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Abstract
Regulatory T cells (Tregs) mediate immunosuppressive signals that can contribute to the progression of head and neck 
squamous cell carcinoma (HNSCC). Interleukin-33 (IL-33) is defined as an ‘alarmin’, an endogenous factor that is expressed 
during tissue and cell damage, which has been shown to promote Treg proliferation in non-lymphoid organs. However, the 
interaction between IL-33 and Tregs in the HNSCC tumor microenvironment remains uncertain. In this study, we examined 
IL-33+ and Foxp3+ cells by immunohistochemistry in 68 laryngeal squamous cell cancer patients, followed by functional 
analysis of IL-33 in Tregs. In addition, the suppressive function of Tregs was assessed by cell proliferation assays. The level 
of stromal IL-33 was significantly upregulated in advanced versus early stage HNSCC patients and positively correlated 
with Foxp3+ Treg infiltration as well as a poor prognosis. ST2 is regarded as the only receptor of IL-33. Infiltrated ST2-
expressing Tregs were responsive to IL-33, and the percentage of Tregs was increased upon IL-33 stimulation. Functional 
investigation demonstrated that IL-33 increased the proportion of Foxp3+GATA3+ Tregs and improved the suppressive 
functions of Tregs by inducing IL-10 and TGF-β1 as well as decreasing the proliferation of responder T cells. Blockade of 
ST2 abrogated the immunosuppression caused by IL-33. Our data demonstrate that stromal IL-33 both expands the Treg 
population and enhances their functions in the tumor microenvironment. Furthermore, stromal IL-33 has prognostic value 
for tumor progression. Thus, stromal IL-33 is a potential target for future HNSCC immunotherapy.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the 
sixth most common malignancy worldwide [1]. Immu-
notherapies, such as immune checkpoint-targeting and 
anticancer vaccines, have shown promising outcomes for 
HNSCC patients [2–4]. Nevertheless, cancers are still able to 
escape the immune system by suppressing the local immune 
response, leading to limited effects on tumor regression [5].

The immune system, although complex, is believed 
to play an important role in the malignant progression of 
HNSCC [6, 7]. Various immune cell types, including T cells, 
B cells, dendritic cells, natural killer cells, and macrophages, 
undergo intricate regulation for surveillance of cancer in 
our body. Among these cell types, tumor-infiltrating CD4+ 
regulatory T cells (Tregs) play a crucial role in suppressing 
local antitumor immune responses and accelerating tumor 
progression [8]. We recently reported increased numbers 
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of tumor-infiltrating Tregs in HNSCC patients, and that 
blockade of Treg accumulation in tumors enhances antitu-
mor immune responses [9, 10]. However, factors that facili-
tate Treg accumulation and their functions at the tumor site 
remain unknown.

Interleukin (IL)-33, as a member of the IL-1 family, acts 
as an alarmin signal that is released upon tissue damage to 
alert immune cells expressing the ST2 receptor (IL-1RL1) 
[11]. Alarmin signaling molecules, such as IL-33, are impli-
cated in tumor-associated inflammation in the tumor micro-
environment (TME) and appear to be a major mechanism 
of tumor immune tolerance. These signaling molecules 
may contribute to metastasis and account for the potential 
failure of current immunotherapies [12]. The major targets 
of IL-33 in vivo are tissue-resident immune cells includ-
ing Tregs [13]. GATA3, a Th2 marker [14, 15], is highly 
expressed in ST2+ Tregs and has been shown to regulate 
Foxp3 expression through activation [16]. A recent study 
showed that IL-33 promotes breast cancer growth and metas-
tases by facilitating intratumoral accumulation of immuno-
suppressive cells, such as myeloid-derived suppressor cells 
(MDSCs) [17] and Foxp3+ Tregs [18]. However, little infor-
mation is currently available regarding the role of IL-33 in 
Tregs of HNSCC patients.

