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Abstract
Regulatory T cells (Tregs) mediate tissue homeostasis and repair. The function of the interleukin-7 receptor α (IL-7Rα) in nonlymphoid tissue Tregs is 
still unknown, although low expression of IL-7Rα is a widely accepted marker for Tregs. Here, we show that IL-33R (ST2)–expressing Tregs in the 
visceral adipose tissue (VAT) express the IL-7Rα at high levels. Treg-specific IL-7Rα–deficient mice exhibited reduced adipose ST2þ Tregs and 
impaired glucose tolerance, whereas IL-7Rα was dispensable for Tregs in lymphoid tissues. Mice deficient in thymic stromal lymphopoietin (TSLP), 
an additional ligand for IL-7Rα, displayed a modest decrease in adipose ST2þ Tregs and a reduced accumulation of adipose eosinophils, accompanied 
by slightly impaired glucose tolerance. In the VAT, mesothelial cells expressed IL-7, whereas adipose stem cells and folate receptor β–expressing 
tissue-resident macrophages expressed TSLP. Thus, this study indicates the significance of IL-7Rα signaling in the maintenance of VAT Tregs and 
glucose homeostasis, revealing a novel role for IL-7 and TSLP in immunometabolism.
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Introduction
Regulatory T cells (Tregs) suppress autoreactive immune 
responses and establish peripheral tolerance. Recently, Tregs 
have been identified in nonlymphoid tissues, such as the intes-
tine, adipose tissue, skin, brain, skeletal muscle, and bone 
marrow.1,2 DNA methylation, T cell receptor (TCR) reper-
toire, and transcriptome analyses have revealed that tissue 
Tregs have unique features and are distinct from lymphoid 
tissue–associated Tregs.3–5 Expression of the interleukin (IL)- 
33 receptor ST2 is characteristic of tissue Tregs. ST2þ Tregs 
play essential roles in tissue homeostasis and repair by 

producing the immunosuppressive cytokine IL-10 and the 
growth factor amphiregulin (Areg).6–8 Tregs in visceral adi-
pose tissue (VAT) suppress tumor necrosis factor α (TNF-α) 
production by M1 macrophages through IL-10, which facili-
tates the translocation of glucose transporter 4 to the plasma 
membrane and the glucose uptake of adipocytes following in-
sulin signaling, maintaining adipose tissue homeostasis and 
insulin sensitivity.9–12 In addition to Tregs, type 2 innate lym-
phoid cells (ILC2s) and eosinophils play essential roles in adi-
pose tissue. ILC2s produce IL-5, which promotes eosinophil 
accumulation. Eosinophils produce IL-4 and induce M2 
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macrophages, which prevent inflammation-induced insulin 
resistance via IL-10 and arginase 1.13,14

IL-7 receptor α-chain (IL-7Rα) transmits signals for IL-7 
and thymic stromal lymphopoietin (TSLP) by dimerization 
with the common γ-chain and TSLP receptor (TSLPR), re-
spectively.15 IL-7Rα is mainly expressed in lymphocytes. 
TSLP is a cytokine produced by epithelial cells, stromal cells, 
dendritic cells, basophils, and mast cells. Several immune 
cells, including dendritic cells, T cells, and ILC2s, express 
TSLPR.16 IL-7 is essential for T cell development and mainte-
nance, whereas TSLP does not affect T cell development and 
is involved in the progression of allergic diseases by promot-
ing type 2 immune responses.16,17 TSLP also plays a role in 
lipid metabolism.18 TSLP stimulates T cells to migrate to the 
sebaceous glands of the skin and promotes sebum secretion, 
which causes white adipose loss and improves insulin sensi-
tivity and steatohepatitis induced by a high-fat diet (HFD). In 
addition, TSLP acts as a homeostatic factor for activated 
Tregs in the skin.19 Thus, IL-7Rα may mediate tissue homeo-
stasis and allergic responses.

Low expression of IL-7Rα is characteristic of Tregs. Low 
IL-7Rα expression is correlated with high Foxp3 expression 
and suppressive function, whereas high IL-7Rα expression is 
consistent with conventional T cells.20,21 Conversely, Tregs 
constitutively express high levels of the IL-2Rα (CD25), and 
IL-2 signaling plays a pivotal role in the maintenance of 
Tregs.22,23 In contrast to conventional T cells, IL-7 is dispens-
able for Treg maintenance under IL-2 sufficient conditions.24

However, it has been reported that IL-7Rα–deficient Tregs 
have weaker suppressive activity in the skin allograft rejec-
tion model.25 Thus, whether IL-7Rα is required for the func-
tion of nonlymphoid tissue Tregs at steady state 
remains unclear.

To investigate the role of the IL-7Rα in tissue Tregs, we an-
alyzed Foxp3YFP-Cre IL7rαflox/flox (IL-7RΔTreg) mice. ST2þ ef-
fector Tregs expressed IL-7Rα at high levels. IL-7RΔTreg mice 
had fewer ST2þ Tregs in the VAT, showed impaired glucose 
tolerance, and developed liver steatosis on HFD. TSLP- 
deficient mice exhibited a modest decrease in VAT ST2þ

Tregs and reduced eosinophil accumulation in the VAT, ac-
companied by slight impairment in glucose tolerance. These 
findings demonstrate the essential role of IL-7R signaling in 
the maintenance of adipose tissue Tregs and suggest a poten-
tial role for IL-7 and TSLP in glucose homeostasis, providing 
new insights for therapeutic intervention in type 2 diabetes.

Materials and methods
Mice
IL-7Rα–floxed mice26 were bred with Foxp3YFP-Cre mice.27

IL-7RΔTreg mice indicate Foxp3YFP-Cre/Y IL-7Rfl/fl or 
Foxp3YFP-Cre/YFP-Cre IL-7Rfl/fl. Foxp3YFP-Cre/Y IL-7Rþ/þ or 
Foxp3YFP-Cre/YFP-Cre IL-7Rþ/þ mice were used as control 
mice. Each pair of same-sex control and knockout (KO) mice 
from the same litter were analyzed simultaneously, and data 
from multiple mixed-sex pairs from different litters were 
pooled. IL-7GFP/þ mice were previously described.28 Rag2−/− 

mice on a C57BL/6J (CD45.2) background were a kind gift 
from Dr. F.W. Alt (Harvard Medical School). Foxp3hCD2- 
knockin mice (Foxp3hCD2) were provided by Dr. S. Hori 
(University of Tokyo).29

