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Abstract 
 

IL-7 is a cytokine critical for the development and maintenance of group 2 innate lymphoid 

cells (ILC2s). ILC2s are resident in peripheral tissues such as the intestine and lung. However, 

whether IL-7 produced in the lung plays a role in the maintenance and function of lung ILC2s 

during airway inflammation remains unknown. IL-7 was expressed in bronchoalveolar 

epithelial cells and lymphatic endothelial cells (LECs). To investigate the role of local IL-7 in 

lung ILC2s, we generated two types of IL-7 conditional knockout (IL-7cKO) mice: Sftpc-Cre 

(SPC-Cre) IL-7cKO mice specific for bronchial epithelial cells and type 2 alveolar epithelial 

cells and Lyve1-Cre IL-7cKO mice specific for LECs. In steady state, ILC2s were located near 

airway epithelia, although lung ILC2s were unchanged in the two lines of IL-7cKO mice. In 

papain-induced airway inflammation dependent on innate immunity, lung ILC2s localized near 

bronchia via CCR4 expression, and eosinophil infiltration and type 2 cytokine production were 

reduced in SPC-Cre IL-7cKO mice. In contrast, in house dust mite (HDM)-induced airway 

inflammation dependent on adaptive immunity, lung ILC2s localized near lymphatic vessels 

via their CCR2 expression two weeks after the last challenge. Furthermore, lung ILC2s were 

decreased in Lyve1-Cre IL-7cKO mice in the HDM-induced inflammation due to decreased 

cell survival and proliferation. Finally, administration of anti-IL-7 antibody attenuated papain-

induced inflammation by suppressing the activation of ILC2s. Thus, this study demonstrates 

that IL-7 produced by bronchoalveolar epithelial cells and LECs differentially controls the 

activation and maintenance of lung ILC2s, where they are localized in airway inflammation. 
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Introduction 
 

Interleukin-7 (IL-7) is a cytokine essential for the development and homeostasis of T cells, B 

cells, and innate lymphoid cells (ILCs). IL-7 promotes the early development of B and T cells 

in the bone marrow and thymus (1, 2) and the homeostasis of naive and memory T cells in 

peripheral lymphoid organs (3, 4). These lymphocytes are drastically reduced in IL-7- and IL-

7R-deficient mice (5, 6). IL-7-binding to the IL-7R activates the tyrosine kinases JAK1 and 

JAK3, which then phosphorylate and activate STAT5 and PI3K (7, 8). These molecules 

transduce the signals for cell proliferation, survival, and differentiation of lymphocytes (7). In 

lymphoid organs, IL-7 is produced by stromal cells such as bone marrow mesenchymal stromal 

cells, thymic epithelial cells, lymphatic endothelial cells (LECs), and fibroblastic reticular cells 

(9). In addition, in the periphery, IL-7 is produced by LECs in the skin and by LECs and 

epithelial cells in the gut (9). In the lung, IL-7 is produced by LECs, which support the 

maintenance of resident memory Th2 cells in allergic airway inflammation (10). However, 

whether stromal cells other than LECs produce IL-7 in the lung remains unknown. 

 Group 2 ILCs (ILC2s) produce type 2 cytokines in response to tissue damage in asthma, 

atopic dermatitis, and helminth infections (11). ILC2s are activated by cytokines, such as IL-

33, IL-25, and thymic stromal lymphopoietin (TSLP), secreted by damaged epithelial cells (12-

14). Upon stimulation, ILC2s rapidly produce IL-5, IL-13, IL-4, IL-9, and amphiregulin, which 

induce eosinophil chemotaxis, goblet cell metaplasia, IgE production, and tissue remodeling 

(15). ILC2s are tissue-resident and are found in peripheral tissues, such as the lung, skin, 

intestine, and adipose tissue (11, 15). In the lung, ILC2s are localized in the vicinity of bronchia, 

lymphatic vessels, and arteries in steady state, and adventitial stromal cells control the 

localization and function of ILC2s via TSLP and IL-33 (16-18). In addition, ILC2s increase in 

perivascular and peribronchial regions during airway inflammation (19, 20). ILC2s express 

some chemokine receptors, such as CCR4 and CCR8 (21). In asthmatic conditions, airway 

epithelial cells produce high levels of CCL17, a ligand of CCR4, and CCR4
+
IL-4

+
 Th2 cells 

localize near airway epithelia (22). Interaction of CCL1 or CCL8 with CCR8 expressed on 

ILC2s induces the localization of ILC2s near airway epithelia and Th2 cells (20, 23). In addition 

to ILC2s, resident memory Th2 cells in the lung also receive the signal of LEC-derived IL-7, 

resulting in their specific localization and function (10). Thus, local cytokines produced by 

stromal cells appear to control the distribution and function of tissue-resident immune cells. 

Although the localization of lung ILC2s in airway inflammation has been reported, whether the 

localization of lung ILC2s changes between steady state and different types of airway 

inflammation has not been investigated in detail. 

� ILC2s require IL-7 for development in vivo (24-26) and for maintenance and 

activation in vitro (24, 26-28). Since ILC2s are diminished in IL-7- and IL-7Ra-deficient mice 

(24), IL-7 is required for the development or maintenance of ILC2s. ILC2s differentiate from 

common lymphoid progenitors (CLPs), in which IL-7 induces the expression of nuclear factor 

IL-3-regulated protein (NFIL-3), the transcription factor required for ILC2 differentiation (26, 

29). In addition, IL-7 is required for the survival and proliferation of ILC2s in culture (24). 

Since ILC2s are tissue-resident, the microenvironment and its local cytokines may be required 

for the maintenance and function of ILC2s. However, it remains unknown whether local IL-7 

plays a role in the distribution and function of lung ILC2s. 

� To address these questions, we investigated the local function of IL-7 in the distribution, 

activation, and maintenance of lung ILC2s in two types of airway inflammation. We found that 

ILC2s are located close to airway epithelia in steady state and during papain-induced airway 

inflammation dependent on innate immunity. In contrast, they are located near lymphatic 

vessels in house dust mite (HDM)-induced airway inflammation, which is dependent on 

adaptive immunity. Using conditional knockout of IL-7 (IL-7cKO) in lung stromal cells, we 
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found that IL-7 produced by bronchoalveolar epithelial cells promotes ILC2 activation in 

papain-induced airway inflammation, whereas LEC-derived IL-7 maintains lung ILC2s in 

HDM-induced airway inflammation. Furthermore, administering an anti-IL-7 antibody 

attenuated papain-induced airway inflammation by suppressing ILC2 activation. Collectively, 

this study demonstrates that IL-7 produced by various stromal cells in the lung controls the 

distribution, activation, and maintenance of lung ILC2s, suggesting that the stromal 

microenvironment is an essential regulator of tissue-resident immune cells. 
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Materials and Methods 
 

Mice 
C57BL/6 mice were obtained from Japan SLC (Hamamatsu, Japan). Eight to twelve weeks old 

mice on a C57BL/6 background were analyzed. IL-7
GFP/+

 mice (9) and IL-7
flox/flox

 (30) mice 

were generated in our laboratory. IL-5
Venus/+

 knock-in mice (31) were obtained from Riken BRC 

(Tsukuba, Japan). Sftpc-Cre (SPC-Cre) mice (32) and Lyve1-Cre mice (33) were obtained from 

Dr. Yuichi Oike at Kumamoto University and Dr. Jason Cyster at the University of California 

San Francisco, respectively. All mice were maintained under specific pathogen-free conditions 

in the Experimental Research Center for Infectious Diseases, the Institute for Life and Medical 

Sciences, Kyoto University. All mouse experiments were approved by the Animal 

Experimentation Committee of the Institute for Life and Medical Sciences, Kyoto University. 

 

Antibodies and flow cytometry 
The following fluorescent dye- or biotin-conjugated Abs were used: anti-CD3e (145-2C11), 

CD4 (RM4-5), CD8a (53-6.7), NK1.1 (PK136), CD11b (M1/70), CD11c (N418), Gr-1 (RB6-

8C5), CD45 (30-F11), Ter119 (Ter119), CD19 (6D5), B220 (RA3-6B2), CD5 (53-7.3), FceRI 

(MAR-1), CD25 (PC61), KLRG1 (2F1/KLRG1), Sca-1 (E13-161.7), CD127 (IL-7R) (A7R34), 

ST2 (RMST2-2), GFP, EpCAM (G8.8), CD31 (MEC13.3), F4/80 (BM8), Siglec-F (E50-2440), 

MHC I-A/I-E (M5/114.15.2), gp38 (podoplanin) (8.1.1), CD69 (H1.2F3), CD103 (2E7), TCRb 

(H57-597), CCR2 (475301), CCR4 (2G12), CD44 (IM7), IL-5 (TRFK5), IL-13 (eBio13A), 

Bcl-2 (BCL/10C4), and Ki-67 (SolA15). Fluorescent dye- or biotin-conjugated antibodies were 

purchased from BioLegend, eBioscience, and Invitrogen. PBS57-loaded CD1d tetramer was 

provided by the NIH Tetramer Core Facility. Biotinylated monoclonal antibodies were detected 

with Brilliant Violet 421 or 510-conjugated streptavidin (BioLegend). For Bcl-2 and Ki-67 

staining, cells were fixed and permeabilized with the Foxp3/Transcription Factor Staining 

Buffer Set (eBioscience). For staining of IL-5 and IL-13, ILC2s were fixed and permeabilized 

with Intracellular Fixation and Permeabilization Buffer Set (eBioscience). Viable cells were 

analyzed on a BD LSRFortessa flow cytometer (BD Biosciences) using FlowJo software (BD 

Biosciences). In the figures, values in quadrants, gated areas, and interval gates indicate 

percentages in each population. 