We have previously demonstrated that depletion of Treg 
accumulation in the TME is an effective therapeutic strategy 
for HNSCC [9, 10]. In this study, we evaluated the correla-
tion between IL-33 and Tregs in the HNSCC microenviron-
ment. Our data revealed that stromal IL-33 was a negative 
prognostic factor that promoted the immune-suppressive 
function of Tregs, and blockade of ST2 reduced the ability of 
Tregs to suppress the immune response. Moreover, GATA3 
may be involved in the promotion of the Treg-mediated sup-
pression. Our results identified stromal IL-33 as a critical 
factor that contributes to the enhanced suppressive functions 
of Tregs within the TME, which can be potentially targeted 
to reverse Treg-mediated tumor immune escape.

Materials and methods

Donor samples

Ten pairs of laryngeal tumor and adjacent tissues were 
obtained after surgical resection. Peripheral blood mononu-
clear cells (PBMCs) were obtained from 20 healthy donors 
and 15 laryngeal squamous cell carcinoma (LSCC) patients 
who had not received any previous oncological treatment.

Immunohistochemistry (IHC)

IL-33 and Foxp3 expression in HNSCC tissue was evalu-
ated by immunohistochemistry. The main clinical and 

pathological characteristics of 68 patients are presented in 
Supplementary Table 1. Clinical staging and the anatomi-
cal site of tumors were assessed according to the 6th edi-
tion of the Union for International Cancer Control (UICC 
2008) TNM classification of malignant tumors. After anti-
gen retrieval by microwaving, IHC staining was performed 
on 4 µm-thick, paraffin-embedded serial sections of tissue 
samples using 10 µg/ml human anti-IL-33 (AF3625, R&D 
Systems) and human anti-Foxp3 (ab20034, Abcam) anti-
bodies, according to the manufacturer’s instructions. Each 
primary antibody-probed section was incubated with the 
corresponding secondary antibody, followed by a horse-
radish peroxidase-labeled streptavidin reaction (Anti-goat: 
PV-9003, Zhongshanjinqiao; anti-mouse: K5007, Agi-
lent) manually. Immune complexes were detected using 
3–3′-diamino-benzidine tetra-hydrochloride (DAB) chro-
mogen mixed with 2 ml DAB substrate, and the sections 
were counterstained with hematoxylin. The specificities of 
the staining reactions were confirmed using nonimmune 
serum instead of the primary antibody.

Evaluation of IHC staining

Digital images of the sections were obtained at 10 × and 
40 × magnifications by light microscopy (Axio Scan Z1, 
Carl Zeiss). IL-33 and Foxp3 staining results were classi-
fied by the number of immune-reactive cells (highlighted 
by nuclear staining). Five areas at 40 × magnification were 
counted by two scientists, and the numbers within tumor 
and stromal regions were counted separately. Patients were 
divided into two groups according to IL-33+ cell numbers 
for survival analysis. Patients with cell numbers greater 
than the median were defined as ‘high’ and those were 
smaller cell numbers were defined as ‘low’[19].

Tissue‑infiltrating lymphocyte isolation

Tissue-infiltrating lymphocytes (TILs) were obtained from 
dissected tumors or adjacent tissues using a digested mix-
ture, as described elsewhere [20]. Dissected tissues were 
minced into small pieces and immersed in digestion mix-
ture (Collagenase IV, C5138; DNase, D5025; Hyaluroni-
dase, H6254; all from Sigma–Aldrich). The samples were 
incubated on a rotating platform at 37 °C for 20 min, and 
the resulting cell suspensions were filtered through 70-µm 
cell strainers (431751, Corning) and isolated by lympho-
cyte separation medium (0850494, MP Biomedical). Sepa-
rated mononuclear cells were resuspended in RPMI 1640 
cell culture medium for further analysis.
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LSCC cell lines and preparation of tumor culture 
supernatants (TSNs)

Human LSCC cell line SNU899 was kindly provided by 
Professor Ja-Lok Ku (Seoul National University College 
of Medicine). TSNs were obtained as described previously 
[20]. In brief, TSN was prepared by cultivating 5 × 106 
tumor cells in 10 mL complete RPMI 1640 medium in 
100 mm dishes for 24 h. The medium was then changed 
to complete medium supplemented with 10% human AB 
serum instead of fetal bovine serum. After 2 days, the 
supernatant was centrifuged and stored at − 80 °C.

