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Abstract

Regulatory T cells (Tregs) play an immunosuppressive role in tumor microenvironment (TME) in various of cancer types.
However, how different Treg subsets influence and effect on head and neck squamous cell carcinoma (HNSCC) remain
unclear. Here, using single-cell RNA sequencing (scRNA-seq), we identified an IL1R2+4+Treg subset which promoted the
progression of HNSCC. Via tissue microassay (TMA) and enzyme-linked immunosorbent assay (ELISA), we verified the
clinical diagnostic value of the IL1R2+Treg and soluble IL1R2 (sIL1R2). In addition, we constructed tumor-bearing mouse
models to explore the antitumor effects of combined targeting IL1R2 and CTLA4. For mechanism, we found IL-1f promoted
the expression of IL1R2 and CTLA4 in Tregs, and upregulated CTLA4 though NR4A 1 translocation. These results revealed
that IL1R2+Treg and serum IL1R2 level had potential diagnostic and prognostic value of HNSCC and combined targeting
of IL1R2 and CTLA4 might be an effective strategy to inhibit tumor progression.

Keywords Head and neck squamous cell carcinoma - Regulatory T cell - Interleukin-1 receptor 2 - Cytotoxic T
lymphocyte-associated antigen-4

Introduction

Tregs are a subgroup of CD4+T cells, that are characterized
by the expression of forkhead box protein 3 (Foxp3) and
CD25. In the tumor microenvironment (TME), regulatory
T cells (Tregs) play an immunosuppressive role, severely
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weakening the antitumor-specific immune response [1].
Tregs exert immunosuppressive effects by secreting inhibi-
tory cytokines, upregulating inhibitory receptors, and
depriving the local TME of IL-2 through high expression
of CD25 [2-4]. These data indicate that Tregs promote the
formation of immunosuppressive TME via multiple mech-
anisms in HNSCC and that the inhibition of Tregs may
enhance the immunotherapy response.
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«Fig. 1 Tumor specific ILIR2+Treg in HNSCC tissues. A Combined
UMAP plot showing clusters of cells in control (adjacent normal
tissues, left panel) and tumor tissues (right panel) from 5 HNSCC
patients. B Percentages of cell types, related to Fig. 1A. C UMAP
plot of 6 Treg subsets from total Tregs. D Bar plots showing the pro-
portions of Treg subsets in adjacent normal tissues and tumor tissues.
E Expression level of marker genes in adjacent normal tissues and
tumor tissues. F Bubble charts showing the identified marker of Treg
subsets. G UMAP plots of all cells colored according to the expres-
sion level of CD4, CD25, FOXP3 and ILIR2. H GO analysis show-
ing the function of IL1R2+Treg. I UMAP plots of all cells colored
according to the expression of IL1R2, CTLA4, HAVCR2, TIGIT and
PDCD1. Control, adjacent normal tissues; Tumor, tumor tissues

IL1R2, acts as a decoy receptor, can competitively bind
to the common ligand IL-1a or IL-1p, especially IL-1,
through extracellular domains similar to those of IL1R1
[5, 6]. IL1R2 is highly expressed in a variety of cell types,
including monocytes, macrophages, neutrophils, and B cells
[7, 8]. ILIR2 can play an important role in tumorigenesis,
invasion and metastasis via the regulation of inflammation
and immunity [9, 10]. In addition, IL1R2 acts as a tran-
scription co-factor to regulate the expression of the IL-6
and vascular endothelial growth factor A (VEGF-A) genes
[11]. Also, IL1R2 promotes the proliferation of clear cell
renal cell carcinoma cells by regulating the JAK2/STAT3
signaling pathway, and these functions are regulated by the
intracellular domain of IL1R2 [12]. Thus, IL1R2 not only
participates in the regulation of the inflammatory response
by competing with IL1R1 and binding to IL-1 but also has
biological activity as a transcriptional co-factor.

In this study, we identified an IL1R2+Treg subset, which
was positively correlated with tumor progression in HNSCC
and both IL1R2+Treg and soluble IL1R2 level in serum
showed diagnostic and therapeutic value in HNSCC. What’s
more, we found IL-1p promoted the expression of IL1R2
and further upregulated CTLA4 through NR4AT1 in Tregs.
In vivo experiments also indicated that combined using
si-il1r2 and anti-CTLA4 could reverse immunosuppres-
sive TME, which might be an effective strategy to inhibit
HNSCC progression.