 

Cell preparation 
After perfusion with phosphate-buffered saline (PBS), lungs were minced with scissors and 

incubated for 45 min at 37℃ in 1.5 ml RPMI-1640 medium containing 10% fetal bovine serum, 

1 mg/ml collagenase D (Roche Diagnostics) and 50 µg/ml DNase I (Worthington Biochemical). 

The digested lung fragments were passed through a 40-µm strainer. Leukocytes were separated 

by centrifugation through 30% Percoll. After erythrocyte lysis, cells were analyzed by flow 

cytometry. Bronchoalveolar lavage fluid (BALF) was obtained by infusion of 1 ml PBS through 

a catheter. For RNA-seq analysis and cell culture, ILC2s (Lineage
−
IL-7R

+
CD25

+
Sca-1

+
) were 

sorted from the lung using a FACS Aria III cell sorter (BD Biosciences). Lineage markers 

included CD3e, CD4, CD8a, CD11b, CD11c, CD19, Gr-1, B220, CD5, FceRI, CD45, and 

Ter119. 

 

Cell culture 
Sorted ILC2s (Lineage

−
IL-7R

+
CD25

+
Sca-1

+
, 5 × 10

3
/well) were cultured on 96-well round-

bottom plates in RPMI 1640 medium containing 10% fetal bovine serum, 50 µM 2-

mercaptoethanol, 100 U/ml penicillin, and 100 µg/ml streptomycin with or without a cytokine 

cocktail for three days. The cocktail included IL-7 (10 ng/ml), IL-33 (10 ng/ml), or IL-2 (10 

ng/ml). 
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Immunofluorescence staining 
Freshly harvested lungs were fixed in 4% paraformaldehyde for 6 hours at 4℃ and replaced 

with a solution of 10, 20, and 30% sucrose in PBS at 4°C for 3 days. The tissues were embedded 

in O.C.T. compound (Sakura Finetechnical, Tokyo, Japan) and sliced at 30 µm thickness using 

a cryostat (Leica CM3050 S, Wetzlar, Germany). Fixed specimens were stained with DAPI, 

PE-EpCAM (G8.8), PE-NKp46 (29A1.4), Alexa Fluor 488-Lyve1 (ALY7), Brilliant Violet 

421-CD3e (145-2C11), anti-CD25 goat IgG, followed by Alexa Fluor 647 anti-goat IgG, and 

anti-GFP rabbit IgG, followed by Dylight649 anti-rabbit IgG, mounted with PermaFluor 

Aqueous Mounting Medium (Thermo Fisher Scientific, Waltham, MA, USA), and examined 

with a confocal laser scanning microscope (Leica TCS SP8). Antibodies were purchased from 

BioLegend and Invitrogen. 

 

Image analysis 
Images were analyzed using Imaris Bitplane 7.6 (Zeiss). ILC2s were identified by Venus 

expression in IL-5
Venus/+

 mice. Three channels were generated to represent different structures: 

airways (EpCAM
+
), lymphatics (Lyve1

+
), and T cells (CD3

+
). To calculate the distance between 

ILC2s and stromal cells, voxel-based surfaces of each expression in these images were rendered 

by a tool in Imaris. The shortest distance was measured between ILC2s and airways, ILC2s and 

lymphatics, and ILC2s and T cells. Image analysis was performed at the Medical Research 

Support Center, Graduate School of Medicine, Kyoto University, supported by the Platform for 

Drug Discovery, Informatics, and Structural Life Science of the Ministry of Education, Culture, 

Sports, Science and Technology, Japan. 

 

Histology 
Lungs were dissected after perfusion with 50 ml of PBS. Tissues were fixed in 4% 

paraformaldehyde for 12 hours at 4°C and replaced with a solution of 10, 20, and 30% sucrose 

in PBS at 4°C for 3 days. Sections of 10 µm thickness were stained with hematoxin and eosin 

(H&E). 

 

Airway inflammation 
Innate immunity-mediated airway inflammation was induced by treating 8- to 12-week-old 

mice with 100 µg papain (Sigma) in 50 µl of PBS intranasally (i.n.) on days 0, 1, and 2. Mice 

were sacrificed on day 3, and lungs and BALF were collected. Some lung sections were fixed 

in 4% formaldehyde. Adaptive immunity-mediated airway inflammation was induced by house 

dust mite (HDM, ITEA Inc.). Mice were sensitized intraperitoneally (i.p.) with 10 µg HDM 

emulsified in Imject Alum (Thermo Scientific) on day 0 and day 14. On days 21, 22, and 23, 

the mice were challenged i.n. with 10 µg HDM in 50 µl of PBS. Mice were sacrificed on day 

37, and lungs and BALF were collected. Some lung sections were fixed in 4% formaldehyde. 

 

Administration of anti-IL-7 antibody in vivo 
Human anti-mouse/human IL-7 antibody (M25, Bio X Cell) and isotype-matched control 

antibody (IgG2b, Bio X Cell) were used for the IL-7 blocking experiment. For each experiment, 

wild-type mice were treated with 500 µg/mouse blocking antibody or isotype-matched control 

antibody. Wild-type (WT) mice were treated intraperitoneally with 500 µg/mouse anti-IL-7 

monoclonal antibody or isotype control (day 0), administrated i.n. with papain at 3 hours and 

on days 1 and 2, and analyzed on day 3. 

 

Administration of anti-CCL2 antibody in vivo 
Armenian hamster anti-mouse/human/rat CCL2 antibody (2H5, Bio X Cell) and isotype-
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matched control polyclonal antibody (IgG, Bio X Cell) were used for the CCL2 blocking 

experiment. For each experiment, wild-type mice were given i.p. with HDM emulsified in 

Imject Alum on day 0 and day 14. On day 21, the mice were treated with 200 µg/mouse anti-

CCL17 antibody or isotype control, administered with HDM after 3 hours and on days 22 and 

23, and analyzed on day 37. 

 

Administration of anti-CCL17 antibody in vivo 
Goat anti-mouse CCL17 polyclonal antibody (R & D Systems) and isotype-matched control 

antibody (IgG, R & D Systems) were used for the CCL17 blocking experiment. For each 

experiment, WT mice were treated i.n. with 20 µg/mouse anti-CCL17 antibody or isotype 

control (day 0), administered i.n. with papain after 3 hours and on days 1 and 2 and analyzed 

on day 3. 

 

ELISA 
The concentrations of IL-5 and IL-13 in BALF and culture supernatants were assessed using 

the IL-5 mouse uncoated ELISA kit (Invitrogen) and the IL-13 mouse uncoated ELISA kit 

(Invitrogen), respectively. 

 

RT-PCR 
Total RNA was extracted with Sepasol-RNA I Super G reagent (Nacalai Tesque) and treated 

with citrate buffer-saturated phenol (Nacalai Tesque). After genomic DNA was digested with 

DNase I, RNA was reverse transcribed using ReverTra Ace (Toyobo) with the random primer 

(Invitrogen) for ILC2s or the oligo(dT)12-18 primer (Thermo Fisher) for lung stromal cells. 

cDNA from ILC2s was amplified in triplicate using TB Green Premix ExTaqII (Takara) with 

ROX reference dye (Takara) on a StepOnePlus real-time PCR system (Thermo Fisher 

Scientific). PCR was performed at 95°C for 30 sec, followed by 45 cycles of 95°C for 5 sec and 

60°C for 30 sec. cDNA from stromal cells was amplified in duplicate using QuantiTect SYBR 

Green PCR Master Mix (Qiagen) with ROX reference dye (Invitrogen) on a StepOne Plus real-

time PCR system. PCR was performed at 95°C for 15 sec, 55°C for 30 sec, and 72°C for 60 

sec. cDNA from whole lung cells of wild-type mice was used as an amplification standard. 

Transcript levels were normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT) 

mRNA. Primer sequences are as follows: IL-7, 5’-TCCTCCACTGATCCTTGTTC-3’ and 5’-

CTTCAACTTGCGAGCAGCAC-3’; CCR2, 5’-GATTCACCACATGTGCTAAG-3’ and 5’-�
CGTAGTCATACGGTGTGGTG-3’; CCR4, 5’-GGAAGGTATCAAGGCATTTGGG-3’ and 

5’-GTACACGTCCGTCATGGACTT-3’; CCR7, 5’-TCATTGCCGTGGTGGTAGTCTTCA-3’ 

and 5’-ATGTTGAGCTGCTTGCTGGTTTCG-3’; HPRT, 5’-

GTTGGATACAGGCCAGACTTTGTTG-3’ and 5’-GATTCAACTTGCGCTCATCTTAGGC-

3’ ; IL-33, 5’-GAGCATCCAAGGAACTTCAC -3’ and 5’-TAGTAGCACCTGGTCTTGC -3’. 

