samples were used.  The CORREL function in Microsoft Excel was used to calculate Pearson 203 

correlation coefficients.  Statistical analyses were performed and graphs were generated using 204 

the GraphPad Prism 6 software (San Diego, CA).  205 

206 
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Results 207 

Type-2 cytokines are expressed by CRTH2- and IL7Rα- ILCs: CRTH2 and IL7Rα are commonly 208 

used to detect human ILC2s in the lineage- (the lin antibody cocktail contained antibodies 209 

against CD3, CD14, CD16, CD19, CD20, CD56 and FcεRI ) cell population of blood or other 210 

tissues. We asked whether CRTH2 and IL7Rα captured all type-2 cytokine+ ILCs. To this goal, 211 

we examined type-2 cytokine expression by peripheral blood CRTH2+IL7Rα-, 212 

CRTH2+IL7Rα+, CRTH2-IL7Rα+ and CRTH2-IL7Rα- ILC populations (Fig. 1A-J) cultured 213 

with IL2/IL25.  The gating strategy is shown in Figure 1 and is based upon isotype (CRTH2 214 

isotype control antibody: rat IgG2a, IL7Ra isotype control: mouse IgG1; IL5 isotype control: rat 215 

IgG1; Fig. S1A) and FMO (fluorescence minus one) controls (Fig. S1B).  We observed that the 216 

CRTH2+IL7Rα- and CRTH2+IL7Rα+ populations (referred to as CRTH2+ cells) of Lin- cells 217 

had the highest frequency of IL5+ cells (Fig. 1G and H).  The CRTH2+ population contained a 218 

total of 15.7% of all IL5+lin- cells.  However, CRTH2-IL7Rα+ (referred to as IL7Rα+, Fig. 1I) 219 

and CRTH2-IL7Rα- (referred to as double negative: DN, Fig. 1J) populations of Lin- cells also 220 

contained a significant, albeit a lower frequency of IL5+ cells.  The IL7Rα+ and the DN 221 

populations contained 4.2% and 16.1% of all IL5+lin- cells, respectively.  As the DN cells 222 

outnumbered the CRTH2+ cells, the absolute number of IL5+ DN cells was higher than that of 223 

IL5+ CRTH2+ cells. Data presented in this figure comes from a single asthmatic donor.  224 

Cumulative data from18 asthmatic patients and 12 disease controls is shown in a latter figure 225 

(Fig. 4A).  We checked the contamination of lineage- cells (identified through our gating 226 

strategy) with CD4 and CD5 T cells.  The lineage- cells contained 0.23% and 0.51% of CD4 and 227 

CD5 T cells (Fig. S1C).   We examined the frequency of IL5+ cells in the lineage+ (containing CD4 T 228 
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cells) population.  The frequency was 5%.  The results suggest that a negligible ~0.001% cells (0.23 229 

x 0.005) within the IL5+Lin- population were CD4 T cells. 230 

We observed incomplete separation of CRTH2+IL7Ra+ cells in Figure 1.  To test if this was related to a 231 

poorly performing antibody, we performed additional experiments and stained cells with anti-IL7Ra 232 

antibodies from 3 different vendors (BD, Biolegend and R&D).  With cells cultured with medium alone 233 

(Fig. S2), only the Biolegend antibody showed a small double positive (CRTH2+IL7Ra+) cell population 234 

(1.47% vs.  0.59 and 0.1%).  In IL2/IL33-stimulated cultures a small cluster of cells was separated and 235 

visible with all three antibodies.  The BD antibody, which was conjugated with PE (a stronger 236 

fluorophore than A488), showed the best separation.  The clusters were smaller with the Biolegend and 237 

R&D antibodies.  However, if one counts all CRTH2+ cells (CRTH2+IL7Ra- and CRTH2+IL7Ra+), the 238 

total number of cells was similar with BD and Biologend antibodies.  The total number of CRTH2+ cells 239 

was 5.9+6.5=12.4% with the BD antibody and 10.3+1.8= 12.1% with the Biolegend antibody.  The R&D 240 

antibody performed poorly.  We do find a high degree of variability and heterogeneity of these 241 

measurements in the population. Although the Biolegend antibody detected a smaller and not fully 242 

separated cluster of CRTH2+IL7Ra+ cells in donor 1, it did detect a distinct and well separated cluster of 243 

CRTH2+IL7Ra+ cells in three other donors (lower panel).         244 

Type-2 cytokine expression by IL7Rα+ and DN cells occurred not only under stimulated but 245 

also under non-stimulated conditions (Fig. S3).  We cultured PBMCs with various combinations 246 

of cytokines—IL2/IL33, IL2/7, IL2/TSLP, IL2/IL7/IL33 and in addition to IL2/IL25.  All these 247 

cytokine combinations induced a similar profile of type-2 cytokine expression by the ILC 248 

populations and there was no significant difference among the culture conditions (not shown).  249 

IL5 expression by the three ILC population following stimulation with IL2/7/33 is shown in Fig. 250 

S3.  We asked if the expression of type-2 cytokines by non-CRTH2 ILCs was due to the mixed 251 

cell culture milieu of the PBMCs.  To address this question, we isolated lineage- cells, cultured 252 
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them with and without IL2/IL25 and compared the results with that from the PBMC culture.  253 

IL13+ ILC2s were present both in CRTH2+ and CRTH2- ILC subpopulations (Fig. S5).  The 254 

isotype antibody control for IL13 was rat IgG1 (Fig. S1A) and the FMO for IL13 is shown in 255 

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

asthmatic patients.  BAL ILC2s were studied ex vivo without cytokine stimulation.  Fig. S4 257 

shows representative flow cytographs of IL5 expression by BAL CRTH2+, IL7Rα+ and DN 258 

cells from an asthmatic patient.  The isotype and FMO controls were the same as those described 259 

for Fig. 1.  We observed a similar distribution of IL5+ cells in BAL ILCs.  Cumulative data of 260 