Preparation of DCs

DC preparation were performed as described previously 
[21]. PBMCs were isolated from healthy donors using 
density gradient centrifugation. CD14+ cells were iso-
lated from PBMCs using CD14 microbeads (130-050-
201, Miltenyi Biotec) and cultured at a density of 1 × 105 
cells/well in flat-bottomed 24-well plates in RPMI 1640 
medium supplemented with 10% fetal bovine serum, 1% 
penicillin and streptomycin, 50 ng/ml granulocyte mac-
rophage-colony stimulating factor (300-03, PeproTech), 
and 20 ng/ml recombinant human IL-4 (200-04, Pepro-
Tech) for 6 days. Then, 1 µg/ml lipopolysaccharide was 
added to induce maturation of DCs. DC phenotypes were 
determined by flow cytometry. The maturation of DCs was 
determined by expression of DC maturation marker CD83, 
an MHC-II molecule (HLA-DR), and co-stimulatory mol-
ecules (CD80, CD86, and CD40), as described in our pre-
vious study [21].

To prepare SNU899-stimulated DCs, TSN from the 
SNU899 cell line was added at day 6 for 24 h. Both control 
and SNU899-stimulated DCs were harvested at day 7 for 
co-culture.

T cell subpopulation isolation and cell culture

CD4+ T cells were purified from healthy donor PBMCs 
using CD4 microbeads (130-045-101, Miltenyi Biotec). 
Cells were seeded at 2 × 105 cells per well in flat-bottomed 
24-well plates in RPMI 1640 medium supplemented with 1% 
penicillin and streptomycin, and 10% fetal bovine serum. For 
Treg cell generation, SNU899 TSN-stimulated DCs were 
added to CD4+ T cells at a ratio of 1:10 and co-cultured for 
5 days with 2 µg/ml anti-CD3 (555336, BD Bioscience) with 
or without 1 ng/ml recombinant human IL-33 (3625-IL-010, 
R&D System).

For neutralization experiments, a human anti-ST2 mAb 
(3 µg/ml, AF523, R&D Systems) was added at the start of 

the co-culture. Cells were harvested at the indicated times 
and analyzed by flow cytometry.

For cell suppression assays, CD4+CD25+CD127low Tregs 
were sorted using a Regulatory T Cell Isolation Kit (130-
094-775, Miltenyi Biotec) from co-cultures containing 
SNU899-stimulated DCs, as described above. Autologous 
CD4+CD25− T cells (responder cells) sorted from the same 
co-culture were labeled with carboxyfluorescein diacetate 
succinimidyl ester (CFSE, 65-0850-84, eBioscience) and 
seeded together with the sorted Tregs in round-bottomed 
96-well plates coated with 10 µg/ml anti-CD3 in complete 
medium containing 2 µg/ml soluble anti-CD28 (555725, BD 
Bioscience) with or without 40 ng/ml rIL-33. The ratios of 
Tregs and responder cells were 1:2 or 1:4. Proliferation of 
responder cells was measured by flow cytometry after 3 
days.

Flow cytometric analysis

To determine the expression of ST2, the following antibod-
ies were used: anti-CD3-PE-Cy7 (25-0036-42, eBioscience), 
anti-CD4-PerCP-Cy 5.5 (45-0048-42, eBioscience), anti-
Foxp3-PE (12-4777-42, eBioscience), and anti-ST2-APC 
(FAB5231A, R&D Systems).