 

RNA-seq analysis 
Sorted ILC2s were lysed with buffer LTR (Qiagen) and purified with RNAClean XP (Beckman 

Coulter). Double-stranded cDNA was synthesized using the SMART-Seq v4 Ultra Low Input 

RNA kit for Sequencing (Takara), and sequencing libraries were constructed using Nextera XT 

DNA Library Preparation Kit (Illumina) according to the manufacturer’s instructions. The 

libraries were sequenced with 150 bp paired-end reads on the Illumina HiSeq X Ten 

sequencer (Illumina).  Trimmomatic (version 0.33) filtered raw sequenced single-end reads to 

exclude low-quality sequences (34). The sequenced reads were aligned to the mouse reference 

genome (mm10) with Hisat2 (version 2.1.0) (35), and the aligned reads were used for the 

transcript quantification by using featureCounts (version 1.6.5) (36). DESeq2 was used to 

normalize and identify differentially expressed genes with adjusted p < 0.3 (DEGs) (37). The 
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normalized data was visualized by MA plots and heatmaps using the R package pheatmap 

(version 1.0.12). 

 Previous data (GSE99780) of ILC2 in acute and chronic airway inflammation from the 

paper by Li et al. (38) were reanalyzed using Trimmomatic (version 0.33), Hisat2 (version 

2.1.0), featureCounts (version 1.6.5), and pheatmap (version 1.0.12). 

 

Reanalysis of single-cell RNA-sequencing (scRNA-seq) data 
Previous data (GSM3575497) of lung CD45

−
 stromal cells from the paper by Dahlgren et al. 

(16) were reanalyzed using the R package Seurat (4.0.2) and pheatmap (1.0.12) for single-cell 

RNA-seq analysis (39). Log-normalized gene expression data were used for visualization with 

UMAP plots and heatmaps for each cluster. 

 

Statistical analysis 
All data are presented as mean ± SEM. Comparisons between two samples were performed 

using an unpaired two-tailed Student’s t-test. For multiple group comparisons, one-way 

ANOVA analyses with multiple comparisons were performed using Prism software (8.4.3) 

(GraphPad). All reported P values were calculated using two-tailed parametric tests, unless 

otherwise noted. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 

 

Data Availability 
The accession number for the RNA-seq data of ILC2s in SPC-Cre IL-7cKO mice reported in 

this paper is GEO: GSE200372. 
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Results 
 

IL-7 is mainly produced by bronchial epithelial cells, type 2 alveolar epithelial cells, and 
LECs in the lung 
To identify IL-7-producing cells in the lung in steady state, we isolated lung stromal cells from 

WT mice by cell sorter (Supplementary Figure S1) and analyzed Il7 transcripts by qRT-PCR. 

Il7 transcripts were detected at high levels in LECs, whereas low levels of Il7 transcripts were 

also observed in bronchial epithelial cells (bEpi), type 1 alveolar epithelial cells (AEC1s), and 

type 2 alveolar epithelial cells (AEC2s) (Fig. 1A). To confirm the source of IL-7 in the lung, 

we next analyzed the lungs of IL-7-GFP reporter mice with anti-GFP antibody by flow 

cytometry. GFP was highly expressed in LECs, whereas bronchial epithelial cells and type 2 

alveolar epithelial cells also expressed GFP at low levels (Fig. 1B). In addition, we analyzed 

lung sections from IL-7-GFP reporter mice with an anti-GFP antibody by 

immunohistochemistry. GFP expression was detected in EpCAM
+
 bronchial epithelial cells and 

Lyve1
+
 LECs (Fig. 1C). To further investigate Il7 gene expression in lung stromal cells in detail, 

we reanalyzed previously reported single-cell RNA-sequencing (scRNA-seq) data of lung 

CD45
−
 cells (16, 40). The lung CD45

−
 cells were classified into 19 clusters (Fig. 1D). Cluster 

16 that expressed the genes Lyve1, Pdpn (podoplanin), Prox1, and Ccl21a, in accordance with 

the characteristics of LECs, highly expressed Il7 (Fig. 1E, 1F). Cluster 4 that expressed the 

genes Epcam, Sftpc, Nkx2.1, and Il33, consistent with the identity of type 2 alveolar epithelial 

cells and bronchial epithelial cells, expressed Il7 at lower levels than cluster 16. These results 

suggest that IL-7 is expressed at higher levels in LECs and at lower levels in bronchial epithelial 

cells and type 2 alveolar epithelial cells in the lung. 

 

Localization of lung ILC2s changes during inflammation 
ILC2s have been reported to localize in the perivascular space of the lung in steady state and 

airway inflammation in the vicinity of bronchia, bronchioles, arteries, and lymphatic vessels 

(16, 17, 19, 31). However, the localization of ILC2s in the lung has not been compared in detail 

between steady state and airway inflammation. Two types of inflammation were applied to IL-

5
Venus/+

 reporter mice to elucidate the difference in the localization of ILC2s in the lung during 

airway inflammation. First, we administered papain i.n. to the mice to induce airway 

inflammation and activate ILC2s (Fig. 2A). Second, we sensitized and challenged the mice with 

HDM to induce allergic airway inflammation by Th2 cells (Fig. 2B). The frequency of IL-5
+
 

cells in lung ILC2s (lineage
−
IL-7R

+
CD25

+
Sca-1

+
) was determined by flow cytometry. IL-5-

Venus expression was detected in 12~30% of lung ILC2s, and the IL-33 expression level of the 

whole lung in papain-induced airway inflammation was higher than that in HDM-induced 

airway inflammation (Supplementary Figure S2A and B). As previously reported (18, 31), 

CD3
−
IL-5-Venus

+
 ILC2s were detected by immunohistochemistry (Fig. 2C). In steady state and 

papain-induced inflammation, IL-5-Venus
+
 ILC2s were located closer to airway epithelia than 

to lymphatic vessels. In contrast, in HDM-induced inflammation, IL-5-Venus
+
 ILC2s were 

closer to lymphatic vessels than to airway epithelia. Next, we compared the distance between 

IL-5-Venus
+
 ILC2s and bronchia or LECs. IL-5-Venus

+
 ILC2s localized closer to airway 

epithelia in steady state and papain-induced inflammation than IL-5-Venus
+
 ILC2s in HDM-

induced inflammation (Fig. 2D and Supplementary Figure S2C and D). Similarly, IL-5-Venus
+
 

ILC2s localized closer to lymphatic vessels in HDM-induced inflammation than IL-5-Venus
+
 

ILC2s in papain-induced inflammation. Therefore, these results suggest that ILC2s localize 

close to bronchial epithelial layers in steady state and papain-induced airway inflammation but 

that ILC2s localize close to lymphatic vessels in HDM-induced airway inflammation. 

 

ILC2s differentially express chemokines and chemokine receptors in papain- and HDM-
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induced airway inflammation 

To investigate the mechanism of differential localization of ILC2s between papain- and HDM-

induced inflammation, we reanalyzed previously reported RNA-seq data of lung ILC2s in IL-

33-induced and HDM-induced airway inflammation (38). Ccr4 expression in ILC2s was higher 

in IL-33-induced acute inflammation than in HDM-induced chronic inflammation, whereas 

Ccr2 expression was higher in HDM-induced chronic inflammation than in IL-33-induced 

acute inflammation (Supplementary Figure S2E). To confirm the chemokine receptor 

expression, we analyzed Ccr2 and Ccr4 mRNA in ILC2s in steady state, papain-induced 

inflammation, and HDM-induced inflammation. Ccr4 expression in ILC2s was higher in 

papain-induced inflammation than in HDM-induced inflammation, whereas Ccr2 expression in 

ILC2s was reduced in papain-induced inflammation compared to HDM-induced inflammation 
(Supplementary Figure S2F). Consistently, CCR4 expression on ILC2s was elevated in papain-

induced inflammation (Supplementary Figure S2G). 

 To investigate whether the chemokine receptor expression affects the localization of 

ILC2s during inflammation, we administered anti-CCL17 and anti-CCL2 antibodies, which 

target the ligands of CCR4 and CCR2, respectively, to IL-5-Venus reporter mice and induced 

papain- and HDM-induced airway inflammation. In the anti-CCL17 antibody-treated mice, the 

tendency of ILC2 distribution near bronchia was lost, and eosinophil infiltration in the BALF 

was diminished in papain-induced inflammation (Supplementary Figure S3A-F). On the other 

hand, in the anti-CCL2 antibody-treated mice, the tendency of ILC2 distribution near lymphatic 

vessels disappeared, and the frequency of IL-5
+
 T cells was reduced in HDM-induced 

inflammation (Supplementary Figure S4A-F). Thus, these results suggest that ILC2s 

differentially express CCR4 and CCR2 in papain- and HDM-induced airway inflammation. As 

previously reported (38), ILC2s also expressed Ccl6 and Cxcl10 at higher levels in HDM-

induced chronic inflammation than in IL-33-induced acute inflammation (Supplementary 

Figure S2E). Since T cells are one of the target cells for CCL6 and CXCL10, we next examined 

the distance between ILC2s and T cells. ILC2s localized closer to T cells in HDM-induced 

inflammation than in steady state (Fig. 2E). These results suggest that ILC2s differentially 

express chemokines and chemokine receptors in papain- and HDM-induced airway 

inflammation, which may control the distribution of ILC2s and the interaction between ILC2s 

and T cells. 

 In addition to chemokines and chemokine receptors, ILC2s in HDM-induced chronic 

airway inflammation highly expressed the genes related to memory T cells (Il7r, Itgae, Il1rl1, 
Il17re) and regulatory-like phenotype (Tgfb1, Tgfbr2) (Supplementary Figure S2E). On the 

other hand, ILC2s expressed at lower levels the genes related to exhaustion (Tigit, Ctla4), or at 

different levels the genes related to plasticity (Tbx21, Rorc) in HDM-induced chronic 

inflammation. These results suggest that ILC2s change their functions depending on the type 

of airway inflammation. 