IL5 expression by BAL CRTH2+, IL7Rα+ and DN cells from 34 asthmatic patients and 16 261 

disease controls is shown in a latter figure (Fig. 4B).       262 

We next asked if the DN ILC population contained precursors for CRTH2+ and IL7Rα+ ILC2s, 263 

which could explain the capacity to express type-2 cytokines.  ILCs manifest a high degree of 264 

plasticity17-19.  The ILC transition from one type to another may require a transient state, when 265 

they do not express typical surface markers.  To address this question, we sorted DN cells (lin-266 

CRTH2-IL7Rα-cells) (Fig. 2A), IL7Rα+ and CRTH2+ cells (the isotype and FMO controls are 267 

shown in Fig. S1A-B).  The purity of DN cells is shown in Fig. S1D.  We cultured them with 268 

IL2/IL25 for 7 days.  We cultured the cells for a longer period of time in order to allow 269 

differentiation.  The cultured cells were then examined for expression of CRTH2, IL7Rα and 270 

IL13 (Fig. 2B).  Of the DN cells 18% converted to CRTH2+ and 37% to IL7Rα+.  271 

Approximately 29% and 17% of the “new” CRTH2+ and IL7Rα+ cells expressed IL13, 272 

respectively (Fig.  2C-F).  About 43% of the cells (cumulatively, slightly over 50%, Fig. 2F) 273 

remained DN, and 12% of these DN cells expressed IL13.    The culture of IL7Rα+ cells showed 274 

that the majority (87%) retained their surface expression (Fig. S6A and C).  About 3.6% became 275 
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CRTH2+ and 3.5% became DN.  All three populations expressed IL13.  Unlike IL7Rα+ cells, 276 

about 87% of CRTH2+ cells lost their surface expression during the 7-day culture (Fig. S6B and 277 

D).  Nonetheless, both the CRTH2- and CRTH2+ cells expressed IL13.  These findings in 278 

aggregate suggest that the DN ILC population contains a previously unidentified ILC2 279 

population that does not express CRTH2 or IL7Rα.  In addition, it contains ILCs that are capable 280 

of expressing (or re-expressing) CRTH2 and IL7Rα upon culture with ILC2 growth factors.  281 

Finally, the CRTH2 population and to a lower extent, the IL7Rα population manifest dynamic 282 

changes in their surface marker expression over time.  We compared the proliferation of the ILC 283 

populations in IL2/IL25-stimulated cultures by measuring Ki67+ cells.  All three subpopulations 284 

showed similar levels of Ki67 staining (Fig. 2G) suggesting an equivalent proliferative response 285 

to growth factors.      286 

IL7Rα+ and DN ILCs produce and secrete IL5:    We examined secretion of IL5 by CRTH2+, 287 

IL7Rα+ and DN ILCs.  To this goal we FACS-sorted lin-CRTH2+IL7Rα+ (CRTH2+), lin-288 

IL7Rα+ and lin-CRTH2-IL7Rα- subpopulations (Fig. S7) from the human lung following 289 

collagenase digestion and isolation of mononuclear cells.  Note that the gating strategy for the 290 

lung ILC populations was slightly different from the one that was used for human blood.  This is 291 

because 1) we used the cell sorter BD FACSAria Fusion to sort cells; 2) human lung cells 292 

showed higher intensity of staining for CRTH2 and IL7Rα. The combination of these two factors 293 

resulted in better separation of lung ILC populations than that was observed with blood ILC 294 

populations using the cell analyzer LSRFortessa.  The sorted cells were cultured with IL2/IL25 295 

for 3 days and the culture supernatant was assayed for IL5 by ELISA.  IL5 was detected in the 296 

culture supernatant from all three ILC subpopulations but not from a B cell population, which 297 

was used as a control (Fig. 2H). IL7Rα+ and CRTH2+ ILCs produced higher levels of IL5 as 298 
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compared to DN ILCs although the difference did not reach statistical significance likely due to 299 

the donor-to-donor variation and low sample size.   300 

ILC2 subpopulations induce airway hyperreactivity following adoptive transfer to Rag2-/-:γc-/- 301 

mice:  To test their biological relevance we FACS-sorted lin-IL7Rα+ and lin-DN ILCs along 302 

with lin-CRTH2+ ILCs and CD3+CD4+ T cells from the human lung as described above.  We 303 

transferred the sorted ILC populations adoptively to Rag2-/-:γc-/- mice.  The number of CRTH2+, 304 

IL7Rα+, DN and CD4 T cells that were transferred to each mouse were 105, 105, 105 and 106 305 

cells, respectively.  One day after the adoptive transfer we administered the allergen extract of 306 

Alternaria intranasally on 3 consecutive days.  We measured airway hyperreactivity to 307 

methacholine one day later.   All three ILC subpopulations, and expectedly, not control (CONT) 308 

CD4 T cells induced a significant level of airway resistance following the adoptive transfer (Fig. 309 

2I).   The results suggest that both IL7Rα+ and DN ILCs are equally effective in inducing an 310 

asthma-type airway response in mice.  The limitation of this experiment is that it utilizes an 311 

ectopic (human cells transferred to mice) and non-physiologic approach.    312 

 313 

Characterization of ILC2 subpopulations: We asked if DN cells expressed typical markers of 314 

ILC2.  All three ILC populations from the blood expressed GATA3, PLZF, and Bcl11b (Fig. 3), 315 

three key ILC2 transcription factors.  Expectedly, the CRTH2+ population expressed the highest 316 

level of these transcription factors.  ICOS and CD161 expression was highest in CRTH2+ cells 317 