TSLP-deficient (TSLP KO) mice were generated using 
CRISPR/Cas9/single guide RNA (sgRNA)–mediated gene 

editing. Two sgRNAs were designed to delete from exon 2 to 
intron 3. sgRNA was synthesized by Integrated DNA 
Technologies. The sgRNA sequences were as follows: TSLP 
exon 2, CTGCAAGTACTAGTACGGATGGG; and TSLP in-
tron 3, TCCGCGGGGTGGCCCGCATCCGG. sgRNA and 
Cas9 protein (Thermo Fisher Scientific) were microinjected 
into the pronuclei of fertilized eggs obtained from the 
C57BL/6 mice. Tail DNA was amplified by polymerase chain 
reaction (PCR) with the following primers to detect the dele-
tion of the targeted region: wild-type (WT) allele, primer 1, 
50-ACGGGAAACAGAGTTGGAAC-30, and primer 2, 50- 
CAAATCTCCAGTCAGGTCATGA-30; KO allele, primer 1 
and primer 3, 50-GCCTATTGCAAATTGCTCC-30. Chimeric 
mice were backcrossed with C57BL/6J mice for 2 to 4 genera-
tions and used for analysis. TSLP−/− mice were compared 
with sex-matched TSLPþ/þ littermates (control). All mice 
were maintained under specific pathogen-free conditions at 
the Experimental Research Center for Infectious Diseases of 
the Institute for Life and Medical Sciences, Kyoto University. 
All mouse protocols were approved by the Animal 
Experimentation Committee of the Institute for Life and 
Medical Sciences at Kyoto University.

Cell preparation
Lymph node cells were obtained from the cervical, axillary, 
brachial, inguinal, and mesenteric regions. VAT was isolated 
from the perigonadal region (epididymal in males and perio-
varian in females). VAT lymphocytes were isolated as previ-
ously reported, with minor modifications.30 Briefly, 
perigonadal fat pads were excised after perfusion with 
phosphate-buffered saline (PBS), minced with scissors, and 
incubated for 1 h at 37 �C in 2 mL RPMI 1640 medium con-
taining 1.25 mg/mL collagenase D (Roche), 20 µg/mL collage-
nase P (Roche), and 50 µg/mL DNase I (Worthington). The 
cell suspension was filtered through a 100 μm cell strainer 
and centrifuged at 440 g for 7 min at room temperature. The 
cell pellet was collected as stromal vascular fraction (SVF), 
and lymphocytes were enriched from SVF by centrifugation 
at 40% and 80% Percoll.

Antibodies and flow cytometry
The following fluorescent dye- or biotin-conjugated anti- 
mouse antibodies were used: CD4 (GK1.5 or RM4-5), CD8α 
(53-6.7), CD44 (IM7), Foxp3 (FJK-16s), ST2 (RM-ST2-2), 
Ki-67 (SolA15), E4BP4 (S2M-E19), rat IgG2aκ isotype con-
trol (eBR2a), mouse IgG1 isotype control (MOPC-21), and 
streptavidin-PE-Cy7 (all from Thermo Fisher Scientific); 
TCRβ (H57-597), CD3ε (145-2C11), B220 (RA3-6B2), 
CD11b (M1/70), CD11c (N418), Gr-1 (RB6-8C5), FcεRIα 
(MAR-1), NK1.1 (PK136), TER-119, Ly-6G (1A8), Siglec-F 
(S17007L), CD25 (PC61.5), CD45.2 (104), IL-7Rα (A7R34), 
IL-10 (JES5-16E3), TSLPR (22H9), PD-1 (29F.1A12), 
KLRG1 (2F1/KLRG1), CCR7 (4B12), IFN-γ (XMG1.2), IL- 
17A (TC11-18H10.1), Bcl-2 (BCL/10C4), CD31 (MEC13.3), 
gp38 (8.1.1), PDGFRα (APA5), IL-4 (11B11), IL-5 (TRFK5), 
donkey polyclonal anti-rabbit IgG (Poly4064), streptavidin- 
APC, streptavidin-PE, ad hamster IgG isotype control 
(HTK888) (all from BioLegend); CD152 (CTLA4, UC10- 
4F10-11), Siglec-F (E50-2440), and RORγt (Q31-378) (all 
from BD Biosciences); PPAR-γ (B-5) (Santa Cruz 
Biotechnology); and rabbit lyve-1 polyclonal antibody 
(ReliaTech). The lineage marker cocktail contained antibod-
ies against CD3ε, B220, CD11b, CD11c, Gr-1, FcεRIα, 
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NK1.1, and TER-119. Debris and dead cells were excluded 
from the analysis using forward and side scatter and propi-
dium iodide gating. Intracellular staining was performed with 
intracellular fixation buffer, Foxp3 staining buffer set 
(Thermo Fisher Scientific), or Cytofix/Cytoperm (BD 
Biosciences) according to the manufacturer’s instructions. 
Stained cells were analyzed using a FACSVerse flow cytome-
ter (BD Biosciences). Data analysis was performed using 
FlowJo software v9.9.6 (BD Biosciences). Cell sorting was 
performed using a FACSAria II or III cell sorter (BD 
Biosciences).

Glucose tolerance test and insulin tolerance test
Male mice 15 to 20 wk of age were used. For the glucose tol-
erance test (GTT), mice and their littermate controls were 
fasted for 16 h. The mice were then injected intraperitoneally 
with 2.0 g/kg of body weight of D-glucose (Nacalai Tesque) 
dissolved in PBS. For the insulin tolerance test, mice and their 
littermate controls were fasted for 3 h. The mice were injected 
intraperitoneally with 0.8 units/kg of body weight of insulin 
(Humulin R; Eli Lilly Japan) dissolved in PBS. Blood was col-
lected from the tail tip at the indicated times, and blood glu-
cose concentrations were measured using LaboGluco 
(ForaCare Japan). The area under the curve of intraperitoneal 
GTT and insulin tolerance test was calculated using 
GraphPad Prism 9 (GraphPad Software).

High-fat diets
Where indicated, 15-wk-old male mice were fed an HFD 
(60 kcal%, D12492; Research Diets) for 3 wk.

Histology
Tissues were excised, fixed in 10% formalin for 3 h at room 
temperature, and embedded in paraffin. Tissues were cut into 
5 µm sections and stained with hematoxylin and eosin (Muto 
Pure Chemicals). Images were captured using a BZ-X810 mi-
croscope (Keyence).