 

Local IL-7 is dispensable for the maintenance of lung ILC2s in steady state 
IL-7 has been reported to be critical for the development and maintenance of ILC2s (24, 41). 

Although ILC2s are tissue-resident (42), whether local IL-7 affects tissue-resident ILC2s in 

vivo remains unknown. To investigate the role of lung IL-7 in ILC2s in steady state, we first 

analyzed SPC-Cre IL-7cKO mice with IL-7 deletion in bronchoalveolar epithelial cells. Lung 

ILC2s were detected as Lineage
−
Sca-1

+
IL-7R

+
CD25

+
 cells (Fig. 3A). The number of lung 

ILC2s was unchanged in SPC-Cre IL-7cKO mice compared to control mice (Fig. 3B, 3C). Next, 

we analyzed Lyve1-Cre IL-7cKO mice with IL-7 deletion in LECs. The number of ILC2s was 

also unchanged in Lyve1-Cre IL-7cKO mice compared with control mice (Fig. 3D, 3E). The 

numbers of other immune cells, such as T cells, B cells, NK cells, and myeloid cells, and the 

localization of ILC2s were also unchanged in the lung of SPC-Cre and Lyve1-Cre IL-7cKO 
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mice in steady state (Supplementary Figure S5). These results suggest that local IL-7 produced 

by bronchoalveolar epithelial cells and LECs is dispensable for maintaining lung ILC2s in 

steady state. 

 

IL-7 produced by bronchoalveolar epithelial cells promotes ILC2 activation in papain-
induced airway inflammation 
IL-7 signaling enables the activation of ILC2s in vitro (27). To elucidate the function of IL-7 in 

airway inflammation, we analyzed SPC-Cre IL-7cKO mice and Lyve1-Cre IL-7cKO mice in 

papain-induced airway inflammation. Because most IL-5-Venus-expressing cells were Lin
−
IL-

7R
+
Sca-1

+
CD25

+
KLRG1

+
 ILC2s, ILC2s were the cells mainly activated to produce IL-5, 

inducing eosinophilic infiltration in papain-induced inflammation (Supplementary Figure S6A). 

Because eosinophil infiltration is a sensitive indicator of airway inflammation, we first 

examined eosinophils in the BALF. The frequency and number of eosinophils were reduced in 

the BALF of SPC-Cre IL-7cKO mice compared to control mice, whereas alveolar macrophages 

were unchanged (Fig. 4A). The levels of IL-5 and IL-13 in the BALF were also reduced in SPC-

Cre IL-7cKO mice (Fig. 4B). In contrast, the frequency and number of eosinophils and alveolar 

macrophages in the BALF of Lyve1-Cre IL-7cKO mice were unchanged (Fig. 4C), and the 

levels of IL-5 and IL-13 in the BALF were also unchanged (Fig. 4D). The numbers of other 

immune cells including ILC2s were unchanged in SPC-Cre IL-7cKO mice and Lyve1-Cre IL-

7cKO mice compared to control mice (Fig. 4E-H and Supplementary Figure S6B and C). IL-5 

and IL-13 expression in ILC2s was also unaffected in IL-7cKO mice (Supplementary Figure 

S6D and E). Lung inflammation was attenuated in SPC-Cre IL7cKO mice, as evidenced by 

infiltration of leukocytes into the perivascular space and thickened airway epithelia as shown 

by H&E staining of lung sections (Fig. 5A and Supplementary Figure S7A). In contrast, airway 

inflammation was unchanged in Lyve1-Cre IL-7cKO mice compared to control mice (Fig. 5B 

and Supplementary Figure S7B). These results suggest that IL-7 produced by bronchoalveolar 

epithelial cells exacerbates papain-induced airway inflammation via activation of ILC2s. 

 To assess the effects of epithelial cell IL-7 on ILC2s in detail, we performed gene 

expression profiling of ILC2s from SPC-Cre IL-7cKO mice in papain-induced airway 

inflammation by RNA-seq analysis. We found that several differentially expressed genes 

related to the activation of ILC2s (Il5, Il13, Cxcl2, Cxcl3, Hif1a, Cysltr2) were reduced in ILC2s 

from SPC-Cre IL-7cKO mice (Fig. 5C and D). As previously reported (27), the addition of IL-

7 slightly enhanced the production of IL-5 and IL-13 by ILC2s in response to IL-33 

(Supplementary Figure S7C). The expressions of Il1rl1 (ST2, IL-33R) and Crlf2 (TSLPR) were 

reduced in ILC2s of SPC-Cre IL-7cKO mice (Fig. 5D). We also confirmed ST2 protein 

expression by flow cytometry. ST2 expression on ILC2s was also increased by stimulation with 

IL-7 and IL-33, but not by IL-33 or IL-7 alone (Fig 5E). These results suggest that the IL-7 

signaling upregulates ST2 on ILC2s and enhances IL-5 production and subsequent eosinophil 

infiltration. ILC2s of SPC-Cre IL-7cKO mice also expressed at lower levels the genes 

associated with lymphocyte maintenance and differentiation (Mtor, Hif1a, Il2rb, Runx1, 
Notch1) and regulation of T cell functions (Ctla4, Cd274) (Fig. 5D). In contrast, ILC2s from 

SPC-Cre IL-7cKO mice expressed comparable levels of the genes related with chemoattraction 

of ILC2s (Ccr2, Ccr4, Ccr7). The localization of ILC2s in SPC-Cre IL-7cKO and Lyve1-Cre 

IL-7cKO mice was unchanged in papain-induced airway inflammation (Supplementary Figure. 

S7D). These results suggest that IL-7 produced by bronchoalveolar epithelial cells supports 

ILC2 activation by upregulating the genes related to IL-33R in innate immunity-mediated 

airway inflammation. 

 

IL-7 produced by LECs maintains lung ILC2s in�HDM-induced airway inflammation 
To investigate the function of local IL-7 in lung ILC2s in HDM-induced airway inflammation, 
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we analyzed SPC-Cre IL-7cKO mice and Lyve1-Cre IL-7cKO mice. The frequency and number 

of ILC2s and other immune cells were unchanged in the lung of SPC-Cre IL-7cKO mice 

compared to control mice (Fig. 6A, 6B and Supplementary Figure S8A). Notably, ILC2s were 

significantly reduced in Lyve1-Cre IL-7cKO mice (Fig. 6C and 6D). Because resident memory 

CD4 T cells depend on LEC IL-7 for maintenance (10), we also analyzed CD4 T cells and other 

immune cells. The numbers of CD4 T cells and other immune cells were unchanged in the lung 

of Lyve1-Cre IL-7cKO mice (Fig. 6D and Supplementary Figure S8B). To analyze the 

mechanism of the reduction of ILC2s in Lyve1-Cre IL-7cKO mice, we stained ILC2s for an 

anti-apoptotic protein, Bcl-2, and a proliferation-related protein, Ki-67. The expressions of Bcl-

2 and Ki-67 were reduced in ILC2s of Lyve1-Cre IL-7cKO mice compared to control mice (Fig. 

6E and 6F). Bcl-2 and Ki-67 were unchanged in SPC-Cre IL-7cKO mice (Supplementary 

Figure S8C). 

 Next, we confirmed whether IL-7 activates type 2 inflammation in HDM-induced 

inflammation. Eosinophils, alveolar macrophages, and type 2 cytokines in the BALF were 

unchanged in SPC-Cre and Lyve1-Cre IL-7cKO mice (Fig. 6G-J). IL-5 and IL-13 expression 

in ILC2s was also unaffected in IL-7cKO mice (Supplementary Figure S8D and E). The 

localization of ILC2s appeared unchanged in SPC-Cre IL-7cKO mice and Lyve1-Cre IL-7cKO 

mice (Supplementary Figure. 8F). Inflammatory signatures analyzed by H&E staining of lung 

sections were also unaffected (Supplementary Figure 9A-D). These results suggest that local 

IL-7 does not affect the activation of ILC2s in HDM-induced airway inflammation. Moreover, 

to confirm differences in the expression of IL-7 on stromal cells between steady state, papain-

induced, and HDM-induced inflammation, we analyzed IL-7-GFP reporter mice. However, 

GFP expressions were unchanged between conditions (Supplementary Figure S10). These 

results suggest that IL-7 produced by LECs supports the survival and proliferation of ILC2s in 

HDM-induced airway inflammation due to their localization close to lymphatic vessels. 

 

Anti-IL-7 antibody treatment attenuates papain-induced airway inflammation by 
inhibiting ILC2 activation 
Anti-IL-7 or anti-IL-7Ra antibodies reportedly block IL-7 signaling and ameliorate airway 

inflammation (43, 44). To test whether anti-IL-7 antibody alleviates airway inflammation via 

ILC2s, we treated WT mice with anti-IL-7 antibody in papain-induced inflammation (Fig. 7A). 

The frequency and number of eosinophils were significantly reduced in the BALF of anti-IL-7 

antibody-treated mice compared to the isotype control, whereas the frequency of alveolar 

macrophages was increased (Fig. 7B). The concentration of IL-5 was also reduced in the BALF 

of anti-IL-7 antibody-treated mice (Fig. 7C). Furthermore, the expressions of IL-5 and IL-13 in 

lung ILC2s were slightly decreased in anti-IL-7 antibody-treated mice, although the number of 

ILC2s and other immune cells in the lung was unchanged (Fig. 7D, 7E, and Supplementary 

Figure S11). Histological analysis with H&E staining revealed that anti-IL-7 antibody treatment 

dramatically attenuated papain-induced inflammation, with reduced immune cell infiltration 

into the perivascular and peribronchial spaces and thinner airway walls (Fig. 7F). Moreover, 

ST2 expression was decreased in lung ILC2s of anti-IL-7 antibody-treated mice (Fig. 7G). 