(Fig. S8).  IL25R and KLRG1 were expressed mostly on CRTH2+ and IL7Rα+ cells and only 318 

minimally on DN cells. The expression of KLRG1 was modest in our study subjects.  Low levels 319 

of RORγT are known to be expressed by ILC2s 20.  Accordingly, all three subpopulations 320 
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expressed low levels of RORγT and there was no difference in their expression level among the 321 

subpopulations.    TSLPR was primarily expressed by CRTH2+ cells.    322 

Frequency of ILC2 subpopulations in asthma:  To establish the relevance of type-2 cytokine-323 

producing ILC2 subpopulations we studied their frequency in bronchoalveolar lavage (BAL) 324 

from 34 asthmatic patients and 16 disease controls. The latter included patients with other 325 

allergic and pulmonary conditions without asthma, who required diagnostic bronchoscopy and 326 

BAL.  These patients had one of the following diseases—chronic cough, bronchiectasis, chronic 327 

aspiration, tracheobronchomalacia, COPD, and pulmonary infiltrates of unknown etiology.   The 328 

patient characteristics and their medications are shown in Supplemental Table-1.  All BAL ILCs 329 

were studied ex vivo.  We also studied type-2 cytokine-producing ILC2s in the blood from 18 of 330 

these 34 asthma patients and 12 of the disease controls.  Blood ILCs were studied following 331 

isolation and culture of PBMCs with medium alone or with cytokines for 5 days.  This is based 332 

upon our initial optimization experiments where we cultured cells for 3, 5 and 7 days and then 333 

studied expression of cytokine+ cells.  The culture of PBMC for 5 days produced the highest 334 

level of cytokine+ ILCs (data not shown).  Since BAL ILCs were studied ex vivo (Figure 4B), 335 

we show ILC data from non-stimulated PBMCs that were cultured in the medium alone (Fig. 336 

4A).  We recognize that the BAL and PBMC data are not comparable because of the difference 337 

in the culture condition.  Our primary goal is to show the difference in the frequency of 338 

cytokine+ ILCs between asthma and disease controls in these two tissue compartments (blood 339 

and BAL).  We observed an increased frequency of IL5+CRTH2+, IL5+IL7Rα+ and IL5+DN 340 

cells in the blood and BAL from asthma patients as compared to disease controls (Fig. 4A and 341 

B).  The median frequencies of IL5+ CRTH2+, IL5+IL7Rα+ and IL5+DN cells in the PBMCs 342 

were 0.011%, 0.030% and 0.038% in asthmatic patients and 0.004%, 0.010% and 0.010% in 343 
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disease controls, respectively.  The frequency of IL5+ ILC populations was significantly higher 344 

in asthma than disease controls in the blood.  The median frequency of IL5+IL7Rα+ and 345 

IL5+DN cells was slightly higher than that of IL5+CRTH2+ cells in the blood although the 346 

difference did not reach statistical significance (P=0.2 and 0.1, respectively).   The median 347 

frequencies of IL5+ CRTH2+, IL5+IL7Rα+ and IL5+DN cells in the BAL were 0.06%, 0.09% 348 

and 0.05% in asthmatic patients and 0.01%, 0.01% and 0.01% in disease controls, respectively.  349 

The frequency of IL5+ ILC populations in BAL was largely similar within the study group but 350 

was significantly higher in the asthma as compared to the disease control group.  The foregoing 351 

results suggest that the measurement of IL5+ cells only in the CRTH2 population will miss 352 

approximately two-thirds of all IL5+ ILCs.  In order to establish the clinical relevance, we 353 

studied correlation of BAL IL5+CRTH2+ ILC2s with the BAL eosinophil count and compared it 354 

with that obtained using the total number of BAL IL5+ILCs (CRTH2+, IL7Rα+ and DN).  BAL 355 

IL5+CRTH2+ ILC2s showed a low level correlation (r=0.45) with BAL eosinophils (Figure 4C). 356 

This correlation became stronger and reached a coefficient (r) of 0.61 when the total number of 357 

IL5+ILCs (CRTH2+, IL7Rα+ and DN) were correlated with eosinophils (Figure 4D).  The 358 

results demonstrate that the measurement of type-2 cytokine+ CRTH2 cells as effector ILC2s 359 

underestimates the true frequency of human type-2 cytokine+ ILCs, and undervalues their 360 

contribution to asthma.  361 

Since CRTH2 is commonly used as a marker of human ILC2s, we examined the frequency of 362 

CRTH2+ ILCs in the blood from 30 asthmatic patients and 17 disease controls. The frequency of 363 

CRTH2+ lin- ILCs was assessed in the blood under 3 different conditions: 1) Ex vivo, 2) Culture 364 

in medium alone for 5 days; and 3) Culture in the presence of cytokines (IL2/IL25) for 5 days.  365 

We also studied the frequency of CRTH2+ ILCs in BAL from 33 asthmatic patients and 24 366 
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disease controls.  The frequency of CRTH2+ ILCs (lin-CD45+ cells) in BAL was assessed ex 367 

vivo.  The frequency of CRTH2+ ILCs in PBMCs was low ex vivo (Fig. S8A).  The median 368 

frequencies of CRTH2+ ILCs were 0.05% and 0.01% of PBMCs in asthma and disease controls, 369 

respectively.  These frequencies increased to 0.18% and 0.10%, respectively, when PBMCs were 370 

cultured in medium alone for 5 days.  They further increased to 0.48% and 0.19% of PBMCs 371 

when cultured with IL2/IL33 for 5 days.  The increases after cytokine stimulation were 372 

statistically (P<0.05) significant.  The median frequencies of CRTH2+ ILCs ex vivo in BAL 373 

were 0.50% and 0.29% in asthma and disease controls, respectively (Fig. S9B).  These 374 

frequencies were 10 to 29-fold higher than those in the blood and were similar to those observed 375 

upon stimulation of blood ILCs in vitro.  The results suggest that the airway milieu favors type-2 376 