Methods
Patients and sample collection

Five pairs of tumor tissue and adjacent tissue for sScRNA-seq
analysis were obtained from patients with HNSCC treated
at the Ninth People’s Hospital Affiliated to Shanghai Jiao
Tong University School of Medicine from March 2019 to
June 2019. The samples for multiplex immunohistochemi-
cal staining (mIHC) were obtained from patients of HNSCC

who underwent surgery in 2023. The tissue microarray
(TMA) for IL1R2+Treg infiltration analysis was obtained
from HNSCC patients who underwent surgery from 2014
to 2024.

Single-cell RNA sequencing (scRNA-seq)

Tissue samples were washed with saline and immediately
immersed in Miltenyi Tissue preservation Solution (No.
130-100-008). The tissue samples were cut into small
pieces of about 0.5 mm? and digested into a single-cell sus-
pension. Red Blood Cell Lysis Buffer (MACS, 130-094-
183) was added to the cell precipitate for 5 min. After
centrifugation, the cells were washed and re-suspended
with RPMI-1640. The cDNA library was constructed
using the 10 X Genomics Chromium Next GEM Single
Cell 3’Reagent Kits v3.1 kit (No. 1000268). Sequencing
was performed on Illumina Nova 6000 PE150 platform.

Multiplex immunohistochemical (mIHC) staining

The permeabilization for tissue sections was conducted
with 0.5% TritonX-100 in PBST. Fc-blocking was con-
ducted with 10% goat serum at room temperature. Primary
antibody (Round 1: IL1R2 antibody, sigma, 1:200; Round
2: CD4 antibody, CST, 1:200; Round 3: FOXP3 antibody,
CST, 1:200; Round 4: IL-1p antibody, Proteintech, 1:200)
was added and incubated at 4°C overnight. Secondary anti-
body was incubated at room temperature for 20 min. Fluo-
rescence-conjugated HRP (MCE) was added and incubated
at room temperature for 20 min. DAPI (Beyotime) was
dripped onto the slices and incubated in a shaker at room
temperature for 20 min. The slices were added with an
anti-fluorescence quencher and sealed with a cover glass.
Take pictures with confocal microscope.

Enzyme-linked immunosorbent assay (ELISA)

All steps are performed according to the instructions
of IL1IR2 ELISA Kit (FineTest, #£EH0187). Set stand-
ard holes, blank holes and sample holes, and add 100 pl
sample to each hole. The sample plates were incubated at
37 °C for 90 min. After cleaning, 100 pl biotin-antibody
working solution was added to each well and incubated at
37°C for 60 min. After cleaning, 100 pl HRP-Streptavidin
working solution was added to each well and incubated at
37°C for 30 min. After washing, 100 pl TMB solution was
added to each well, incubated at 37°C, then 50 pl reaction
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«Fig.2 IL1R2+Treg was positively associated with TNM Stage and
poor prognosis in HNSCC. A Representative mIHC staining of CD4
(green), FOXP3 (red), ILIR2 (violet) and DAPI staining (gray) in
human HNSCC tissues. Tregs (yellow) were identified using colo-
calization of CD4 and FOXP3. Scale bar, left, 20 pm; right, 5 pm.
B Intensity of Treg (yellow) and IL1R2 (violet) was calculated using
ImagelJ according to the line on picture, related to Fig. 2A. C Repre-
sentative mIHC staining of IL1R2+Treg in TMA (n=69) with differ-
ent TNM stages. Scale bar, left, 20 pm; right, 10 pm. D Colocaliza-
tion Intensity (below) of different TNM stages were calculated using
ImagelJ according to the lines on pictures above, related to Fig. 2C. E
The proportion of IL1R2+Treg in Tregs was associated with TNM
Stage, related to Fig. 2C. F Elisa analysis of serum soluble ILIR2
expression in HNSCC patients (n=100) and healthy donors (n=40).
G, H Expression of serum soluble IL1R2 was related to metastasis
(G) and TNM Stage (H). I Overall survival rate according to the pro-
portion of ILIR2 in HNSCC tissues in a TCGA cohort. J HR accord-
ing to IL1R2 in different cancer types in TCGA cohorts. HR, hazard
ratio, THCA, Thyroid carcinoma, READ, Rectum adenocarcinoma,
PDAC, Pancreatic ductal adenocarcinoma, LUAD, Lung adenocar-
cinoma, LIHC, Liver hepatocellular carcinoma, BLCA, Bladder
carcinoma. sIL1R2, soluble ILIR2. ns, no significance; *p<0.05;
*#p <0.01; ¥*¥*p <0.001; ****p <0.0001