These results suggest that anti-IL-7 antibody treatment alleviates innate immunity-mediated 

airway inflammation by inhibiting ILC2 activation. 
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Discussion 
 

In this study, we determined the role of lung IL-7 in the distribution, activation, and 

maintenance of ILC2s in steady state and airway inflammation using cell type-specific IL-7 

cKO mice. IL-7 is required for the development, maintenance, and activation of ILCs. However, 

whether local IL-7 affects the functions of ILC2s in peripheral tissues remains unknown. This 

study found that lung LECs and bronchoalveolar epithelial cells are major producers of IL-7. 

In steady state and papain-induced airway inflammation, ILC2s are located near bronchia and 

bronchioles. In contrast, in HDM-induced airway inflammation, ILC2s reside close to 

lymphatic vessels. Consistently, IL-5 production and inflammation are attenuated in papain-

induced airway inflammation in bronchoalveolar epithelial cell-specific SPC-Cre IL-7cKO 

mice. In contrast, in HDM-induced airway inflammation, the number of ILC2s and the 

expression of Bcl-2 and Ki-67 in ILC2s are reduced in LEC-specific Lyve1-Cre IL-7cKO mice. 

Since papain-induced inflammation depends on IL-33 from epithelial cells, the localization of 

ILC2s near epithelial cells makes sense. On the other hand, since HDM-induced inflammation 

depends on antigen-specific T cells, the localization of ILC2s near T cells and LECs is 

understandable. These results suggest that IL-7 produced by different stromal cells controls 

ILC2s depending on the type of airway inflammation. 

 In steady state, lung ILC2s do not appear to require local IL-7 for their maintenance 

(Fig. 3C and 3E). Cytokines other than IL-7 may support the maintenance of ILC2s in the lung 

parenchyma. Since ILC2s are located near airway epithelia in steady state (Fig. 2C, 2D, and 

Supplementary Figure S2C and D), it is conceivable that ILC2s receive cytokines from the 

adjacent airway epithelial cells. Lung bronchoalveolar epithelial cells produce IL-33, TSLP, 

and IL-25 during airway inflammation, which may play a role in the maintenance and cytokine 

production of ILC2s (17, 24, 27). Although these cytokines are mainly secreted during 

inflammation, they are likely to be produced at low levels, even in steady state, which may 

contribute to the maintenance of lung ILC2s without IL-7. 

 In papain-induced airway inflammation, ILC2s appear to be potentiated by IL-7 

produced by bronchoalveolar epithelial cells. ILC2s are reported to be stimulated by IL-2, IL-

7, and TSLP in vitro (27, 28). These cytokines activate STAT5, which induces GATA3 

expression and thus IL-5 and IL-13 production in ILC2s (26, 45, 46). However, whether these 

cytokines, especially IL-7, can activate ILC2s in vivo is unknown. In this study, the expression 

of type 2 cytokines and the genes related to lymphocyte activation was reduced in ILC2s of 

SPC-Cre IL-7cKO mice (Fig. 4B, 5C, and 5D). In addition, IL-2 and TSLP have been reported 

to induce ST2 expression on Th2 cells (47). The expression of IL-33R (ST2, Il1rl1) and TSLPR 

(Crlf2) was reduced in ILC2s of SPC-Cre IL-7cKO mice (Fig. 5C and D), suggesting that IL-7 

signaling in ILC2s induces the expression of IL-33R and TSLPR. Therefore, IL-7 may enhance 

the type 2 cytokine production of ILC2s by upregulating the expression of ST2 and TSLPR. As 

for the signaling pathway by which IL-7 upregulates ST2 expression, since IL-2 or TSLP 

stimulation activates STAT5, which upregulates GATA3 expression and thereby ST2 expression 

(47), IL-7, which also activates STAT5, may induce ST2 expression in a similar pathway. 

 In HDM-induced airway inflammation, ILC2s appear to be maintained, at least in part, 

by IL-7 produced by LECs (Fig. 6D), based on their localization close to LECs (Fig. 2D). In 

the HDM-induced airway inflammation model, it is conceivable that Th2 cells, as well as ILC2s, 

produce IL-5 and IL-13. Memory Th2 cells are reduced in the lung of Tie2-Cre IL-7cKO mice, 

in which IL-7 is deleted from endothelial cells one month after the adoptive transfer of effector 

Th2 cells, suggesting that LEC IL-7 is required for maintenance of memory Th2 cells (10). 

However, in our HDM-induced model, tissue-resident memory T cells may not be induced in 

the airway by intraperitoneal injection for sensitization, which may explain the reason why 

tissue-resident memory T cells were unchanged in Lyve1-Cre IL-7cKO mice. 
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 From a previous report and our reanalysis of RNA-seq data, ILC2s in HDM-induced 

chronic airway inflammation exhibit a unique phenotype (Supplementary Figure S2E) (38). 

Compared to those in IL-33-induced acute airway inflammation, ILC2s in HDM-induced 

airway inflammation highly expressed the genes related to memory T cells (Il7r, Itgae, Il1rl1, 
Il17re) and regulatory-like phenotype (Tgfb1, Tgfbr2). In contrast, they expressed at lower 

levels the genes related to exhaustion (Tigit, Ctla4). Thus, ILC2s in HDM-induced airway 

inflammation have different phenotypes and functions than ‘naive’ ILC2s, with a memory- or 

regulatory-like phenotype but less exhaustion. Interestingly, NK cells can have memory-like 

functions during viral infection (48, 49). Thus, the memory-like features of NK cells and ILC2 

in chronic infection and inflammation may share a mechanism with memory T cells. This will 

be an intriguing question in the future. 

 We found that ILC2s tend to localize near bronchia or bronchioles in steady state and 

papain-induced airway inflammation (Fig. 2C, 2D). ILC2s are located in peribronchial and 

perivascular spaces close to airway epithelia, lymphatic vessels, and arteries in steady state (16-

18, 38). In addition, ILC2s increase in perivascular and peribronchial regions during airway 

inflammation (19, 20). The major difference between the previous reports and this study is that 

in this study, the ILC2 localization was quantitatively analyzed and compared between different 

conditions and different IL-7 cKO mice. The bronchoalveolar epithelial cells can produce IL-

33, IL-25, and TSLP, which support the survival, proliferation, and cytokine production of 

ILC2s (12-14). Therefore, it is reasonable that lung ILC2s localize close to airway epithelia in 

steady state. Moreover, because ILC2s highly express CCR4 in papain-induced airway 

inflammation (Supplementary Figure S2E, S2F), they could be attracted to the bronchoalveolar 

epithelial cells that produce its ligand CCL17. Thus, it is possible that ILC2s located near airway 

epithelia rapidly induce IL-5 and eosinophil infiltration upon epithelial cell damage. 

� On the other hand, few studies have reported the localization of ILC2s in�HDM-

induced airway inflammation. ILC2s are close to T cell clusters and may regulate T cell function 

in HDM-induced airway inflammation (38). We showed that ILC2s tend to be located near 

lymphatic vessels and T cells in HDM-induced airway inflammation (Fig. 2C, 2D, 2E). Since 

ILC2s highly express CCR2 in HDM-induced airway inflammation (Supplementary Figure 

S2F), they may be attracted to the LECs that produce its ligand CCL2. Thus, ILC2s near 

lymphatic vessels may receive survival signals of IL-7 from the LECs. In addition, ILC2s reside 

closer to T cells than LECs in�HDM-induced airway inflammation (Fig. 2D, 2E), suggesting 

that ILC2s may interact with T cells with specific functions. Several groups have reported that 

T cells and ILC2s contact each other (50, 51). However, the subset of T cells that interact with 

ILC2s in� HDM-induced airway inflammation remains unknown. Inducible bronchial-

associated lymphoid tissue, iBALT, characterized by Thy1
+
 IL-7-producing LECs, has been 

reported to support the maintenance of memory Th2 cells (51). Thus, ILC2s appear to contact 

T cells entered from lymph and resident memory Th2 cells near lymphatic vessels in HDM-

induced airway inflammation. After repeated antigen challenges, rapidly activated ILC2s may 

help activate Th2 cells via cytokines, thereby amplifying the type 2 response. Another 

possibility is that Treg cells contact ILC2s in�HDM-induced airway inflammation. Treg cells 

are reported to suppress ILC2s through ICOS-ICOSL interaction (52). Icosl, Cd86, and Cd274 

(PDL-1) were highly expressed on ILC2s in HDM-induced airway inflammation 

(Supplementary Figure S2E), suggesting that Treg cells expressing ICOS, CTLA4, and PD-1 

interact with ILC2s to suppress their functions. Further studies are needed to identify the T cell 

subset that interacts with ILC2s in adaptive immunity-mediated airway inflammation. 

� We have shown that the CCR4-CCL17 and CCR2-CCL2 axes regulate the localization 

of ILC2s in papain- and HDM-induced inflammation, respectively. However, the mechanism 

of how these chemokines are specifically produced by bronchial epithelial cells or LECs during 

inflammation is still unclear. In future studies, it would be helpful to confirm whether CCL17 
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expressed by bronchial epithelial cells in papain-induced inflammation and CCL2 expressed by 

LECs in HDM-induced inflammation are higher than the steady state. It is also unclear how 

papain- and HDM-induced inflammation specifically induces changes in CCR4 and CCR2 

expression on ILC2s, respectively. 