To determine the Treg proportion and GATA3 expres-
sion, the following antibodies were used: anti-CD3- PE-Cy7, 
anti-CD4-PerCP-Cy 5.5, anti-Foxp3-PE, and anti-GATA3-
Alexa Fluor 488 (560163, BD Biosciences).

All flow cytometry antibodies were acquired from Invitro-
gen unless specified otherwise. Experiments were performed 
according to the manufacturers’ protocols. Cells were 
acquired with a Cytoflex S (Beckman Coulter) and analysis 
was performed using Flowjo VX software (Flowjo LLC).

Cytokine detection

The concentrations of IL-10 and TGF-β1 in cell culture 
supernatants were determined using ELISA kits (IL-10: 
ELH-IL10; TGF-β1: ELH-TGFb1, both from RayBiotech), 
according to the manufacturer’s protocols. The sensitivity 
limits of the ELISA kits ranged from 1 to 150 pg/mL for 
IL-10 and from 80 pg/mL to 60 ng/mL for TGF-β1. Mean 
values are presented and the inter- and intra-assay variations 
were less than 15%.

Statistical analysis

Statistical analyses were performed using SPSS software 
version 22.0 (IBM Inc.). The Kaplan–Meier method was 
used to evaluate survival curves and differences between 
curves were analyzed by the log-rank test. The relationship 
between IL-33 and Foxp3 expression was evaluated using 
Spearman’s correlation test. The Student’s t test and ANOVA 
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were used to analyze data from IHC, flow cytometry, ELI-
SAs, and the cell proliferation assay, and Bonferroni adjust-
ment for multiple comparisons was used for between-group 
comparisons. Data are expressed as means and the standard 
error of mean (SEM). P < 0.05 was considered as significant.

Results

Stromal IL‑33+ cells in HNSCC are associated 
with poor patient survival

To determine the clinical relevance of IL-33 in HNSCC, we 
first evaluated the prognostic value of IL-33 expression in 
68 HNSCC patient specimens by IHC. Patients were divided 
into high (33/68) or low (35/68) IL-33+ expression groups 
as described in the “Materials and methods”.

The number of stroma-infiltrated IL-33+ cells in HNSCC 
tumors showed a positive correlation with the clinical stage 
(Fig. 1a) of the primary tumor. By further analyzing the 
associations between IL-33+ cell number and clinicopatho-
logical features of the cohort (Table 1), we found a sig-
nificantly higher number of stromal IL-33+ cells in tumors 
with advanced clinical stages (III and IV) or T stage than in 
those with early clinical stages (I and II) or T stage tumors 
(P < 0.001, Fig. 1b, c). In contrast, the number of IL-33+ 
cells among tumor epithelial cells was negatively correlated 
with T staging and clinical staging (Supplementary Fig. 1). 
Subsequent Kaplan–Meier survival analysis showed that 
HNSCC patients with more stromal IL-33+ cells had worse 
overall survival (OS) and progress-free survival (PFS) than 
those with less IL-33+ cells in their tumors (Fig. 1d, e).

IL‑33+ cell accumulation is positively correlated 
with Treg infiltration in HNSCC tissues

The abovementioned data indicated a correlation between 
stromal IL-33 and poor prognosis, but the target of IL-33 
remains uncertain. Previous studies have shown that IL-33 
accelerates tumor progression by increasing the accumula-
tion of immunosuppressive cells such as MDSCs and Tregs 
[17, 18]. Considering these data and our results showing 
that Treg infiltration into HNSCC was negatively correlated 
with prognosis, we speculated that stromal IL-33 might 
affect intratumoral accumulation of Tregs in HNSCC. To 
test this hypothesis, we examined the prevalence of tumor-
infiltrating Tregs and IL-33+ cells in serial sections by IHC 
of HNSCC tumors. Tregs were mainly found to infiltrate the 
tumor stroma (Fig. 2a). We calculated the number of IL-33+ 
cells and Foxp3+ Tregs in the same area of serial sections 
(Fig. 2b, c), and then analyzed their correlation. The level 
of Treg accumulation was higher in the high IL-33 group 
compared with the low IL-33 group (P < 0.001, Fig. 2d). 