Serum and hepatic lipid measurements
For blood triglyceride and total cholesterol measurements in 
normal diet-fed mice, mice were fasted for 16 h and then fed a 
standard diet for 6 h. Blood was collected from the abdominal 
aorta immediately after euthanasia. For low-density lipoprotein 
(LDL) cholesterol measurements in HFD-fed mice, blood was 
collected from the abdominal aorta immediately after euthana-
sia. The samples were centrifuged, and the supernatants were 
collected. Liver homogenates from HFD-fed mice were prepared 
as described previously.18 Triglyceride, total cholesterol, and 
LDL cholesterol levels were measured by Oriental Yeast.

Cell culture
Cells were cultured in RPMI 1640 (Nacalai Tesque) medium 
supplemented with 10% fetal calf serum, 50 µM 2-ME, and 
penicillin/streptomycin containing 50 ng/mL PMA (Cayman 
Chemical), 500 ng/mL ionomycin (Cayman Chemical), and 
10 µg/mL brefeldin A (Cayman Chemical) at 37 �C and 5% 
CO2 for 4 h. Where indicated, cells were cultured with re-
combinant mouse IL-7 (20 ng/mL; BioLegend) or TSLP 
(100 ng/mL; eBioscience) for 21 h.

Dextran sulfate sodium–induced colitis
Mice were given 3% dextran sulfate sodium (DSS) (molecular 
weight 36–50 kDa; MP Biomedicals) in drinking water for 7 

d. Body weight, stool consistency, and fecal blood were moni-
tored daily. Disease activity index scoring was performed as 
previously described.31

Quantitative real-time PCR
WT and TSLP KO mice received 100 µg papain (Sigma-Aldrich) 
intranasally. After 18 h, the lungs were homogenized using 
Sepasol-RNA I Super-G (Nacalai Tesque), and total RNA was 
isolated. Complementary DNA was synthesized with a random 
primer (Thermo Fisher Scientific) using ReverTra Ace 
(TOYOBO). Quantitative real-time PCR was performed using 
the StepOnePlus Real-Time PCR System (Thermo Fisher 
Scientific) and TB Green Premix Ex Taq II (Takara). StepOne 
software v2.3 (Thermo Fisher Scientific) was used to analyze 
the data. The primers used were as follows: HPRT,32 TSLP, 50- 
CGACAGCATGGTTCTTCTCA-30 (primer 4 in Fig. S4B), and 
50-CGATTTGCTCGAACTTAGCC-30 (primer 5 in Fig. S4B).

Enzyme-linked immunosorbent assay
WT and TSLP KO mice were given 100 µg of papain intrana-
sally (Sigma-Aldrich). After 18 h, the lungs were harvested 
and homogenized in 0.5 mL lysis buffer (0.5% Triton X-100, 
150 mM NaCl, 15 mM Tris (pH 7.4), 1 mM CaCl2, 1 mM 
MgCl2, and protease inhibitor). The homogenates were cen-
trifuged at 10,000 g for 10 min. According to the manufac-
turer's instructions, 100 µL of the supernatant was analyzed 
for TSLP using the DuoSet ELISA kit (R&D Systems).

Single-cell RNA sequencing analysis
Single-cell RNA sequencing (scRNA-seq) data of hematopoietic 
lineage marker (CD5, CD45R [B220], CD11b, Gr-1 [Ly-6G/C], 
7/4, and Ter-119) positive and negative cells isolated from the 
SVF of epididymal white adipose tissue of C57BL/6J mice 
(male, 8–9 wk old) were downloaded from the Sequence Read 
Archive (SRP145475; https://www.ncbi.nlm.nih.gov/sra/).33

Fastq files were processed using the Cell Ranger pipeline 
(v.6.1.1) with default parameters (https://support.10xgenomics. 
com/single-cell-gene-expression/software/pipelines/latest/what- 
is-cell-ranger) (processed by Takara Bio analysis service). 
Refdata-gex-mm10-2020-A was used as the reference. 
Chemistry was set to SC3Pv2. Clustering and gene expression 
of the Cell Ranger output were visualized using 10x Genomics 
Loupe Browser (v.7.0.1) (https://support.10xgenomics.com/ 
single-cell-gene-expression/software/visualization/latest/what- 
is-loupe-cell-browser). The following marker genes were used 
for cluster annotation34: adipocyte, Adipoq; ASPC, Pdgfra; me-
sothelial, Msln; endothelial, Jam2; lymphatic endothelial, 
Prox1; macrophage, Mafb; monocyte, Cybb; dendritic cell, 
Flt3; neutrophil, Csf3r; B cell, Ms4a1; T cell, Cd3d; and 
ILC2, Il1rl1.

Intracellular staining of IL-7GFP

A modified intracellular staining procedure was used.35 SVF 
from perigonadal adipose tissue of 15-wk-old male mice was 
prepared as described in Cell Preparation and incubated with 
TruStain FcX (anti-CD16/32, Fc receptor blocking antibody) 
(BioLegend). After cell surface staining, cells were fixed with 
0.5% paraformaldehyde on ice for 30 min and washed. Cells 
were then fixed and permeabilized with Fixation/ 
Permeabilization Solution (BD Biosciences) for 30 min on ice. 
Cells were washed with Perm/Wash Buffer (BD Biosciences) 
and incubated with Alexa Fluor 488 anti-GFP polyclonal 

The Journal of Immunology, Vol. 00, No. 0                                                                                                                                                                            3 

D
ow

nloaded from
 https://academ

ic.oup.com
/jim

m
unol/advance-article/doi/10.1093/jim

m
un/vkae064/8087019 by H

arvard U
niversity Library user on 22 April 2025

https://academic.oup.com/jimmunolarticle-lookup/doi/10.1093/jimmun/vkae064#supplementary-data
https://academic.oup.com/jimmunolarticle-lookup/doi/10.1093/jimmun/vkae064#supplementary-data
https://www.ncbi.nlm.nih.gov/sra/
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/visualization/latest/what-is-loupe-cell-browser
https://support.10xgenomics.com/single-cell-gene-expression/software/visualization/latest/what-is-loupe-cell-browser
https://support.10xgenomics.com/single-cell-gene-expression/software/visualization/latest/what-is-loupe-cell-browser


Figure 1. Impaired glucose tolerance in IL-7RΔTreg mice. (A) Flow cytometric analysis of VAT Tregs from control and IL-7RΔTreg male mice at 15 wk of age. 
The numbers in each panel indicate the percentage of gated populations. Graphs show the frequency of Tregs among VAT CD4 T cells and the number of 
VAT Tregs (n¼ 15 mice per group). (B) Frequency of ST2þ Tregs among VAT Tregs and number of ST2þ and ST2− VAT Tregs in 15-wk-old male mice 
(n¼ 12 mice per group). (C) Frequency of IL-10–producing VAT Tregs. VAT lymphocytes were stimulated with PMA and ionomycin for 4 h. Frequency of                                                                                                                                                                                                                                                            

(Continued)
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antibody (Invitrogen) in Perm/Wash Buffer for 30 min on ice. 
The cells were then washed and analyzed using 
flow cytometry.