 Moreover, some ILC2s are not tissue resident but migratory. Intestinal ILC2s migrate 

from the gut to the lung or mesenteric lymph nodes upon IL-25 stimulation or helminth 

infection (53). Bone marrow ILC2 progenitors migrate to the lungs in fungal allergic airway 

inflammation (54). Therefore, ILC2s in local tissues may have different and unique phenotypes 

and sometimes help other tissues. We showed that lung ILC2s localize close to lymphatic 

vessels in HDM-induced airway inflammation, and ILC2s in HDM-induced airway 

inflammation have a different phenotype from ILC2s in IL-33-induced acute airway 

inflammation. One hypothesis is that ILC2s may not change their phenotype in the local lung 

parenchyma, but ILC2s from other tissues may migrate to the lung in� HDM-induced 

inflammation. However, the source of ILC2s in HDM-induced inflammation remains unknown. 

Thus, it will be necessary to clarify where ILC2s come from and how they acquire the distinct 

phenotype in adaptive immunity-mediated airway inflammation. 

 Administration of anti-IL-7 antibody remarkably suppressed eosinophil infiltration in 

papain-induced airway inflammation (Fig. 7). It is conceivable that ILC2s are mainly activated 

in papain-induced inflammation. We injected the anti-IL-7 antibody once, resulting in specific 

suppression of ILC2 activation in the short term. Therefore, these results suggest that anti-IL-7 

antibody treatment alleviates papain-induced airway inflammation by suppressing ILC2 

activation. However, anti-IL-7 antibody administration adversely affects lymphocyte 

development and function in the long term. Anti-IL-7 antibody administration reduces T and B 

cells in chronic airway inflammation (44). Thus, further studies are needed to confirm the 

systemic effects of anti-IL-7 antibodies in the long term. 

 In conclusion, our study demonstrates that lung IL-7 plays an essential role in the 

distribution, activation, and maintenance of lung ILC2s. In papain-induced airway 

inflammation, ILC2s tend to localize close to bronchoalveolar epithelial cells and receive IL-7 

for activation. In contrast, in�HDM-induced airway inflammation, ILC2s localize close to LECs 

and receive IL-7 for proliferation and survival. Furthermore, anti-IL-7 antibody treatment 

alleviates papain-induced airway inflammation by suppressing ILC2s. Thus, this study provides 

new insights into the local functions of lung IL-7 in ILC2s in innate and adaptive immunity-

mediated airway inflammation and proposes a novel therapeutic target for airway inflammation. 
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Figure legends 
 

Figure 1.�Bronchial epithelial cells, type 2 alveolar epithelial cells, and LECs are major 
producers of IL-7 in the lung. 
(A) qRT-PCR analysis of Il7 mRNA expression in bronchial epithelial cells (bEpi), type 1 

alveolar epithelial cells (AEC1s), type 2 alveolar epithelial cells (AEC2s), blood vascular 

endothelial cells (BECs), LECs, and macrophages. Expression levels were normalized to HPRT 

(n = 3). (B) GFP expression in the indicated cells of IL-7
GFP/+

 or IL-7
+/+

 mice was analyzed by 

flow cytometry. (C) Lung tissue samples from IL-7
GFP/+

 or IL-7
+/+

 mice were stained with anti-

EpCAM (yellow), anti-Lyve1 (cyan), and anti-GFP (red) antibodies. Data represent two to four 

independent experiments with similar results (B, C). Scale bar, 100 µm. (D) Unsupervised 

clustering reanalysis of scRNAseq data (GSM3688759) of lung CD45
−
 cells using UMAP. Each 

dot represents a single cell. (E) Heatmap of mean expression values of selected genes related 

to lung stromal cells. (F) IL-7 mRNA expression in each cluster was identified from the scRNA-

seq data. Data are mean ± SEM with one-way ANOVA and pooled from 2 independent 

experiments (A). 

 

Figure 2. Localization of pulmonary ILC2s changes during inflammation. 
(A) Experimental protocol of papain-induced airway inflammation. Mice were administered i.n. 

with papain on days 0, 1, and 2 and analyzed on day 3. (B) Experimental protocol of house dust 

mite (HDM)-induced airway inflammation. Mice were administered i.p. with HDM on days 0 

and 14, then challenged i.n. with HDM on days 21, 22, and 23, and analyzed on day 37. (C) 

Lung tissue samples (30 µm thickness) from IL-5
Venus/+

 mice were stained with anti-EpCAM 

(yellow, bronchial structure), anti-Lyve1 (green, lymphatic vessels), anti-GFP (red, IL-5
+
 

ILC2s) and anti-CD3 (blue, T cells) antibodies. Images are representative of three or more mice. 

Scale bar, 100 µm. (D) Distance between ILC2s and bronchia or LECs in steady state (Steady), 

papain-induced airway inflammation (Papain), and HDM-induced airway inflammation 

(HDM). (E) Distance between ILC2s and T cells (CD3
+
). Data points were taken from mice 

with more than three animals with more than 20 cells of each type analyzed per mouse (D, E). 

Data are mean ± SEM with one-way ANOVA (E) or Student’s t-test (D) and pooled from 2-3 

independent experiments (D, E). *p < 0.05, **p < 0.01, ***p < 0.001. 

 

Figure 3. IL-7 derived from bronchial epithelial cells and LECs is dispensable for 
maintaining ILC2s in steady state. 
(A) Gating strategy of ILC2s (Lineage

−
Sca-1

+
IL-7R

+
CD25

+
). (B) Flow cytometric analysis of 

lung ILC2s in control and SPC-Cre IL-7cKO mice. The data represent two independent 

experiments with similar results. (C) The absolute number of lung ILC2s in control and SPC-

Cre IL-7cKO mice (n = 5). (D) Flow cytometric analysis of lung ILC2s in control and Lyve1-

Cre IL-7cKO mice. The data represent two independent experiments with similar results. (E) 

The absolute number of lung ILC2s in control and Lyve1-Cre IL-7cKO mice (n = 6). Data are 

mean ± SEM with Student’s t-test and pooled from 2-3 independent experiments (C, E). 

 

Figure 4. Papain-induced airway inflammation depends on IL-7 produced by lung 
epithelial cells. 
Papain-induced airway inflammation was performed as shown in Fig. 2A. (A) Frequency and 

absolute numbers of eosinophils and alveolar macrophages (AM) in the BALF from control 

and SPC-Cre IL-7cKO mice in papain-induced airway inflammation (n = 7). (B) IL-5 and IL-

13 levels in the BALF from control or SPC-Cre IL-7cKO mice by ELISA (n = 4-5). (C) 

Frequency and absolute numbers of eosinophils and alveolar macrophages (AM) in the BALF 

from control or Lyve1-Cre IL-7cKO mice in papain-induced airway inflammation (n = 7). (D) 



� 21 

IL-5 and IL-13 concentrations in the BALF from control or Lyve1-Cre IL-7cKO mice by ELISA 

(n = 3). (E) Flow cytometric analysis of lung ILC2s in control and SPC-Cre IL-7cKO mice in 

papain-induced inflammation. The data represent two independent experiments with similar 

results. (F) Absolute numbers of lung ILC2s, T cells, and total cells in control and SPC-Cre IL-

7cKO mice (n = 3). (G) Flow cytometric analysis of lung ILC2s in control and Lyve1-Cre IL-

7cKO mice in papain-induced inflammation. The data represent two independent experiments 

with similar results. (H) Absolute numbers of lung ILC2s, T cells, and total cells in control and 

Lyve1-Cre IL-7cKO mice (n = 4). Data are mean ± SEM with Student’s t-test and pooled from 

2-3 independent experiments (A-D, F, and H). *p < 0.05, **p < 0.01. 

 

Figure 5. ILC2 activation in papain-induced airway inflammation depends on IL-7 
produced by lung epithelial cells. 
(A, B) Representative lung sections of 10 µm thickness stained with H&E in control and SPC-

Cre IL-7cKO mice (A) and in control and Lyve1-Cre IL-7cKO mice (B) (n = 3). Arrows indicate 

leukocyte infiltration. (C, D) MA plot (C) and heat map (D) of selected genes of lung ILC2s 

from control and SPC-Cre IL-7cKO mice (n = 3). (E) Flow cytometric analysis and mean 

fluorescence intensity (MFI) of ST2 expression on ILC2s (Lineage
−
IL-7R

+
CD25

+
Sca-1

+
, 5 × 

10
3
/well) cultured with the indicated cytokines for three days (n = 4). Data are mean ± SEM 

with one-way ANOVA and pooled from 2-3 independent experiments (E). **p < 0.01, ***p < 

0.001. 