ILC differentiation or expansion of differentiated ILC2s.              377 

Transcriptomic profiling by RNA-seq confirms heterogeneity of human ILCs:  To determine if 378 

other cell surface markers would correlate better with type-2 cytokines and thus, provide a 379 

superior means to capture type-2 cytokine+ ILCs, we analyzed the transcriptomic profile of 380 

CRTH2, IL7Rα and DN ILCs.   We FACS-sorted lin- CRTH2+, IL7Rα+ and DN cells from the 381 

PBMC obtained from 4 healthy subjects, isolated RNA and then performed RNA-seq at the NJH 382 

Genomics Core.  A representative sorting strategy is shown in Fig. S10.  We first analyzed the 383 

expression of mRNA for CRTH2 (PTGDR2) and IL7Rα to determine the purity of the sorted 384 

cells.  The mRNA for CRTH2 was expectedly present in the CRTH2 population but not in other 385 

two populations (Fig. 5A).  This result verified that the IL7Rα and DN populations did not 386 

contain CRTH2+ cells.  The mRNA for IL7Rα was highest in the IL7Rα population.  The 387 

CRTH2 population consists of CRTH2+IL7Rα- and CRTH2+IL7Rα+ cells. Expectedly, the 388 

CRTH2 population expressed a lower level of mRNA for IL7Rα. The lowest level of mRNA for 389 
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IL7Rα was present in the DN population. This is also expected as the distribution of cells among 390 

these two populations (IL7Rα+ and IL7Rα-) is a continuum (Fig. S10). Next, we analyzed the 391 

RNA-seq data for the presence of core ILC genes (CXCR6, TMEM176B, TMEM176A and 392 

TRGV3) as identified in a recent paper21.  All three ILC populations expressed the core ILC 393 

genes (Fig. 5A).  They did not express the NK cell-associated genes CD56 and NCR1. Principal 394 

component analysis (PCA) showed that the CRTH2 populations clustered together tightly as did 395 

the IL7Rα populations, which were very close to the CRTH2 cluster (Fig. S11).  Three of four 396 

DN samples were either embedded or very close to the CRTH2 and IL7Rα clusters.  The results 397 

suggest that despite the heterogeneity of surface marker expression, ILC gene expression profiles 398 

are quite similar.    399 

The expression of mRNA for GATA3 was highest in CRTH2 and lowest in DN cells (Fig. 5B), 400 

which is in agreement with the flow data.  The expression of mRNA for RORA was similar in all 401 

three populations.  The expression of RORC was low.  The mRNA for TBX21 was present at a 402 

similar level in all three populations.  To validate this finding we examined IFNγ expression in 403 

CRTH2+ ILCs.  Blood ILCs from most asthma patients did not express IFNγ but expressed IL5 404 

(Fig. S12A-C).  However, in some asthma subjects all ILC populations including the CRTH2 405 

population (Fig.  S12D and E) expressed IFNγ in addition to IL5.  The foregoing cytokines co-406 

localized in CRTH2+ cells (Fig. S11F).  The frequency of dual IFNγ+ IL5+ CRTH2+ ILCs is 407 

quite low and represented about 11% (N=18).   408 

Next we examined genes known to regulate ILC2s and type-2 cytokines (Fig. 5B and C).  These 409 

genes included IRF4, GFI1, NFATC1, NFATC2, JUNB, and BATF.  GFI1, NFATC1 & 2, and 410 

BATF were expressed at a similar level by all three ILC populations.  IRF4 tended to be higher 411 
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in CRTH2- cells and JUNB tended to be higher in DN cells but the differences did not reach 412 

significance due to donor variability.  Similar expression of these genes in addition to the 413 

expression of GATA3 provides a mechanistic basis for expression of type-2 cytokines by IL7Rα 414 

and DN populations.  RUNX3, which controls the expression of RORC22 was present at a higher 415 

level in all three populations. All three subpopulations expressed mRNA for IL5 and IL13 and 416 

negligibly, for IL4 (Fig. 5D-F).  The expression of mRNA for IL5 and IL13 was lowest in the 417 

DN population.  418 

We asked if mRNA for ILC precursors was selectively increased in the IL7Rα, and especially, in 419 

the DN population.  Previous studies identified a series of genes that marked precursor ILCs in 420 

humans and mice23-29.   We examined the expression of top 8 ILC precursor genes—PDCD1, 421 

ZBTB16, CD7, NFIL3, ITGA4, KIT, TCF7 and ICAM1.  The expression of these genes was 422 

similar in the DN population, except for KIT, which was significantly lower in the IL7Rα 423 

population, especially when compared to the CRTH2 population (Fig. 5G).  The expression of 424 

ICAM1 mRNA tended to be higher in DN cells.  We analyzed immune response-associated 425 

genes that were expressed at a high level in the DN population.  IFNG expression was 426 

significantly higher in DN cells (Fig. 5H) and did not correlate with TBX21 expression.   The 427 

expression of FoxP3, IL12RB2 and TIGIT showed a tendency for higher expression in DN cells 428 

but the difference was not significant (Fig. 5I).  The IL7Rα population was characterized by 429 

dominant expression of ILC3-related genes—IL17A & IL17F (Fig. 5J and K).  The expression of 430 

IL22 and IL23A showed a tendency for higher expression.  The foregoing results suggest that 431 

IFNγ-producing cells (ILC1?)  and type-3 cytokine-producing ILC3s were dominant in DN and 432 

IL7Rα populations, respectively.   Nonetheless, both populations were heterogeneous and 433 

contained poorly distinguishable ILCs and GATA3+ ILC2s.   434 
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Correlates of GATA3 and type-2 cytokines: We analyzed the RNA-seq data for correlation with 435 