termination solution was added to each well, and OD val-
ues were measured at 450 nm and 630 nm, respectively.

RNA interference

The siRNA for IL1R2 gene was designed and synthesized
by Shanghai Genomeditech Company (Shanghai, China).
The cells were transfected by using Lipofectamine 2000
(Thermo Fisher Scientific, USA) according to the manu-
facturer’s instructions.

The siRNA sequence is as follows: IL-1R2-siRNA-1,
5'-CACAG GAAAG GUUUC UGAA tt-3'; IL-
1R2-siRNA-2, 5'-CUCAA GGUCU UUAAG AAUA tt-3';
IL-1R2-siRNA-3, 5'-GGCUA UUACA GAUGU GUUA
tt-3'.

C57BL/6 mice

MOCI cells (5 x 10° cells/per site) were injected subcuta-
neously into the back of C57BL/6 mice. The tumor-bear-
ing mice were divided into different groups: block-IL1R1
(400 ng per site), recombinant murine IL-18 (50 ng per
site), si-IL1R2 (0.4 pmol per site), anti-CTLA4 (250 ng was
injected intraperitoneally for each mice). Vernier calipers
were used to measure tumor growth regularly. The calcula-
tion formula for tumor volume was V= (L x W?)/2, where
V represented volume, L represented long diameter, and W
represented short diameter.

Mass spectrometry

Tregs induced by naive CD4+T cells from the spleen of
C57BL/6 mice, treated with IL-1f (50 ng/ml, TargetMol,
#TMPY-02134). Tregs were then added CSK100 lysated
cells (about 40 pl) containing PMSF (Phenylmethanesulfo-
nyl fluoride). The supernatant containing cytoplasmic pro-
teins was removed by centrifugation (4°C, 4000 rpm, 5 min).
Cleaning precipitate with 200 pl CSK100 for three times
(4°C, 4000 rpm, 5 min). The nuclear protein was collected
by re-suspension precipitation with 25 pl whole cell lysate.
Nuclear protein samples were subjected to Liquid Chro-
matography Mass Spectrometry by OE Biotech (Shanghai,
China).

*CSK100 formula: 100 mM PIPES (pH=6.8); 100 mM
NaCl; 300 mM sucrose; 3 mM MgCI2; 1 mM EDTA;
0.5%TritonX-100; The rest is filled with ddH,O.