Moreover, Spearman’s correlation was used to assess the 
relationship between Tregs and IL-33+ cells. A strong posi-
tive correlation was found between these two cell types in 
tumor stroma (r2 = 0.31, P < 0.001, Fig. 2e).

ST2 expression in Tregs from HNSCC tissue is higher 
than that in Tregs from peripheral blood

Our results indicated that stromal IL-33 was positively cor-
related with Tregs in the HNSCC TME. To further investi-
gate the biological interactions between IL-33 and Foxp3+ 
Tregs, we analyzed the expression of ST2 in CD4+Foxp3+ 
Tregs among both healthy donor and patient PBMCs as 
well as TILs from dissected tumor tissues (Fig. 3b). Quan-
titative analyses showed that the proportion of ST2+ Tregs 
among total Tregs was significantly higher in TILs compared 
with those among PBMCs from healthy control or HNSCC 
patients and no significant difference was found between 
healthy donor and patient PBMCs (Fig. 3c). To further deter-
mine whether the TME induced an increase of ST2+ Tregs, 
we cultured CD4+ T cells from healthy donors with control 
DCs or SNU899-stimulated DCs at a 10:1 ratio, as described 
in the “Materials and methods” [21]. As expected, co-culture 
with SNU899-stimulated DCs increased the proportion of 
ST2+ Tregs among PBMCs compared with control DCs 
(Fig. 3d, e). Moreover, IL-33 was not detected in SNU899 
TSN by an ELISA (data not shown). These observations 
indicated that the microenvironment of LSCC increased the 
proportion of ST2-expressing Tregs in response to IL-33.

IL‑33 expands the Treg population, induces 
suppressive cytokine production, and enhances 
Treg‑mediated suppression of proliferation in vitro

To further investigate the effect of IL-33 on Tregs, recom-
binant human IL-33 was added to co-cultures of SNU899-
stimulated DCs and healthy donor CD4+ T cells at a 1:10 
ratio, as described in the Materials and Methods. More 
Foxp3+ Tregs were derived from the additional IL-33 group 
than the control group. Moreover, an anti-ST2 mAb abro-
gated the effect of IL-33 (Fig. 4a). To investigate the overall 
effect of IL-33 on the suppressive functions of Tregs, we 
examined the levels of IL-10 and TGF-β1 in co-cultures by 
ELISAs. IL-10 and TGF-β1 levels were only correspond-
ingly increased in conditioned supernatants with additional 
IL-33, whereas blockade of ST2 weakened the production 
of these cytokines (Fig. 4b). Taken together, these results 
indicated that IL-33 increased Treg proportions and induced 
the production of immunosuppressive cytokines.

The suppressive function is a characteristic of Tregs. 
To verify that IL-33 modulated the functions of Tregs, 
especially Treg-mediated suppression, we isolated 
CD4+CD25+CD127low Tregs and CD4+CD25− responder 
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Fig. 1   Stromal IL-33+ cells are associated with poor prognoses of 
HNSCC. a Representative images of IL-33+ cells (red arrows) in the 
tumor stroma from clinical stage I to IV. b, c IL-33 expression was 
higher in advanced T stages (T3 and 4) and advanced clinical stages 
(III and IV) than early T stages (T1 and 2) and early clinical stages (I 
and II). The Student’s t test was used for data analysis (b: 5.04 ± 0.44 
vs. 9.19 ± 0.86; c: 4.78 ± 0.42 vs. 9.36 ± 0.78). d, e Accumulation of 