GATA3, IL5 and IL13. We observed a strong correlation of GATA3 with IL5 (r=0.83) and IL4 436 

(r=0.80) but not with IL13 (r=0.13).   The result suggests that IL13 is regulated differently than 437 

GATA3 and IL5 in ILCs.  We examined the top genes that correlated with GATA3, IL5 and 438 

IL13 (Fig. 6A and B).  In this analysis we primarily (but not exclusively) focused on genes that 439 

are expressed on the cell surface with the goal to use them for ILC2 detection.   The top genes 440 

that correlated with GATA3 and IL5 were CD30, CD200R1, TMEM156, TNFR2, DPP4, 441 

IL17RB, ICOS and CCR4.  As anticipated, CRTH2 and CD161 showed a much lower 442 

correlation with GATA3/IL5.   The top genes that correlated with IL13 were TMEM173 443 

(STING), IL1RL1, RBPJ, JUNB, NFKB1, CD74, CD58, INSIG2, TREML1, and OX40.  A 444 

higher degree of correlation of these genes with GATA3, IL5 and IL13 suggests that they might 445 

be superior to CRTH2 and IL7Rα in detecting type-2 ILCs.   446 

The CD30/TNFR2 surface marker combination correlates better with GATA3 and type-2 447 

cytokine+ ILC2s: Next, we examined combinations of the top six GATA3-correlated genes to 448 

detect GATA3/type-2 cytokine+ ILC2s by flow cytometry and compared them to 449 

CRTH2/IL7Rα, and CRTH2/CD161 combinations.  These gene combinations included 450 

CD30/ICOS, CCR4/CD200R, IL17RB/ICOS, CCR4/ICOS, CD30/TNFR2 and CRTH2/CD30 451 

(Fig. 6C)). The primary objective is to identify a combination of surface markers that captures 452 

nearly all type-2 cytokine+ ILCs.  The CCR4-CD200R-, CCR4-ICOS-, IL17RB-ICOS- and 453 

CD30-ICOS- populations contained relatively high number of IL5+ ILCs (>0.02% of PBMCs).  454 

The CD30-TNFR2- and CRTH2-CD30- populations contained the least number of IL5+ ILCs 455 

(<0.02% of PBMCs) suggesting that the combinations of CD30/TNFR2 and CRTH2/CD30 456 

captured all type-2 cytokine+ ILCs. Representative flow cytometry plots for IL13+ cells 457 
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identified by the CD30/TNFR2 gating strategy are shown in Fig. 6D. We compared GATA3 458 

expression among CD30/TNFR2 populations.  Unlike CRTH2-IL7Rα- (DN) cells, which 459 

expressed GATA3, CD30-TNFR2- cells did not express GATA3 (Fig. 7A).   The results suggest 460 

that the CD30/TNFR2 combination is more sensitive than CRTH2/IL7Rα in capturing GATA3 461 

and IL5+ ILCs.   462 

Next, we interrogated the expression of mRNA for CD30 and TNFR2 in CRTH2, IL7Rα and 463 

DN populations.  The mRNA for CD30 and TNFR2 was expressed not only by CRTH2+ ILC2s 464 

but also by IL7Rα+ and DN ILCs (Fig.  7B and C).  We examined the expression of type-2 465 

genes (GATA3 and IL13) within the DN ILC population using CD30 and TNFR2 as surface 466 

markers.   GATA3 was detected in CD30+, TNFR2+, CD30+TNFR2+ cells but not in CD30-467 

TNFR2- cells within this DN ILC population (Fig. 7D).   Likewise, IL13 was not detected in 468 

CD30-TNFR2- cells (Fig. 7E). Finally, we compared the total number of IL5+ ILCs in PBMCs 469 

as detected by the CRTH2/IL7Rα strategy (the sum of IL5+ cells in CRTH2+, IL7Rα+ and DN 470 

populations) and CD30/TNFR2 strategy (the sum of IL5+ cells in the CD30/TNFR2+ 471 

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

cytokine+ ILCs were accounted for by the CD30/TNFR2 approach.  The results in aggregate 473 

suggest that the CD30/TNFR2 approach detected a previously unrecognized CRTH2-IL7Rα- 474 

(DN) ILC2 population.  The CD30/TNFR2+ population captured nearly all GATA3 and IL5+ 475 

ILCs.  Finally, we analyzed the flow cytometry data first by gating for type-2 cytokine+ cells in 476 

the lin- population and then examining the expression of surface markers.  We tested the 477 

combination of CRTH2/TNFR2 and compared it with the conventional markers CRTH2/IL7Ra.   478 

We found that 11.5% of the DN population from the CRTH2/IL7Rα combination expressed 479 

IL13 (Fig. S13).  In contrast, only 3.3% of DN cells from the new combination of 480 
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CRTH2/TNFR2 expressed IL13.   Thus, the combination of CD30/TNFR2 and CRTH2/TNFR2 481 

represented superior markers for quantification of human ILC2s. 482 

 483 

  484 
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Discussion 485 

In this paper we showed that the commonly used ILC2 surface marker CRTH2 did not identify 486 

all type-2 cytokine+ ILCs.  The CRTH2-IL7Rα+ and DN (CRTH2-IL7Rα-) subpopulations also 487 

contained type-2 cytokine+ ILC2s and expressed the type-2 transcription factors.  The CRTH2+ 488 

ILC population had the highest frequency of type-2 cytokine+ ILC2s when compared to IL7Rα+ 489 

and DN populations.  However, the CRTH2+ population was much smaller in size than the other 490 

two populations.    Consequently, the absolute number of type-2 cytokine+ ILCs in IL7Rα+ and 491 

DN populations was similar to or higher than that in the CRTH2+ population.  The enumeration 492 

of lin-CRTH2+ cells as ILC2s underestimated the total type-2 cytokine+ ILCs in the blood and 493 

lung.  To address this shortcoming, we examined the gene expression profile of CRTH2+, 494 