 

Figure 6. IL-7 produced by LECs maintains ILC2 in�HDM-induced airway inflammation. 
HDM-induced airway inflammation was performed as shown in Fig. 2B. (A) Flow cytometric 

analysis of ILC2s from lung parenchyma of control and SPC-Cre IL-7cKO mice. The data 

represent two independent experiments with similar results. (B) Absolute numbers of ILC2, T 

cells, and total cells (n = 4). (C) Flow cytometric analysis of ILC2s from lung parenchyma of 

control and Lyve1-Cre IL-7cKO mice. The data represent two independent experiments with 

similar results. (D) Absolute numbers of ILC2, T cells, and total cells (n = 3-6). (E) Flow 

cytometric analysis (left) and mean fluorescence intensity (MFI) (right) of intracellular staining 

of Bcl-2 in ILC2s from control and Lyve1-Cre IL-7cKO mice. (F) Flow cytometric analysis 

(left) and MFI (right) of intracellular staining of Ki-67 in ILC2s from control and Lyve1-Cre 

IL-7cKO mice. (G) Absolute numbers of eosinophils and alveolar macrophages (AM) in the 

BALF from control and SPC-Cre IL-7cKO mice (n = 3). (H) IL-5 and IL-13 concentrations in 

the BALF from control or SPC-Cre IL-7cKO mice by ELISA (n = 4). (I) Absolute numbers of 

eosinophils and alveolar macrophages (AM) in the BALF from control or Lyve1-Cre IL-7cKO 

mice (n = 4). (J) IL-5 and IL-13 concentrations in the BALF from control or Lyve1-Cre IL-

7cKO mice by ELISA (n = 8). Data are mean ± SEM with Student’s t-test and pooled from 2-3 

independent experiments (B-J). *p < 0.05. 

 

Figure 7. Anti-IL-7 antibody treatment suppresses papain-induced airway inflammation 
by inhibiting ILC2 activation. 
(A) Experimental protocol to attenuate papain-induced airway inflammation by the anti-IL-7 

antibody. Mice were i.p. treated with anti-IL-7 monoclonal antibody (IL-7mab) or isotype 

control on day 0, i.n. treated with papain after 3 hours, i.n. treated with papain on days 1 and 2 

and analyzed on day 3. (B) Frequency and absolute numbers of eosinophils and alveolar 

macrophages (AM) in the BALF from control or anti-IL-7 antibody-treated mice (n = 7). (C) 

IL-5 (n = 8) and IL-13 (n = 4) levels in the BALF from control or anti-IL-7 antibody-treated 

mice were analyzed by ELISA. (D) The absolute number of ILC2s in the lung parenchyma (n 

= 10). (E) Mean fluorescence intensity (MFI) of IL-5 and IL-13 expression in ILC2s by 

intracellular staining (n = 9). (F) Representative lung sections 10 µm thick stained with H&E 
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in control or anti-IL-7 antibody-treated mice (n = 4). (G) MFI of ST2 expression on ILC2s in 

the lung parenchyma (n = 9). Data are mean ± SEM with Student’s t-test and pooled from 2-3 

independent experiments (B-E and G). *p < 0.05. 

  



� 23 

Supplementary Figure Legends 
 

Supplementary Figure 1. Gating strategy for lung stromal cells. 
Gating strategy for bronchial epithelial cells (bEpi; CD45

−
Ter119

−
EpCAM

+
MHC2

+
), type1 

alveolar epithelial cells (AEC1s; CD45
−
Ter119

−
EpCAM

−
podoplanin

+
), type 2 alveolar 

epithelial cells (AEC2s; CD45
−
Ter119

−
CD31

−
EpCAM

+
MHC2

high
), lymphatic endothelial cells 

(LECs; CD45
−
Ter119

−
EpCAM

−
CD31

+
podoplanin

+
) and blood vascular endothelial cells 

(BECs; CD45
−
Ter119

−
EpCAM

−
CD31

+
podoplanin

−
) in the lung parenchymal cells is shown. 

 

Supplementary Figure 2. Localization of IL-5-Venus+ ILC2s in steady state and airway 
inflammation. 
(A) Flow cytometric analysis of Venus expression in lung ILC2s (Lineage

−
Sca-1

+
IL-

7R
+
CD25

+
) of IL-5

Venus/+
 mice in steady state (Steady), papain-induced airway inflammation 

(Papain), and HDM-induced airway inflammation (HDM). Data represent three to five 

independent experiments with similar results. (B) qRT-PCR analysis of Il33 expression in the 

whole lung. (C) The proportion of ILC2s with indicated distance from the bronchial epithelium 

(Bronchia) or lymphatic vessels (LEC). Data points were obtained from more than 20 cells per 

mouse and more than three mice. (D) Distance between ILC2s and lung stromal cells in steady 

state (Steady), papain-induced airway inflammation (Papain), and HDM-induced airway 

inflammation (HDM). (E) Heatmap of reanalyzed data on differentially expressed genes in 

bronchoalveolar lavage fluid ILC2s between acute (IL-33-induced) and chronic (HDM-

induced) airway inflammation. (F) qRT-PCR analysis of Ccr2 and Ccr4 expression in ILC2s. 

(G) Mean fluorescence intensity (MFI) of CCR2 and CCR4 expression on ILC2s in steady state, 

papain-induced airway inflammation, and HDM-induced airway inflammation (n = 4). Data 

points were taken from more than three mice, with more than 20 cells of each type analyzed per 

mouse (C, D). Data are mean ± SEM with one-way ANOVA (C, D, F, G) and pooled from 2-3 

independent experiments (C, D, F, G). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

Supplementary Figure 3. Anti-CCL17 antibody treatment diminishes the tendency of 
ILC2s to distribute near bronchi during papain-induced airway inflammation. 
IL-5-Venus reporter mice treated with or without an anti-CCL17 antibody were subjected to 

papain-induced airway inflammation. (A) Absolute numbers of ILC2s, T cells, alveolar 

macrophages, monocytes, neutrophils, B cells, eosinophils, and NK cells in the lung 

parenchyma of IL-5
Venus/+

 mice and control mice (n = 3-5). (B) Frequency of Venus
+
 ILC2s of 

total ILC2s and mean fluorescence intensity (MFI) of Venus expression of ILC2s (n = 6). (C) 

MFI of ST2 expression of ILC2s (n = 6). (D) Absolute numbers of eosinophils and alveolar 

macrophages (AM) in the BALF (n = 5). (E) Distance between ILC2s and lung stromal cells in 

control or CCL17 Ab-treated mice. (F) Lung tissue samples (30 µm thickness) from IL-5
Venus/+

 

mice were stained with anti-EpCAM (yellow, bronchial structure), anti-Lyve1 (green, 

lymphatic vessels), anti-GFP (red, IL-5
+
 ILC2s), and anti-CD3 (blue, T cells) antibodies. 

Images are representative of three or more mice. Scale bar, 100 µm. Data points were taken 

from mice with more than three animals with more than 20 cells of each type analyzed per 

mouse (E). Data are mean ± SEM with Student’s t-test and pooled from 2-3 independent 

experiments (A-E). *p < 0.05, **p < 0.01, ***p < 0.001. 

 

Supplementary Figure 4. Anti-CCL2 antibody treatment diminishes the tendency of 
ILC2s to distribute near lymphatic vessels in HDM-induced airway inflammation. 
IL-5-Venus reporter mice treated with or without an anti-CCL2 antibody were subjected to 

HDM-induced airway inflammation. (A) Absolute numbers of ILC2s, T cells, alveolar 

macrophages, neutrophils, B cells, eosinophils, and NK cells in the lung parenchyma of IL-
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5
Venus/+

 mice and control mice (n = 4). (B) Frequency of Venus
+
 ILC2s of total ILC2s and mean 

fluorescence intensity (MFI) of Venus expression of ILC2s (n = 3). (C) Frequency of Venus
+
 T 

cells of total T cells and MFI of Venus expression of T cells (n = 3).  (D) Absolute numbers of 

eosinophils and alveolar macrophages (AM) in the BALF (n = 3). (E) Distance between ILC2s 

and lung stromal cells in control or CCL2 Ab-treated mice. (F) Lung tissue samples (30 µm 

thickness) from IL-5
Venus/+

 mice were stained with anti-EpCAM (yellow, bronchial structure), 

anti-Lyve1 (green, lymphatic vessels), anti-GFP (red, IL-5
+
 ILC2s), and anti-CD3 (blue, T cells) 

antibodies. Images are representative for three or more mice. Scale bar, 100 µm. Data points 

were taken from mice with more than three animals with more than 20 cells of each type 

analyzed per mouse (E). Data are mean ± SEM with Student’s t-test and pooled from 2−3 

independent experiments (A-E). *p < 0.05, **p < 0.01, ****p < 0.0001. 

 

Supplementary Figure 5. The numbers of lung immune cells in steady state are unchanged 
in the lung of IL-7cKO mice. 
(A) Absolute numbers of T cells, B cells, NK cells, alveolar macrophages (AM), eosinophils, 

neutrophils, and dendritic cells (DC) in lung parenchyma from SPC-Cre IL-7cKO and control 

mice (n = 2-5). (B) Absolute numbers of T cells, B cells, NK cells, alveolar macrophages (AM), 

eosinophils, neutrophils, and dendritic cells (DC) in the lung from Lyve1-Cre IL-7cKO mice or 

control mice (n = 6). (C) Lung tissue samples (30 µm thickness) from control and SPC-Cre IL-

7cKO mice (top) and control and Lyve1-Cre IL-7cKO mice (bottom) in steady state were 

stained with anti-EpCAM (yellow), anti-Lyve1 (green), anti-NKp46 (yellow), anti-CD25 (red), 

and anti-CD3 (blue, T cells) antibodies. ILC2s were identified as CD3
−
CD25

+
NKp46

−
 round 

cells. Pictures are representative of three or more mice. Scale bar, 50 µm. Data are mean ± SEM 

with Student’s t-test and pooled from 2-3 independent experiments (A, B). 