stromal IL-33+ cells predicted poor survival of patients with HNSCC. 
Kaplan–Meier curves for overall survival (d) and progress-free sur-
vival (e) indicated poor survival of patients with high expression of 
IL-33 (OS: HR 3.87, 95% CI 1.49–10.06; PFS: HR 2.45, 95% CI 
1.04–5.78). Data are the mean ± SEM. *P < 0.05, **P < 0.01, and 
***P < 0.001
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cells from CD4+ T cells co-cultured with SNU899-stimu-
lated DCs because of the low yield of Tregs from TILs. 
When stimulated with anti-CD3/anti-CD28 without Tregs, 
responder T cells proliferated and IL-33 only mildly pro-
moted proliferation. Nevertheless, additional Tregs signifi-
cantly decreased the proliferation of responder T cells, while 
the presence of IL-33 further enhanced the immunosuppres-
sive function of Tregs (Fig. 4c). Consistent with the above 
observations, blockade of ST2 attenuated this suppressive 
effect. Quantitative analyses showed that IL-33 mildly 
increased the percentage of proliferating T-responder cells 
in the co-culture system, while significantly decreasing the 
percentage of proliferating T-responder cells in the presence 
of Tregs (Fig. 4d), suggesting that Tregs were more respon-
sive to IL-33 than responder T cells. In addition, the effect 
of rIL-33 was dose dependent (Supplementary Fig. 2). These 
results suggested IL-33 upregulated the suppressive function 
of Foxp3+ Tregs in vitro.

GATA3 is involved in the IL‑33/ST2 signaling 
pathway acting on Foxp3+ Tregs

GATA3 is a known transcription factor that regulates ST2 
expression in Th2 cells. Recent studies have revealed that 
the Foxp3 promoter contains GATA3-binding sites, and that 
GATA3 is important for Treg functions [16, 22, 23]. Because 

of the above observations, we postulated that IL-33 pro-
moted Foxp3+ Treg proliferation through GATA3 activation. 
To test this hypothesis, we examined expression of GATA3 
in Tregs from co-cultures if SNU899-stimulated DCs and 
healthy donor CD4+ T cells under different interventions. 
As shown in Fig. 5a, IL-33 increased the percentage of 
Foxp3+GATA3+ Tregs in co-cultures, while an anti-ST2 
mAb abrogated this effect. Further quantitative analy-
sis showed that Foxp3+GATA3+ Tregs were significantly 
increased by stimulation with IL-33 and downregulated by 
the anti-ST2 mAb (Fig. 5b). Taken together, these data indi-
cate that IL-33/ST2 signaling facilitates Foxp3+ Tregs, and 
GATA3 may be involved in this pathway.

Discussion

Tregs have been suggested to contribute to tumor progres-
sion by suppressing local antitumor immunity in the TME 
[8, 24]. Our previous studies demonstrated the association 
between Tregs and HNSCC progression [9, 25, 26]. How-
ever, many aspects of the highly complex process of Treg 
activation and regulation upon recruitment in the TME 
remain incompletely understood.

IL-33 is defined as an ‘alarmin’ and is implicated in 
tumor-associated inflammation and tumor progression 
through immune regulation [11, 18]. Some studies have 
shown that IL-33 is critical for HNSCC tumor invasion, and 
that it is associated with a poor prognosis [27, 28]. In addi-
tion, IL-33 has been shown to indirectly/directly promote 
Treg proliferation in several situations [16, 29, 30], and ST2 
signaling is important for the functions of Treg [16]. To 
expand the understanding of the correlation between IL-33 
and Tregs in the HNSCC TME, we detected the expression 
of IL-33 and Foxp3 in 68 newly presenting HNSCC patients 
that had not received any previous treatment for cancer. Our 
results revealed that the level of stromal IL-33 was signifi-
cantly higher in advanced stage HNSCC than in the early 
stage and positively correlated with a poor prognosis and 
Foxp3+ cells. In contrast, IL-33 in tumor epithelial cells 
was significantly reduced in the advanced stages of HNSCC 
compared with early stages (Supplementary Fig. 1). This 
discrepancy indicates distinct biological functions between 
parenchymal and stromal IL-33. In normal tissues, IL-33 is 
mainly expressed in the nuclei of epithelial and endothelial 
cells, and is regarded as an ‘alarmin’ [31]. The lack of a 
‘danger’ signal is a major mechanism of immune invasion in 
the TME [12]. Liu et al. found that IL-33 is lower in cancer 
cells than normal epithelium, especially in poorly differenti-
ated cells [32]. Our results reflected these findings that IL-33 
expression is lower in poorly differentiated cells than well 
or moderately differentiated cancer cells, and parenchymal 