IL7Rα+ and DN cells by RNA-seq and then correlated them with the type-2 signature genes.  495 

This approach identified multiple surface markers that correlated with GATA3 better than 496 

CRTH2.  The new surface markers (CD30, ICOS, TNFR2 and CCR4) captured more than 95% 497 

of type-2 cytokine+ ILCs.  Of these new markers the combinations—CD30/TNFR2, CD30/ICOS 498 

and CD30/CRTH2 showed the highest level of sensitivity.  The application of the foregoing 499 

markers helped detect a previously unrecognized CRTH2-IL7Rα- subpopulation of ILC2s.  This 500 

subpopulation expressed GATA3 and type-2 cytokines.  Thus, the use of CD30/TNFR2, 501 

CD30/ICOS and CD30/CRTH2 represents additional  strategies to capture type-2 cytokine+ 502 

human ILC2s.    503 

ILCs have previously shown to be very plastic 18.  ILC2s become ILC1s upon exposure to IL1 504 

and IL12 and begin to express T-bet and IFNγ while losing their ability to produce type-2 505 

cytokines 19.  We observed that about 56% of DN cells converted to CRTH2+ and IL7Rα+ ILCs 506 



26 
 

upon culture with type-2 inducing cytokines.  This might suggest that DN cells represent 507 

progenitors.  However, the progenitor status cannot explain their expression of GATA3, RORA 508 

and, especially, the type-2 cytokines.  Our RNA-seq data did not show any preferential 509 

expression of known progenitor-associated molecules in DN cells (Fig. 5C). In their single cell 510 

RNA-seq study of tonsil cells, Bjorklund et al 4 reported that about 20% of ILC1s, which were 511 

sorted as cells lacking specific surface markers—CRTH2 and CD117, clustered with ILC2s or 512 

ILC3s due to their genomic profile.  In our PCA analysis of RNA-seq data DN cells from 2 of 4 513 

subjects clustered with the CRTH2 and IL7Rα populations.  We believe that the DN cells 514 

represent a mixture of progenitors and mature ILCs.  The mature ILCs temporarily and 515 

intermittently downregulate the expression of surface markers such as CRTH2 and IL7Rα (Fig. 516 

S5) but retain the maturation-associated function of cytokine expression.  Our results also 517 

suggest that some ILC2 -associated surface markers such as CD30, TNFR2 and ICOS are less 518 

plastic.   519 

All three ILC populations expressed GATA3, RORA and other type-2 transcription factors.  On 520 

the other hand, the CRTH2 population from a small group of asthmatic patients expressed IFNγ.    521 

The expression of IFNγ by CRTH2+ ILC2s is not a surprise.  Lim et al.17 previously reported 522 

that a significant fraction of ILC2 clones co-express GATA3 with T-bet, and IL13 with IFNγ.    523 

Beuraud et al. 30 reported that human and mouse CCR10+ ILC2s, especially, those obtained from 524 

the lungs, express IFNγ.   The results suggest that a subtype of ILCs are inherently versatile and 525 

pluripotent.  Some transcriptional master regulators (e.g. TBX21) are epigenetically marked by 526 

H3K4me3 and H3K27me3 31.  Gene loci that are simultaneously marked by H3K4me3 and 527 

H3K27me3 are considered bivalent and poised32. It is possible that bivalence of TBX21 is 528 

particularly prominent in select ILCs, which explains their versatility.      529 
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One important aspect of our study is that we measured cytokines without PMA/ionomycin 530 

stimulation.  This approach distinguishes this study from many previous studies where PMA and 531 

ionomycin were added to maximally stimulate cytokine production before flow cytometric 532 

analysis 3, 4, 18, 33, 34.  In our opinion the foregoing approach detects the potential of the cell to 533 

produce cytokines but does not detect their ongoing production of cytokines.  The frequency of 534 

cytokine positive cells measured under ex vivo conditions is relatively low when compared to 535 

PMA/ionomycin stimulated cells.  Nonetheless, this low level of cytokine positive cells is 536 

clinically relevant. 537 

CRTH2 was originally identified as a cell surface receptor that was highly expressed on Th2 538 

cells 8, 9.  CRTH2 had a high predictive value for type-2 cytokine expression in Th2 cells.  539 

However, the negative predictive value of CRTH2- CD4 T cells for production of type-2 540 

cytokines was low in early papers.  In the original CRTH2 paper Nagata et al. 8 reported that 541 

89% and 95% of CRTH2+ CD4 T cells expressed IL4 and IL13, respectively, while 19% and 542 

28% of CRTH2- CD4 T cells expressed IL4 and IL13, respectively.  The result suggested that 543 

CRTH2 expression did not capture all type-2 cytokine-producing cells. Similarly, Di Fanis et al. 544 

11 demonstrated that CRTH2- T cells produced ¼ the amount of IL4 secreted by CRTH2+ T 545 

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

We identified CD30, TNFR2, ICOS, and CCR4 as additional ILC2 markers.  These molecules 547 

are expressed by many T cell subtypes, and other lymphoid and myeloid cells 35-38.  CD30 548 

knockout mice are unable to mount an eosinophilic inflammation in an acute model of asthma 549 

and in allergic rhinitis 39, 40.  TNFR2 knockout mice did not have any effect on allergen-induced 550 

airway hyperreactivity or eosinophilic inflammation but they had decreased airway 551 

hyperreactivity and neutrophilic inflammation in an ozone-induced airway inflammation model 552 
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41.  An antibody-mediated inhibition of TNFR2 blocked allergic inflammation elicited by a 553 

combination of an allergen and the viral mimic poly-IC 42.  ICOS plays a key role in ILC2-554 

mediated allergic inflammation 43-45.  CCR4 knockout mice have impaired allergic inflammation 555 