 

Supplementary Figure 6. Lung immune cells are unchanged in IL-7cKO mice in papain-
induced airway inflammation. 
Papain-induced airway inflammation was performed as shown in Fig. 2A. (A) Flow cytometric 

analysis of Venus expression in parenchymal cells of IL-5
Venus/+

 mice (n = 3). (B) Absolute 

numbers of total cells, T cells, B cells, NK cells, iNKT cells, alveolar macrophages (AM), 

eosinophils, neutrophils, ILC2s, and dendritic cells (DC) in lung parenchyma of control and 

SPC-Cre IL-7cKO mice (n = 3-4). (C) Absolute numbers of lung immune cells in control and 

Lyve1-Cre IL-7cKO mice (n = 4-5). (D) Mean fluorescence intensity (MFI) of IL-5 and IL-13 

expression in ILC2s of control and SPC-Cre IL-7cKO mice (n = 3). (E) MFI of IL-5 and IL-13 

expression in ILC2s of control and Lyve1-Cre IL-7cKO mice (n = 6). Data are mean ± SEM 

with Student’s t-test and pooled from 2-3 independent experiments (B-E). 

 

Supplementary Figure 7. Effect of IL-7 on the function of lung ILC2s. 
(A, B) Histological images of representative lung sections of 10 µm thickness stained with H&E 

in control and SPC-Cre IL-7cKO mice (A) and in control and Lyve1-Cre IL-7cKO mice (B) by 

low power field (×4). (C) Lung ILC2s (Lineage
−
IL-7R

+
CD25

+
Sca-1

+
, 5 × 10

3
/well) from wild-

type mice were cultured with the indicated cytokines for three days. IL-5 and IL-13 in culture 

supernatants were measured by ELISA (n = 4-5). (D) Lung tissue samples (30 µm thickness) 

from control and SPC-Cre IL-7cKO mice (top) and control and Lyve1-Cre IL-7cKO mice 

(bottom) in papain-induced airway inflammation were stained with anti-EpCAM (yellow), anti-

Lyve1 (green), anti-NKp46 (yellow), anti-CD25 (red), and anti-CD3 (blue, T cells) antibodies. 

ILC2s were identified as CD3
−
CD25

+
NKp46

−
 round cells. Pictures are representative of three 

or more mice. Scale bar, 50 µm. Data are mean ± SEM with one-way ANOVA and pooled from 

2-3 independent experiments (C)*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Supplementary Figure 8. Lung immune cells are unchanged in IL-7cKO mice in HDM-
induced airway inflammation. 
HDM-induced airway inflammation was performed as shown in Fig. 2B. (A) Absolute numbers 

of lung immune cells in control and SPC-Cre IL-7cKO mice (n = 4-5). (B) Absolute numbers 

of lung immune cells in control and Lyve1-Cre IL-7cKO mice (n = 5-6). (C) Mean fluorescence 

intensity (MFI) of Bcl-2 and Ki-67 expression in ILC2s of control and SPC-Cre IL-7cKO mice 

(n = 3).  (D) MFI of IL-5 and IL-13 expression in ILC2s of control and SPC-Cre IL-7cKO mice 

(n = 3). (E) MFI of IL-5 and IL-13 expression in ILC2s of control and Lyve1-Cre IL-7cKO 

mice (n = 4). (F) Lung tissue samples (30 µm thickness) from control and SPC-Cre IL-7cKO 

mice (top) and control and Lyve1-Cre IL-7cKO mice (bottom) in HDM-induced airway 

inflammation were stained with anti-EpCAM (yellow), anti-Lyve1 (green), anti-NKp46 

(yellow), anti-CD25 (red), and anti-CD3 (blue, T cells) antibodies. ILC2s were identified as 

CD3
−
CD25

+
NKp46

−
 round cells. Pictures are representative of three or more mice. Scale bar, 

50 µm. Data are mean ± SEM with Student’s t-test and pooled from 2-3 independent 

experiments (A-E). 

 

Supplementary Figure 9. Histological images of IL-7cKO mice in HDM-induced airway 
inflammation. 
HDM-induced airway inflammation was performed as shown in Fig. 2B. (A-D) Histological 

images of representative lung sections of 10 µm thickness stained with H&E in control and 

SPC-Cre IL-7cKO mice (A, B) and in control and Lyve1-Cre IL-7cKO mice (C, D) by high-

power field (�20) (A, C) and low-power field (×4) (B, D) (n =3).  

 

Supplementary Figure 10. IL-7 expression in stromal cells is unchanged between steady 
state and inflammation. 
GFP expression in stromal cells of IL-7

GFP/+
 mice in papain- and HDM-induced airway 

inflammation. Data represent two independent experiments with similar results (n = 3). 

 

Supplementary Figure 11. Flow cytometric analysis of lung immune cells in anti-IL-7 
antibody-treated or control mice. 
Absolute numbers of lung immune cells in control and anti-IL-7 antibody-treated mice (n = 2-

12). Alleviation of papain-induced airway inflammation by the anti-IL-7 antibody was 

performed as shown in Fig. 6A. Data are mean ± SEM with Student’s t-test. 



7

10
23

8

1

4

0

6

13

5

9

16
11

12
14

15
18

17
-10

0

10

-10 0 10
UMAP_1

U
M
AP
_2

Figure 1

A B

IL-7GFP/+
IL-7+/+

C

GFP

BECsAEC2sbEpi LECs

IL-7GFP/+

IL-7+/+

MergeIL-7-GFPEpCAM Lyve1

D

F

bE
pi

AEC2
BEC

LE
C M

φ
0

1

2

3

4

Il7
R

el
a t

i v
e

E
x p

re
ss

i o
n

ss

AEC1
AEC1s s

0 1 2 3 4 5 6 7 8 9 101112131415161718

0.0

0.2

0.4

0.6

0.8

G
en

e 
ex

pr
es

si
on

 (I
l7
)

E

cluster

0
_
e
n
d
o
th
e
lia
l.s
u
b
s
e
t

1
_
fib
ro
b
la
s
tic
.s
u
b
s
e
t

2
_
e
n
d
o
th
e
lia
l.s
u
b
s
e
t

3
_
m
e
s
e
n
c
h
y
m
a
l.s
u
b
s
e
t

4
_
A
E
C
2
s
.a
n
d
.b
E
p
i.c
e
lls

5
_
e
n
d
o
th
e
lia
l.s
u
b
s
e
t

6
_
fib
ro
b
la
s
tic
.s
u
b
s
e
t

7
_
m
e
s
e
n
c
h
y
m
a
l.s
u
b
s
e
t

8
_
fib
ro
b
la
s
tic
.s
u
b
s
e
t

9
_
e
p
ith
e
lia
l.s
u
b
s
e
t

1
0
_
e
p
ith
e
lia
l.s
u
b
s
e
t

1
1
_
e
n
d
o
th
e
lia
l.s
u
b
s
e
t

1
2
_
m
e
s
e
n
c
h
y
m
a
l.s
u
b
s
e
t

1
3
_
e
p
ith
e
lia
l.s
u
b
s
e
t

1
4
_
e
n
d
o
th
e
lia
l.s
u
b
s
e
t

1
5
_
A
E
C
1
s

1
6
_
L
E
C
s

1
7
_
m
e
s
o
th
e
lia
l.s
u
b
s
e
t

1
8
_
h
e
m
a
to
p
o
ie
tic
.c
e
lls

Ccl17
Ccl19
Ccl21a
Col1a1
Epcam
Foxj1
H2-Ab1
Hopx
Icam1
Igfbp2
Il6
Il33
Lyve1
Nkx2-1
Pdgfra
Pdpn
Pecam1
Prox1
Sftpc
Vcam1
Vim

-4

-2

0

2

4

*
******



Figure 2

A

Papain 100 μg/day 

Day 0-2

Day 3

i.n. i.p. i.p. i.n. 

Day 0 Day 14 Day 21-23

HDM 10 μg/day Day 37

B

D

D
i s
t a
n
ce
(µ
m
)

Br
on
ch
ia

LE
C

0

50

100

150

200
Steady

**

Br
on
ch
ia

LE
C

0

50

100

150

200

Papain

*

Br
on
ch
ia

LE
C

0

50

100

150

200

HDM

***
*

E

D
i s
t a
n
ce
(µ
m
)

St
ea
dy

Pa
pa
in

HD
M

0

20

40

60

80

100

T cell-ILC2

Steady Papain HDM
C

IL
-5

-V
en

us
E

pC
A

M
Ly

ve
1

C
D

3

**



Figure 3
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Figure 5
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Supplementary Figure 2
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Supplementary Figure 3
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Supplementary Figure 4
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Supplementary Figure 5

T cell

C
e
ll
n
u
m
b
e
r

B cell NK cell CD4 T CD8 T

AM

C
e
ll
n
u
m
b
e
r

Eosinophil Neutrophil DC

A

0

2

4

6

8

0

2

4

6

8

0

1

2

3

4

0

1

2

3

4

0

2

4

6

0

1

2

3

4

0

5

10

15

0

2

4

6

8

10

x105 x105 x105 x105 x105

x105 x105 x105 x104

C
e
ll
n
u
m
b
e
r

B

AM

C
e
ll
n
u
m
b
e
r

Eosinophil Neutrophil DC

CD4 T CD8 T

0

2

4

6

8

T cell

0

5

10

15

20

B cell NK cell

0

1

2

3

4

0

1

2

3

4

0

5

10

15

0

5

10

15

20

0

5

10

15

0

1

2

3

4

5

0

2

4

6

8

x105 x105 x105 x105 x105

x105 x104 x105 x104

Lyve1-Cre

Control

SPC-Cre

Control

0

5

10

15

20

C

Control SPC-Cre

Control Lyve1-Cre



Supplementary Figure 6
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Supplementary Figure 8
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Supplementary Figure 10
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Supplementary Figure 11
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