Statistical analysis
Data were analyzed using GraphPad Prism version 9 or 10.

Results
IL-7RΔTreg mice have fewer VAT Tregs and show 
impaired glucose tolerance
To examine the function of IL-7Rα in tissue Tregs, Foxp3YFP-Cre 

mice were crossed with IL-7Rα–floxed mice.26,27 The resulting 
Foxp3YFP-Cre IL7rαflox/flox (IL-7RΔTreg) mice appeared healthy, 
showed no visible autoimmune symptoms, and maintained a 
body weight comparable to that of control Foxp3YFP-CreIL7rαþ/þ

mice under specific pathogen–free conditions (Fig. S1A). 
Successful IL-7Rα deletion was limited to Foxp3þ CD4 T cells 
(Fig. S1B). The frequency and number of Tregs, as well as the 
ratio of CD44lowCCR7high naive Tregs and CD44highCCR7low 

effector Tregs (eTregs), were similar between control and IL- 
7RΔTreg mice in the spleen and lymph nodes (LNs) (Fig. S1C, 
D). The ratio of eTregs was slightly reduced in the thymus (Fig. 
S1D). We then investigated the abdominal VAT, a nonlym-
phoid tissue where Tregs are more prevalent than in other 
organs.11 VAT weights were similar between control and IL- 
7RΔTreg mice (Fig. S1E). However, male and female IL-7RΔTreg 

mice exhibited significantly lower frequencies and numbers of 
VAT Tregs (Fig. 1A; Fig. S1F). ST2 expression distinguishes tis-
sue Tregs, and ST2þ Tregs are abundant in VAT and produce 
large amounts of IL-10.36 In IL-7RΔTreg mice, the number of 
ST2þ, but not ST2−, Tregs were reduced by approximately 
75% (Fig. 1A, B; Fig. S1G). Consistent with fewer ST2þ Tregs, 
the frequency of IL-10-producing Tregs decreased in the VAT 
of IL-7RΔTreg mice, and the frequency of IL-10þ ST2þ Tregs 
appeared to be slightly lower in IL-7RΔTreg mice (Fig. 1C). 
These results indicate that the IL-7Rα plays an essential role in 
the accumulation of VAT Tregs.

VAT Tregs suppress obesity-associated inflammation, 
which in turn limits insulin resistance.11,12 Consistently, IL- 
7RΔTreg mice fed the standard diet and HFD exhibited im-
paired glucose tolerance (Fig. 1D; Fig. S1H). Insulin resis-
tance was observed in IL-7RΔTreg mice fed the standard diet, 
although the differences were not statistically significant (Fig. 
S1I). There was no remarkable difference in the histology of 
hematoxylin and eosin–stained liver sections or in serum tri-
glyceride and total cholesterol levels between control and IL- 
7RΔTreg mice fed a standard diet at 15 wk of age (Fig. 1E; Fig. 
S1J). However, as type 2 diabetes (T2D) is associated with 

hepatic steatosis,37 IL-7RΔTreg mice fed an HFD tended to 
show an increased frequency of lipid droplet deposition in 
the liver and higher liver triglyceride content (Fig. 1E, F). 
Furthermore, since hepatic steatosis causes an elevation of 
blood LDL cholesterol by reducing LDL receptors in the 
liver,38,39 IL-7RΔTreg mice fed an HFD tended to have slightly 
elevated blood LDL cholesterol levels (Fig. 1G). These results 
indicate that IL-7Rα is essential for VAT homeostasis and 
glucose metabolism through Tregs.

To understand the underlying function of IL-7Rα signaling 
in VAT Tregs, we analyzed the expression of peroxisome 
proliferator-activated receptor γ (PPAR-γ) , a master regula-
tor of VAT Treg differentiation.12 Residual ST2þ VAT Tregs 
in IL-7RΔTreg mice showed normal PPAR-γ expression 
(Fig. 1H). Furthermore, VAT Tregs cultured ex vivo with IL- 
7 or TSLP did not increase the frequency of ST2þ Tregs or 
upregulate ST2 expression (Fig. 1I, J). These results suggest 
that IL-7Rα signaling is dispensable for PPAR-γ and ST2 ex-
pression in VAT Tregs. Because IL-7R signaling supports T 
cell survival and proliferation, we examined the expression of 
the antiapoptotic factor Bcl-2 and proliferation marker Ki-67 
in VAT Tregs. While Ki-67high Tregs were increased (Fig. 
S1K), Bcl-2 expression was attenuated in VAT ST2þ Tregs of 
IL-7RΔTreg mice (Fig. 1K), suggesting that the survival of 
ST2þ VAT Tregs depends on IL-7Rα signaling.

ST2þ Tregs are IL-7Rαhigh, but their IL-7Rα signaling 
dependence varies between tissues
To analyze the specific role of IL-7Rα in ST2þ Tregs, we ex-
amined IL-7Rα expression levels in Tregs. IL-7Rα expression 
levels generally discriminate between IL-7Rhigh conventional 
T cells and IL-7Rlow Tregs.20,21 However, VAT Tregs 
expressed IL-7Rα at high levels, comparable to those of con-
ventional CD4 T cells (Fig. 2A). In the VAT, 80% to 90% of 
Tregs are ST2-expressing eTregs.36 Compared with ST2− 

Tregs, IL-7Rα expression was higher in ST2þ Tregs in the 
VAT (Fig. 2A). Because eTregs show higher IL-7Rα expres-
sion than naive Tregs and ST2þ Tregs are included in 
eTregs,36,40 we compared IL-7Rα expression between naive, 
ST2− effector, and ST2þ effector Tregs to investigate whether 
IL-7Rhigh is a common feature of eTregs or a characteristic of 
ST2þ eTregs. In the VAT, but also in the spleen, colon, lung, 
and bone marrow (BM), IL-7Rα expression levels were con-
sistently high in ST2þ eTregs but not in ST2− eTregs 
(Fig. 2B), indicating that IL-7Rαhigh is characteristic of ST2þ

eTregs. These results suggest that the IL-7Rα may have a spe-
cific function in ST2þ eTregs.