46.  The high degree of correlation of the foregoing molecules with GATA3 and IL5 suggests that 556 

they are co-regulated.  Our results suggest that many of these surface markers, especially CD30, 557 

TNFR2 and ICOS are useful for identification of cytokine-producing ILC2s.       558 

Comparison studies showed that BAL had 3 to 8-fold higher levels of IL5+ ILC2s than blood in 559 

asthmatic subjects.  This applies to all subtypes of ILC2s—CRTH2, IL7Rα and DN ILC2s.  The 560 

frequency of CRTH2+ ILC2s is 10-fold higher in BAL than in blood.  The results suggest that 561 

the airway milieu favors differentiation and/or expansion of CRTH2+ ILC2s as well as type-2 562 

cytokine+ ILCs.    This is consistent with the notion that tissue signals imprint ILC2 identity 47.  563 

For example, lung ILC2s express higher levels of ST2 as compared to gut ILC2s.  One of the 564 

caveats of BAL studies is that we compared ILCs between asthma patients and disease controls.  565 

The latter included patients with other respiratory illnesses.  Some respiratory illnesses (e.g. 566 

COPD) are associated with abnormal ILC numbers 48, which might have affected our comparison 567 

analysis.         568 

Two recent publications clearly demonstrated expression of type-2 transcription factors in 569 

CRTH2- ILCs from the peripheral blood.  Lim et al. 17 performed RNA-seq on peripheral blood 570 

lin-CRTH2-CD117+ cells, which are considered precursors of ILCs.  The foregoing cells 571 

expressed GATA3 and RORA, two known ILC2 transcription factors.  However, these cells did 572 

not produce type-2 or other cytokines upon stimulation with PMA and ionomycin, thus, 573 

supporting their precursor nature.   It is unclear if they had capacity to produce cytokines upon 574 

stimulation with ILC2-promoting cytokines such as IL2, IL33 or IL25. Nagasawa et al. 49 575 
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demonstrated the expression of type-2 transcription factor such as GATA3 in CRTH2-KLRG1+ 576 

ILCs.  Finally, Cavagnero et al.50 reported that Alternaria induced non-conventional ILC2s in the 577 

mouse lung that did not express the signature ILC2 markers—ST2 and IL7Rα.   The foregoing 578 

studies indirectly suggested the existence of ILC2s in CRTH2- and IL7Rα- ILC populations.  As 579 

mentioned previously, Bjorklund et al. 4 reported the transcriptome of human tonsil ILCs that 580 

were examined by single cell RNA-seq.  They reported the expression of mRNA for GATA3, 581 

RORA and ZBTB16 in all three ILC populations and that for Bcl11b in ILC1s and ILC2s. 582 

Simoni et al. 20 conducted a thorough transcriptomic and mass cytometric analyses of ILCs from 583 

cord blood and various human organs.  Similar to our findings they concluded that GATA3 and 584 

RORγT cannot be used to distinguish various human ILC populations.      585 

In summary, a significant fraction of type-2 cytokine+ cells are not detected by the commonly 586 

used ILC2 markers—CRTH2 and IL7Rα.  As a consequence, the true frequency of ILC2s is 587 

underestimated by the currently applied flow cytometric approaches.  We have identified a 588 

number of cell surface receptors that capture the highest number of type-2 cytokine+ cells from 589 

the ILC population.  These receptors include CD30 and TNFR2.  A combination of these 590 

receptors outperforms the currently used ILC2 markers—CRTH2 and IL7Rα and represents an 591 

additional approach for enumeration of type-2 cytokine+ ILCs.  We believe that most surface 592 

markers are likely to under- or over-estimate the true frequency of ILC2s because of highly 593 

plastic nature of ILCs.  As such, the most meaningful strategy is to enumerate the frequency of 594 

type-2 cytokine+ ILCs as a measure of active ILC2s.             595 

 596 

  597 
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Figure Legends 782 

Figure 1.  Expression of IL5 by ILC2 subpopulations.  PBMCs from an allergic asthmatic 783 

subject were cultured with IL2/IL25 for 5 days and analyzed for IL5+ cells by flow cytometry.  784 

Mononuclear cells (A) were sequentially gated for single cells (B), CD45+ cells (C) and lineage 785 

(lin) – cells (D).  Gated lin- cells were analyzed for expression of CRTH2 and IL7Rα (E).  Each 786 

quadrant (Q1: CRTH2+IL7Rα-[F]; Q2: CRTH2+IL7Rα+ [G]; Q3: CRTH2-IL7Rα+ [H]; and 787 

Q4: CRTH2-IL7Rα- ([I]) was then analyzed for expression of IL5.  The threshold for positive 788 

staining was determined by isotype antibody staining and FMO (fluorescence minus one) (Fig. 789 

S1).   790 

Figure 2. Differentiation, proliferation, cytokine secretion and in vivo activity of DN ILCs.  A-791 

E: FACS-sorted DN (lin-CRTH2-IL7Rα-) cells from PBMCs obtained from an asthmatic patient 792 

(A) were cultured with IL2/IL25 for 7 days and their expression of CRTH2 and IL7Rα was 793 

analyzed (B).  The newly emerged CRTH2+ (C), IL7Rα+ (E) and the remaining DN cells (D) 794 

were gated for expression of IL13.  F: Results of experiments from 3 different asthmatic donors.  795 

G: FACS-sorted CRTH2+, IL7Rα+ and DN cells were cultured with IL2/IL25 for 7 days and 796 

then analyzed for expression ki67 by flow cytometry (N=3). (H) CD45+Lin- CRTH2+, IL7Ra+ 797 

and DN ILCs from the human lung were cultured with IL2/IL25 for 5 days and then supernatant 798 

was assayed for IL5 by ELISA.  Culture supernatant from IL2/IL25-treated B cells (negatively 799 

selected from PBMCs) was used a control.  Each symbol represents a single lung donor.  (I)  800 