Table 1   Association between IL-33 expression and clinicopathologi-
cal features

*P < 0.05 and **P < 0.01

Characteristic IL-33 high IL-33 low Total χ2 P value

Gender
 Male 31 33 64 1.063 0.303
 Female 3 1 4

Age
 < 60 20 12 32 3.778 0.052
 ≥ 60 14 22 36

Tumor grade
 T1–2 20 29 49 5.916 0.015*
 T3–4 14 5 19

Tumor differentia-
tion

 High 12 14 26 3.324 0.190
 Medium 9 11 22
 Low 14 6 20

Lymph node metastasis
 No 24 33 57 8.785 0.003**
 Yes 10 1 11

AJCC TNM stage
 I–II 18 29 47 8.336 0.004**
 III–IV 16 5 21
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IL-33 levels are lower in both the advanced T stage and 
clinical stages.

Stromal IL-33, which is derived from carcinoma-associ-
ated fibroblasts (CAFs) and bone marrow stromal tissues, 
is the main source of IL-33 in the TME [17, 27] and is 
important for the local immune status and tumor progres-
sion. In previous studies, Chen et al. found that CAFs in the 
TME promote tumor aggressiveness [27], and Xiao et al. 
showed that IL-33 expressed in the tumor stroma is crucial 
for accumulation of MDSCs [17]. These studies revealed the 

association between stromal IL-33 and tumor progression. 
Our results suggest that stromal IL-33, but not parenchymal 
IL-33, serves as a negative prognostic factor and is positively 
correlated with Foxp3+ Tregs.

Several studies have reported the effects of IL-33 on 
Tregs in various non-lymphoid organs. For example, IL-33 
increases the suppressive function of ST2+ Tregs in the 
intestines and the expression of ST2 [16]. Visceral adipose 
tissue-resident Tregs expand and prevent inflammation after 
IL-33 stimulation [22]. IL-33 also participates directly in 

Fig. 2   Correlation between IL-33 and Tregs in HNSCC patients. 
a Representative images of Foxp3 staining (green arrows) in tumor 
and stroma. b, c Representative images of Foxp3 (b, green arrows) 
and IL-33 (c, red arrows) staining in stroma of the same tissue area. 
d Treg infiltration in low IL-33-expressing patients was lower than in 

that in high IL-33-expressing patients. The Student’s t test was used 
for data analysis (2.88 ± 0.77 and 7.7 ± 1.11). e Correlation between 
IL-33+ cells and Treg infiltration within tumors (r2 = 0.31). Data are 
the mean ± SEM. ***P < 0.001
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the intratumoral accumulation of Tregs in a breast cancer 
model [18]. Lung-resident Tregs are induced to Th2-like 
Tregs in the presence of IL-33 [33]. Thus, IL-33 plays a cen-
tral role in modulating tissue-resident Tregs. Our finding that 

tumor-infiltrating Tregs expressed high levels of ST2, which 
was consistent with these previous observations, indicated 
that tissue-resident Tregs respond to IL-33 signals [16, 22, 
23, 33]. We also found that IL-33 could induced naïve T 