We investigated the effect of IL-7Rα signaling on ST2þ

eTregs in different tissues. IL-7RΔTreg mice showed no 

Figure 1. Continued 
IL-10þ Tregs was determined by gating the TCRβþCD4þFoxp3þ or TCRβþCD4þFoxp3þST2þ populations (n¼ 14–15 mice per group). (D) GTT was 
performed on control and IL-7RΔTreg mice at 15 wk of age (n¼ 10–11 mice per group). The bar graph indicates the area under the curve (AUC) of GTT 
calculated using GraphPad Prism. (E) Representative images of hematoxylin and eosin–stained liver sections from the indicated mice 3 wk after feeding 
the standard diet and HFD. The graph indicates the frequency of mice in the HFD-fed groups with lipid droplets in the liver (n¼ 7 mice per group). (F) 
Liver triglyceride levels in control and IL-7RΔTreg male mice fed an HFD for 3 wk (n¼ 8 mice per group). (G) Blood LDL cholesterol in control and IL-7RΔTreg 

male mice fed an HFD for 3 wk (n¼ 9 mice per group). (H) Flow cytometric analysis of intracellular PPARγ expression in VAT ST2þ Tregs. Data represent 
3 independent experiments (n¼ 4 mice per group). The graph shows the mean fluorescence intensity (MFI) of PPARγ. (I, J) VAT lymphocytes from 
Foxp3YFP-Cre and Foxp3hCD2 mice were cultured for 21 h in the presence or absence of IL-7 or TSLP. Frequency of ST2þ cells in VAT Tregs (I) and the MFI 
of ST2 (J) were determined by gating on TCRβþCD4þYFP(Foxp3)þ or TCRβþCD4þhCD2(Foxp3)þ. Data are from 3 independent experiments (IL-7, n¼4 
mice per group; TSLP, n¼ 5 mice per group). (K) Bcl-2 expression in ST2þ Tregs in the VAT. Shown represents 4 independent experiments, and the 
graph summarizes the MFI of Bcl-2. (A–D, H, K) Data are mean ± SEM. Statistics were performed using unpaired t tests. (I, J) A paired 2-tailed Student’s 
t-test was used. �P<0.05, ��P< 0.01, ����P< 0.0001. (F, G) Bars indicate the median of each group. The P value was measured using the Mann- 
Whitney test. n.s., not significant
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Figure 2. ST2þ Tregs express IL-7Rα at high levels, and their IL-7Rα dependence differs between tissues. (A) IL-7Rα expression in conventional CD4 T 
cells and Tregs in tissues from wild-type (WT) mice (left). IL-7Rα expression in conventional CD4 T cells and ST2þ and ST2− Tregs in the VAT (right). 
Graphs summarize the mean fluorescence intensity (MFI) of IL-7Rα. (B) IL-7Rα expression in conventional CD4 T cells, naive Tregs, and ST2þ and ST2−                                                                                                                                                                                                                                                            

(Continued)
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changes in the frequency and number of total Tregs in the co-
lon, lungs, and BM (Fig. S2A). Nevertheless, IL-7RΔTreg mice 
exhibited a 60% reduction in the frequency and number of 
ST2þ Tregs in the colon (Fig. 2C). Instead, the frequency of 
RORγtþ Tregs increased in the colon of IL-7RΔTreg mice. 
ST2þ Tregs produce Areg, a growth hormone with tissue- 
repair activity.6,7 To investigate the impact of lowered co-
lonic ST2þ Tregs in IL-7RΔTreg mice on inflammation and tis-
sue repair, we used a DSS-induced colitis model. Despite the 
reduced colonic ST2þ Tregs, IL-7RΔTreg mice showed compa-
rable body weight loss, disease activity index, and histology, 
suggesting that IL-7RΔTreg mice exhibited unchanged tissue 
repair during intestinal inflammation (Fig. S2B–D). Many 
Tregs in the lungs, BM, and spleen express ST2.5,6 In these 
organs, the frequency of ST2þ Tregs was unchanged or de-
creased by 15% in IL-7RΔTreg mice (Fig. 2D). These results 
suggest that, despite the elevated expression of IL-7Rα among 
ST2þ Tregs, their dependence on IL-7Rα signaling varies 
among tissues.

Precursor stages of ST2þ tissue Tregs are 
independent of IL-7Rα
Precursors of ST2þ tissue Tregs have been identified in the 
secondary lymphoid organs. ST2þ tissue Treg precursors can 
be divided into 3 stages: Klrg1−Nfil3−, Klrg1−Nfil3þ, and 
Klrg1þNfil3þ (hereafter referred to as stages 1, 2, and 3, re-
spectively), and differentiate in this order.5 To examine 
whether IL-7Rα is required for the development of ST2þ

Treg precursors, we analyzed spleens 10 d after birth, when 
the frequency of precursors peaks.5 Using KLRG1 and 
E4BP4 (encoded by Nfil3) antibodies, we found that the fre-
quency and number of ST2þ Treg precursors were unaffected 
in the spleen of IL-7RΔTreg mice (Fig. 3A, B). ST2 expression 
has been reported to begin at stage 3.5 As IL-7Rα was highly 
expressed in ST2þ Tregs (Fig. 2B), IL-7Rα expression was 
low in stages 1 and 2 and was upregulated in stage 3 at the 
RNA level (Fig. 3C). Pd1 can be substituted by Nfil3.5

Similarly, Pd1 distinguished between Treg precursor stages in 
control and IL-7RΔTreg mice (Fig. 3D). Consistent with RNA 
expression, IL-7Rα surface expression was low in stages 1 
and 2 and high in stage 3 (Fig. 3E). Although the frequency 
of ST2þ Tregs was slightly reduced at stage 3 in IL-7RΔTreg 

mice (Fig. 3F), these numbers were not significantly reduced 
(Fig. 3G). Collectively, IL-7Rα signaling does not affect the 
differentiation of ST2þ Treg cells at stage 1 and 2 precursor 
stages in secondary lymphoid organs.