Human lung-derived ILC2 subpopulations were cultured with IL2 overnight and adoptively 801 

transferred (105 cells/mouse) to Rag2-/-:γc-/-  mice.  Lung-derived CD45+CD3+CD4 T cells were 802 

injected (106 cells/mouse) as a control.  One-day latter the mice were challenged with the 803 
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Alternaria allergen for 3 consecutive days before methacholine challenge.  The increase in lung 804 

resistance was statistically significant (*=P<0.05, t test) for all ILC2 populations as compared to 805 

the control (CONT).   806 

    807 

Figure 3. Expression of ILC2-related markers in ILC2 subpopulations.  PBMCs from 3-4 donors 808 

were cultured with IL2/IL25 for 3 days and then analyzed for expression of GATA3, PLZF, and 809 

Bcl11b, in lin- CRTH2+, IL7Rα+ and DN ILCs by flow cytometry.   Histograms of mean 810 

fluorescence intensity are shown in the upper panel and bar graphs with statistical analysis are 811 

shown in the lower panel.  Each symbol represents a donor.   812 

Figure 4.  Comparison of blood and bronchoalveolar lavage (BAL) ILC2 populations in 813 

asthmatic patients and disease controls (DC). A: PBMCs from 18 asthmatic patients and 12 814 

disease controls were cultured in the medium alone for 5 days and then analyzed for IL5+ ILC2 815 

populations.  The frequency of IL5+lin- cells is presented as % PBMCs. ILC B: BAL cells from 816 

34 asthmatic patients and 16 disease controls were stained ex vivo for IL5+ (CD45+Lin-) ILC2 817 

populations by flow cytometry. The frequency of IL5+ ILCs is presented as % BAL cells.  818 

Statistical significance (Mann-Whitney U test) is shown at the top of the dot plots.  C& D: 819 

Correlation (r) between BAL eosinophils and BAL IL5+ CRTH2+ ILC2s (C) and BAL total 820 

IL5+ ILC2s (CRTH2+, IL7Rα+ and DN).   821 

Figure 5.  Expression profile of ILC-related genes in ILC2 subpopulations by RNA-seq.    822 

FACS-sorted CRTH2+IL7Rα+ (CRTH2), CRTH2-IL7Rα+ (IL7Ra) and DN lin- cells from the 823 

peripheral blood of 4 healthy donors were used to isolate RNA and perform RNA-seq.  A: 824 

Expression of genes used for sorting of ILCs (PTGDR2, IL7R), and core ILC- and NK cell-825 
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related genes (TPM: transcripts per million).  B and C: Expression of genes related to ILC1 826 

(TBX21), ILC2 (, GATA3, RORA, IRF4, GFI1, NFATC1, NFATC2, JUNB, BATF), and ILC3 827 

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

Expression of ILC2 precursor-related genes.  H and I: Top immune response genes expressed by 829 

DN cells.  J and K: Top cytokine genes expressed by IL7Rα+ cells.  Gene expression values are 830 

normalized to transcripts per million (TPM).  Statistical significance, when present, is shown on 831 

the top of the bars.   832 

Figure 6.  A list of the top genes that correlated with GATA3 and type-2 cytokines, and their 833 

surface expression on ILC2 populations. RNA-seq data was analyzed for Pearson correlation (r) 834 

with type-2 genes, and the top genes that correlated with GATA3/IL5 and IL13 are shown in 835 

panels A & B, respectively.  C: PBMCs from asthmatic patients were cultured with IL2/IL25 for 836 

5 days, stained for flow cytometry and then analyzed for expression of IL5 by CD45+lin- cells 837 

expressing various combination of surface markers (N=4 for CCR4/CD200R, CCR4/ICOS, 838 

IL17RB/ICOS, CD30/ICOS and CD30/CRTH2; N=7 for CD30/TNFR2).  D: Representative 839 

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

expressing ILCs and their expression of IL13.     841 

Figure 7.  CD30/TNFR2 as ILC2 surface markers.  A: A histogram of expression of GATA3 in 842 

various populations of lin-CD30/TNFR2 +/- cells.  PBMCs were cultured with IL2/IL25 for 5 843 

days, stained for flow cytometry and then gated sequentially for live mononuclear cells, single 844 

cells, lin- cells, CD30+TNFR2+, CD30+TNFR2-, CD30-TNFR2+ and CD30-TNFR2- cells.  845 

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

Expression of mRNA for CD30 and TNFR2 in ILC populations as measured by RNA-seq.  D & 847 

E: Expression of GATA3 and IL13 in DN, CD30/TNFR2+/- cells.  PBMCs were cultured with 848 
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IL2/IL25 for 5 days, stained for flow cytometry and then gated sequentially for live mononuclear 849 

cells, single cells, CD45+, lin- cells, CRTH2-IL7Ra-, CD30+TNFR2+, CD30+TNFR2-, CD30-850 

TNFR2+ and CD30-TNFR2- cells.  The expression of GATA3 and IL13 in the latter 4 ILC 851 

populations is shown (N=3).  F: Comparison of flow cytometric enumeration of IL5+ ILCs in 852 

PBMCs using the CRTH2/IL7Rα and CD30/TNFR2 antibody-based detection approaches.  IL5+ 853 

cells were first analyzed in lin- cells (Total).  The lin- cells were then gated for CRTH2/IL7Rα 854 

(left) or CD30/TNFR2 (right) and IL5 expression was analyzed in the indicated cell populations 855 

(N=4).  CD30: CD30+TNFR2-; TNFR2: CD30-TNFR2+; DN: CD30-TNFR2-.     856 
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