Fig. 3   ST2-expressing Tregs are enriched in the HNSCC TME. a 
Gating strategy for CD3+CD4+ cells. b Proportions of ST2-express-
ing Tregs among healthy donor PBMCs, (PBMC-HD), PBMCs from 
HNSCC patients (PBMC-HNSCC), and TILs. c Quantitative analysis 
of the percentage of ST2+Foxp3+ Tregs among total Tregs. d Propor-
tion of ST2-expressing Tregs in co-cultures (DCs and CD4+ T cells) 
containing control DCs (control DC) or SNU899-stimulated DCs 

(SNU899 DC). Data were analyzed by one-way ANOVA. e Quanti-
tative analysis of the percentage of ST2+Foxp3+ Tregs among total 
Tregs in co-cultures of control DCs or SNU899-stimulated DCs. The 
Student’s t test was used for data analysis. Data are the mean ± SEM 
and representative of three independent experiments. n.s. not signifi-
cant, ***P < 0.001
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Fig. 4   Effects of IL-33 on Tregs in vitro. a CD4+T cells from healthy 
donors were co-cultured with SNU899-stimulated DCs under the fol-
lowing treatments: control medium, IL-33, and IL-33 with anti-ST2 
for 3 days. Representative images of Foxp3+ Treg proportions under 
different treatments (left) and the percentage of Tregs among CD4+ 
T cells (right) are shown. b Levels of Treg-secreting cytokines TGF-
β1 and IL-10 in conditioned supernatant were detected by ELISAs. 
c CD4+CD25+CD127low Tregs and CD4+CD25− T responder cells 
were isolated by magnetic cell separation from CD4+ T cells col-

lected in co-culture with SNU899-stimulated DCs. Tregs were seeded 
together with responder cells labeled with CFSE at ratios of 1:2 and 
1:4 in the presence of anti-CD3 and anti-CD28 antibodies. Prolifera-
tion of responder cells was examined by flow cytometry after 72 h. 
One representative image is shown. d Proliferation rates of responder 
cells under different treatment conditions. Data are the mean ± SEM 
and representative of three independent experiments. Data were ana-
lyzed by one-way ANOVA. **P < 0.01, ***P < 0.001
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cells to differentiate into ST2+Foxp3+ Tregs, and increased 
the proportion of Tregs and levels of cytokines such as IL-10 
and TGF-β1 secreted by Tregs, promoting their suppres-
sive function. Furthermore, the anti-ST2 antibody attenu-
ated these effects, indicating that ST2 could be a potential 
therapeutic target. Taken together, IL-33 stimulation may 
facilitate Treg-mediated immune suppression in the TME.

GATA3 is a Th2 marker [14, 15] that is important for 
the expression of ST2 [34, 35]. Schiering’s group showed 
that the Foxp3 locus contains GATA3-binding sites in 
its promoter [16]. Hence, we propose the hypothesis that 
GATA3 is involved in the maintenance of Treg functions. 
Our data indicated that IL-33 increased the expression level 
of GATA3 in Tregs, and that blockade of ST2 impaired this 
effect, suggesting that GATA3 in Tregs promotes Treg-medi-
ated suppression after IL-33 stimulation.

There are some limitations in this study. First, in vivo 
studies are needed to validate the effect of IL-33 on Tregs 
and the therapeutic effect of ST2 blockade. In addition, 
further studies are required to investigate the origin of 
IL-33 in the TME. Based on our results, we postulate that 
stromal IL-33 acts as a crucial factor in the expansion of 

Tregs by activation of ST2 and GATA3 in the HNSCC 
microenvironment to suppress antitumor immune 
responses. Thus, Tregs may serve as a potential target 
against HNSCC progression, which may offer a new strat-
egy to improve the efficacy of immune therapy.
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expression. a CD4+ T cells 
cultured with SNU899-
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and GATA3. The percentage of 
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analysis of the percentage of 
Foxp3+GATA3+ double-posi-
tive Tregs. Data were analyzed 
by one-way ANOVA. Data are 
the mean ± SEM and repre-
sentative of three independent 
experiments. **P < 0.01
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