TSLP is partially responsible for adipose ST2þ

Tregs
Possible ligands of IL-7Rα include IL-7 and TSLP. We ana-
lyzed the expression of the TSLPR to determine whether 
TSLP is required for ST2þ VAT Tregs. TSLPR was highly 
expressed in VAT Tregs, especially in ST2þ eTregs (Fig. 4A), 
which is consistent with a recent report that TSLPRþ Tregs in 

colorectal cancer express ST2.41 TSLPR was also highly 
expressed in ST2þ eTregs in various tissues, similar to IL-7Rα 
(Fig. S3A). To investigate the effects of TSLP on VAT Tregs, 
we generated TSLP-deficient (TSLP KO) mice (Fig. S3B–E). 
As seen in IL-7RΔTreg mice, the frequency, number, and na-
ive/effector ratio of Tregs in the spleen of TSLP KO mice 
remained unchanged (Fig. S3F, G). However, TSLP KO mice 
showed a slight decrease in frequency and a trend toward a 
reduced number of VAT Foxp3þ cells (Fig. 4B). Although the 
frequency and number of VAT ST2þ Tregs were reduced by 
approximately 30% in TSLP KO mice (Fig. 4C), the reduc-
tion was less severe than that in IL-7RΔTreg mice. TSLP KO 
mice also exhibited slightly impaired glucose tolerance 
(Fig. 4D), which was less severe than that in IL-7RΔTreg mice, 
as the area under the curve of the glucose tolerance test 
remained unchanged in TSLP KO mice (Fig. 4E). We further 
analyzed ST2þ Tregs in other tissues of TSLP KO mice. In 
contrast to IL-7RΔTreg mice, the number of Tregs, including 
ST2þ populations, did not change in the colon of TSLP KO 
mice (Fig. 4F; Fig. S3H), suggesting that IL-7, rather than 
TSLP, may support ST2þ Tregs in the colon. However, in the 
lung and BM, TSLP KO mice exhibited a 30% reduction in 
the frequency and number of ST2þ Tregs while the total 
number of Treg cells remained unchanged (Fig. 4F; Fig. 
S3H), suggesting that TSLP partially supports ST2þ Tregs in 
these tissues. Collectively, these results suggest that TSLP 
cooperates with IL-7 to maintain VAT ST2þ Tregs.

TSLP is required for glucose homeostasis via 
eosinophil accumulation in adipose tissue
Despite the slight decrease in VAT Tregs (Fig. 4B), TSLP KO 
mice exhibited impaired glucose tolerance, even when fed a 
standard diet (Fig. 4D). To further explore the reasons for 
glucose intolerance in TSLP KO mice, we investigated the 
VAT. Although conventional CD4 and CD8 T cells are re-
portedly involved in sebum-induced white adipose loss 
through TSLP,18 VAT weight and conventional T cell num-
bers remained unchanged in TSLP KO mice (Fig. 5A; Fig. 
S4A, B). Because adipose tissue eosinophils play a crucial role 
in maintaining glucose homeostasis by suppressing inflamma-
tion through IL-4–mediated M2 macrophage polarization,13

we examined the impact of TSLP deletion on VAT eosino-
phils (Fig. S4C). As previously reported for TSLPR-deficient 
mice,42 the number of lung eosinophils remained unchanged 
in TSLP KO mice (Fig. S4D), whereas VAT eosinophils were 
reduced by 50% in TSLP KO mice (Fig. 5B; Fig. S4E).

Because IL-5 produced by ILC2s is critical for eosinophil 
accumulation in the VAT,14 we next examined ILC2s. The 
number of VAT ILC2s in TSLP KO mice was unaffected 
(Fig. 5C; Fig. S4F), consistent with a previous report that the 
number of lung ILC2s is unchanged at steady state in TSLPR 
KO mice.43 In the lung, loss of TSLPR does not affect IL-5 
production by ILC2s at steady state,44 although stimulation 
with TSLP and IL-33 increases IL-5 production ex vivo.45 To 

Figure 2. Continued 
effector Tregs in the indicated tissues. Naive and effector Tregs were defined as TCRβþCD4þYFPþCD44lowCCR7high and TCRβþCD4þYFPþCD44highCCR7low, 
respectively. Graphs summarize the MFI of IL-7Rα. (C) Colon ST2þ Tregs in the control and IL-7RΔTreg mice at 15 wk of age. The graphs show the frequency 
and number of ST2þ Tregs (n¼ 18 mice per group) and the frequency of RORγtþ Tregs (n¼5 mice per group) in the colon. (D) ST2þ Tregs in the indicated 
tissues of control and IL-7RΔTreg mice at 10 to 15 wk of age. The graphs show the frequency and number of ST2þ Tregs. (Lung, n¼11–12 mice per group; BM, 
n¼11 mice per group; spleen, n¼15 mice per group). (A, B) Wild-type mice were analyzed at 15 wk of age. Shown represents 3 independent flow cytometric 
analyses. (C, D) The numbers in each plot indicate the percentage of gated populations. (A–D) Data are mean ± SEM. Statistics were performed using unpaired 
t test (A [left], C, D) or 1-way analysis of variance (A [right], B). �P< 0.05, ��P<0.01, ���P<0.001, ����P<0.0001. conv, conventional; n.s., not significant.
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Figure 3. ST2þ tissue Treg precursors do not require IL-7Rα. (A) E4BP4 and KLRG1 expression in TCRβþCD4þFoxp3þ cells in the spleen of control and 
IL-7RΔTreg mice at day 10 after birth. Shown represents 8 mice from 4 independent experiments. (B) Frequency and number of stage 1 (E4BP4−KLRG1−), 
stage 2 (E4BP4þKLRG1−), and stage 3 (E4BP4þKLRG1þ) tissue Treg precursors in the spleen on day 10 after birth (n¼ 8 mice per group). (C) The bar 
graph indicates the RPKM of Il7r obtained from GSE130842. (D) PD-1 and KLRG1 expression in TCRβþCD4þYFP(Foxp3)þ cells in the spleen of control 
and IL-7RΔTreg mice at day 10 after birth. Shown represents more than 10 mice. The graphs show the frequency of stage 1 (PD-1−KLRG1−), stage 2 
(PD-1þKLRG1−), and stage 3 (PD-1þKLRG1þ) in Tregs. (E) Flow cytometric analysis of IL-7Rα expression in the spleen of postnatal day 10 Foxp3YFP-Cre 

mice in stage 1, 2, and 3 tissue Treg precursors separated by PD-1 and KLRG-1. Shown represents 6 mice from 3 independent experiments. The graph                                                                                                                                                                                                                                                            
(Continued)
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Figure 4. (A) TSLP is partially responsible for VAT Treg TSLPR expression in VAT Tregs of WT mice. Data represent 3 independent experiments. The 
graph summarizes the MFI of TSLPR. (B) Tregs in the VAT of control and TSLP KO male mice fed a standard diet at 15 wk of age. The graphs show the 
frequency of Tregs among VAT CD4 T cells and the number of VAT Tregs (n¼ 15–16 mice per group). (C) Frequency of ST2þ Tregs among VAT Tregs and 
the number of ST2þ and ST2− VAT Tregs in 15-wk-old control and TSLP KO male mice (n¼15–16 mice per group). (D) GTT was performed on control and 
TSLP KO mice fed a standard diet at 15 wk of age (n¼11 mice per group). (E) The area under the curve (AUC) of GTT in Fig. 3D was calculated using 
GraphPad Prism. (F) ST2þ Tregs in the indicated tissues of control and TSLP KO male mice fed with a standard diet at 15 wk of age. The graphs show the 
frequency and number of ST2þ Tregs in indicated tissues (n> 15 mice per group). (B, F) The numbers in each plot indicate the percentage of gated 
populations. (A–F) Data are mean ± SEM. Statistics were performed using 1-way analysis of variance (A) and unpaired t test (B–F). �P< 0.05, ��P< 0.01. 
conv, conventional; n.s., not significant.

Figure 3. Continued 
summarizes the mean fluorescence intensity (MFI) of IL-7Rα. (F) Frequency of ST2þ populations at stages 1, 2, and 3 tissue Treg precursors in control 
and IL-7RΔTreg mice on day 10 after birth (n¼ 9 mice per group). Plots represent ST2 expression at stage 3. (G) Number of ST2þ cells in stage 3 tissue 
Treg precursors (n¼ 9 mice per group). (A–G) The numbers in each plot indicate the percentage of gated populations. Data are mean ± SEM. Statistics 
were performed using unpaired t test (B, D, F, G) or 1-way analysis of variance (E). �P< 0.05, ���P< 0.001, ����P< 0.0001. n.s., not significant.
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investigate the impact of TSLP deficiency on IL-5 production 
by adipose ILC2s, we cultured the SVF cells of the VAT with 
PMA and ionomycin and performed intracellular staining. 
IL-5 production by VAT ILC2s was unaffected in TSLP KO 
mice (Fig. 5D). Furthermore, TSLP deficiency did not affect 
the ability of eosinophils to produce IL-4 ex vivo (Fig. 5E). 
Because eosinophils did not express IL-7Rα but expressed 
TSLPR at low levels (Fig. S4G), the effect of TSLP on eosino-
phil accumulation in VAT remains unclear. Nevertheless, our 
data suggest that TSLP facilitates VAT eosinophil accumula-
tion and thus influences systemic glucose homeostasis.

Source of IL-7 and TSLP in the VAT
Our findings that IL-7Rα expression on Tregs and TSLP- 
mediated eosinophil accumulation regulate systemic glucose 
homeostasis raise a novel role for IL-7 and TSLP in adipose 
tissue. However, IL-7– and TSLP-producing cells in VAT 
have not been identified. To this end, we reanalyzed the 
scRNA-seq data of stromal and hematopoietic cells in epidid-
ymal white adipose tissue (Fig. 6A).33 IL-7 was mainly 
detected in Msln (mesothelin)-, Wt1-, and Cd9-expressing 
mesothelial cells (Fig. 6B).46 We further analyzed IL-7 expres-
sion in VAT stromal cells using IL-7GFP knock-in mice. We 
used flow cytometry because immunofluorescence staining 
could not detect GFP signals in VAT (not shown). We found 
that PDGFRα− gp38þ (encoded by Pdpn) stromal cells 
expressed IL-7 (Fig. 6C). This population is consistent with 
previously reported IL-33 producers in VAT.47 Consistently, 
Il33þ cells were detected in the same cluster that expressed 
Il7 (Fig. 6D). In contrast, Tslp-expressing cells were detected 
in adipose stem cells (ASCs) (Fig. 6E). Two main populations, 
ASC1s and ASC2s, can be distinguished, and Col115a1 and 
Sbsn expression is enriched in ASC1s and ASC2s, respec-
tively.33,46 Tslpþ cells were distributed in both ASC1s and 
ASC2s (Fig. 6E). Tslp was also detected in Adgre1 (F4/80)- 
and Mafb-expressing macrophages (Fig. 6E). These cells 
expressed high levels of Folr2 (encoding folate receptor β), a 
marker of tissue-resident macrophages (Fig. 6E).48

Collectively, these data suggest that adipose mesothelial cells 
produce IL-7 in the VAT, whereas ASCs and adipose tissue- 
resident macrophages mainly produce TSLP.

Discussion
In terms of development, the number of Tregs is reduced in IL- 
7Rα–deficient mice, although the ratio of Tregs to conventional 
CD4 T cells remains unaffected.49–51 In addition, Tregs are 
maintained less in IL-7−/−Rag−/− mice than in Rag−/− mice,52

and memory Tregs in the skin are diminished by IL-7Rα–block-
ing antibody.53 IL-7 has been proposed to be necessary for the 
survival of Tregs in LNs, based on a study employing IL-7 
transgenic mice.54 In contrast, Tregs in skin-draining LNs from 
Foxp3YFP-Cre IL7rαflox/flox mice are comparable to those in con-
trol mice.25 Mature Tregs with a CD25 deletion can survive for 
several weeks by replacing IL-2 with IL-7. Nevertheless, it has 
been proposed that Treg survival in the presence of IL-2 does 
not rely on either IL-7 or IL-15.24 Here, we confirmed that the 

Figure 5. Adipose eosinophils are reduced at steady state in TSLP- 
deficient mice. (A) Conventional T cells in VAT of control and TSLP KO 
mice. The graphs show the number of VAT CD4 (Foxp3−CD4þTCRβþ) 
and CD8 (CD4−TCRβþ) T cells (n¼16 mice per group). (B) VAT 
eosinophils (CD45þLy-6G−Siglec-FþSSChigh) in control and TSLP KO 
mice. The graphs show the frequency (Ly-6G−Siglec-FþSSChigh in CD45þ) 
and number of VAT eosinophils in the indicated mice (n¼ 12–13 mice per 
group). (C) VAT ILC2s (CD45þLin−IL-7RαþCD25þST2þ) in control and 
TSLP KO mice. The graphs show the frequency (Lin−IL-7RαþCD25þST2þ

in CD45þ) and number of VAT ILC2s in the indicated mice (n¼9 mice per 
group). (D) IL-5 production by VAT ILC2s. VAT SVF cells were stimulated 
with PMA and ionomycin for 4 h. Frequency of IL-5þ ILC2s was 
determined by gating on ILC2s as in panel C (n¼ 7 mice per group). (E) IL- 
4 production by VAT eosinophils. VAT SVF cells were stimulated with 
PMA and ionomycin for 4 h. Frequency of IL-4þ eosinophils was 
determined by gating on eosinophils (CD45þGr-1−Siglec- 
FþCD11bþCD11cint) (n¼ 7 mice per group). (A–E) Male mice fed a                                                                                                                

(Continued)

Figure 5. Continued 
standard diet at 12 to 15 wk of age were used. Numbers in each plot 
indicate the percentage of gated populations. Data are mean ± SEM. 
Statistics were performed using unpaired t test. �P<0.05. n.s., 
not significant.
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Figure 6. Source of IL-7 and TSLP in adipose tissue. (A) Uniform Manifold Approximation and Projection (UMAP) of scRNA-seq data from epididymal 
white adipose tissue (eWAT) hematopoietic lineage–negative (SRR7154853) and –positive (SRR7154855) SVF cells. The cell identity of each cluster was 
defined based on the marker gene expression (see Materials and Methods). (B) UMAP plots showing log2 expression levels of Il7 and the selected 
genes. (C) CD45− stromal cells in the SVF of the VAT from IL7WT/WT and IL7GFP/WT mice. Intracellular IL-7 (GFP) staining was performed. Shown 
represents 5 independent experiments. (D) UMAP plots showing log2 expression levels of Il33. (E) UMAP plots showing log2 expression levels of Tslp 
and the selected genes. RBC, red blood cell.
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absence of IL-7Rα has no impact on the development, mainte-
nance, and naive/effector ratio of Tregs in thymus and second-
ary lymphoid tissues.

While low IL-7R expression is frequently considered a char-
acteristic of Tregs, it is not consistently observed across all tis-
sues. In particular, Tregs in the bone marrow and skin exhibit 
high levels of IL-7Rα.40 Our study revealed the essential role of 
highly expressed IL-7Rα in maintaining ST2þ effector Tregs in 
the VAT and colon. Furthermore, ST2þ Tregs display elevated 
Areg levels, which are critical for tissue repair.6,7 However, 
there was no notable difference in the severity of DSS-induced 
colitis in IL-7RΔTreg mice despite the reduced number of ST2þ

Tregs. In IL-33–deficient mice with fewer ST2þ Tregs, an in-
crease in ST2−RORγtþ Tregs was observed instead.55 Similarly, 
RORγtþ Tregs increased in IL-7RΔTreg mice, which may have 
resulted in reduced inflammation.

Anti-IL-7Rα antibodies are expected to provide a novel 
therapeutic approach for the treatment of type 1 diabetes 
(T1D).56,57 In NOD mice, administration of antagonistic 
anti-IL-7Rα antibodies successfully induces complete remis-
sion of T1D.58,59 A phase Ib study has reported on IL-7R 
blockade.60 Administration of RN168, a humanized mono-
clonal antibody blocking human IL-7RA, decreased periph-
eral blood memory and effector T cells but maintaind Tregs. 
However, our findings suggest that IL-7R signaling can affect 
ST2þ Tregs in adipose tissue. Therefore, blocking IL-7Rα 
may benefit T1D but could also increase the risk of develop-
ing T2D.

It has been suggested that TSLP impairs the suppressive ac-
tivity and IL-10 production of human pulmonary Tregs.61

Nevertheless, our study indicates that TSLP partially sup-
ports the maintenance of ST2þ Tregs and eosinophils in the 
VAT, leading to glucose homeostasis. Notably, human pe-
ripheral blood eosinophils express both IL-7Rα and 
TSLPR,62,63 and TSLP treatment promotes the survival and 
activation of human eosinophils, leading to eosinophil extra-
cellular trap formation and degranulation.62–64 In contrast, 
murine eosinophils did not express IL-7Rα. The mechanism 
underlying the reduction in VAT eosinophils in TSLP KO 
mice remains unknown. Other receptors may mediate TSLP 
signaling in eosinophils besides the TSLPR/IL-7Rα hetero-
dimer. Another possibility is that TSLP may indirectly influ-
ence eosinophil accumulation. For example, TSLP may 
promote the production of granulocyte-macrophage colony- 
stimulating factor by ILC2s, leading to eosinophil accumula-
tion.65 TSLP may indirectly help VAT Tregs and eosinophils 
to survive and proliferate. There are no reports on these pop-
ulations in the VAT of Treg- or eosinophil-specific TSLPR- 
deficient mice. CD4þ and CD8þ T cells reportedly mediate 
TSLP-induced adipose tissue loss.18 Loss of TSLP may cause 
changes in the adipose tissue environment, resulting in a par-
tial loss of Tregs and eosinophils.

IL-33 plays a critical role in the accumulation of Tregs and 
the activation of ILC2s in the VAT.36,66 Despite being a mi-
nor population in the VAT, mesothelial cells produce IL-33 
at high levels. Mesothelial cells form a cobblestone mono-
layer on the visceral and parietal surfaces of the peritoneal, 
pleural, and pericardial cavities.67 Interestingly, mesothelial 
cells are not present in subcutaneous adipose tissue, and 
Tregs are less abundant in subcutaneous adipose tissue than 
in VAT.11,67 This study highlights the importance of meso-
thelial cells as a crucial source of IL-7 in VAT, enabling the 
creation of an ideal environment for Tregs. Moreover, 

scRNA-seq analysis identified tissue-resident macrophages 
expressing TSLP and folate receptor β. Recent studies have 
revealed that tissue-resident macrophages can produce TSLP 
in the skin and lung.68,69 Our study suggests that adipose 
tissue-resident macrophages function in TSLP production, 
leading to eosinophil accumulation.

The unexpected role of IL-7Rα signaling in VAT ST2þ

Tregs indicates that IL-7 produced by VAT mesothelial cells 
plays a crucial role in regulating glucose homeostasis. 
Additionally, TSLP is essential for proper eosinophil accumu-
lation in the adipose tissue. These findings suggest that IL-7 
and TSLP may be potential therapeutic targets for T2D.
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