Flow cytometry

Tumor samples were digested into single-cell suspension.
Cells were incubated with LIVE/DEAD™ Fixable Vio-
let Dead Cell Stain Kit (Invitrogen) for 30 min on ice and
washed with PBS. Then a mix of fluorochrome-conjugated
primary antibody (1:200, all purchased from Biolegend)
was used, including PerCP/Cyanine5.5 anti-mouse CDA45,
FITC anti-mouse CD3¢, PE/Cyanine7 anti-mouse CD11b,
Brilliant Violet 605 anti-mouse CD4, Brilliant Violet 510
anti-mouse CD8a, PE anti-mouse F4/80, APC anti-mouse
CD206, PE anti-mouse CD279, PE/Cyanine7 anti-mouse
CD152, Brilliant Violet 711 anti-mouse CD366, Brilliant
Violet 605 anti-mouse CD279. For intracellular staining
(Granzyme B, Perforin and IL1R2), cells were fixed and
permeabilizated using BD Cytofix/Cytoperm™ Fixation/
Permeabilization Kit (BD Pharmingen™). Then cells were
stained with FITC anti-mouse Perforin (1:200, Biolegend),
PE anti-mouse Granzyme B (1:200, Biolegend) and PE anti-
mouse CD121b (1:100, BD Pharmingen™). For FOXP3 and
NR4AL1 staining, cells were stained with APC anti-mouse
FOXP3 (1:100, eBioscience™) and PE anti-mouse NR4A 1
(1:100, eBioscience™) after being fixed and permeabiliza-
ted using the Foxp3/Transcription Factor Staining Buffer
Set (eBioscience™). The stained cells were resuspended in
PBS, and NovoCyte Peatean (Agilent) was used to analyze
single-cell suspension samples.
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«Fig. 3 Silencing IL1R?2 inhibited tumor growth in vivo. A Schematic
diagram showing the process for establishing the subcutaneous tumor
models and treatments. B Images of isolated tumors. C Tumor growth
after tumor cells injection and treatment. D Tumor weight after
21 days injection and treatment. E-H Average percentage of CD4+T
cells (E), CD8+T cells (F), Treg cells (G) and M2 macrophages
(CD206, H) in two groups identified by Flow Cytometry. Each group
had 6 samples. I, J The proportion of IL1R24+Treg in Tregs (I) and
the expression of ILIR2 in Treg (J). K Expression of CTLA4 and
Tim3 in Tregs. L Expression of Granzyme B, Perforin and CTLA4
in CD8+T cells. it., intratumor injection. *p<0.05; **p<0.01;
*#%p <0.001; ****p <0.0001

Immunocytochemistry (1CC)

Tregs induced by naive CD4+T cells from mice spleen
were seeded in coated confocal dishes. After stimulating
with IL-1pB (50 ng/ml, 12 h) with or without blocking IL1R2
for 24 h, the cells were then washed with pre-cooled PBS
2 times and fixed with 4% PFA for 15 min. TritonX-100
was used to permeabilize the cells, and 5% v/v goat serum
in TBST was used for Fc blocking. The cells were incu-
bated with primary antibodies at 4 °C overnight, washed
with PBS 2 times and incubated with secondary antibodies
for 1 h in the dark at room temperature. Nuclei were stained
with DAPI for 15 min. Images of the cells were acquired
with a Zeiss LSM900 microscope and further processed with
ZEN 1.1.0.

RNA extraction and real-time PCR analysis

For cellular RNA extraction, Tregs were induced by naive
CD4+T cells extracted from C57BL/6 mice spleen with
murine IL-2 (10 ng/mL, Peprotech, #212-12) and TGF-f1
(10 ng/mL, Peprotech, #100-21) for 4 days after stimulating
with a-CD3 (Biolegend, #100,238) and a-CD28 (Biolegend,
#102,116). After different treatments, RNA was extracted
with the RNA-Quick Purification Kit (ESunBio) according
to the manufacturer’s protocol. Reverse transcription was
conducted with Evo M-MLV RT Master Mix (ACCURA
TE BIOTECHNOLOGY (HUNAN)CO.,LTD, ChangSha,
China, #AG11728). Hieff gPCR SYBR Green Master Mix
(Yeasen) was used to conduct Real-time PCR. The 2-24¢t
method was used to normalize the expression of target genes
to that of Actb. The sequences used are as follows: Actb-F:
GGCTGTATTCCCCTCCATCG, Actb-R: CCAGTTGGT
AACAATGCCATGT; I1112-F: GCAGCAGATACGTGT
GAGGAC, I11r2-R: GTACCATGTCAGATTTACTGCCC;
Ctlad-F: TTTTGTAGCCCTGCTCACTCT, Ctla4-R: CTG
AAGGTTGGGTCACCTGTA.

Statistical analyses

Data shown in this study are means + standard devia-
tion (SD) of three independent experiments. A P value
of <0.05 by using Student’s ¢ test was considered statisti-
cally significant.

Results

scRNA-seq identified the IL1R2+Treg subset
in HNSCC

To analyze the infiltrating immune cells in the TME,
we performed scRNA-seq on 5 pairs of HNSCC sam-
ples. Uniform manifold approximation and projection for
dimension reduction (UMAP) were used to analyze differ-
ent cell subsets in HNSCC. The results revealed that vari-
ous cell types, such as epithelial cells, fibroblasts, Tregs
and CD8+T cells, were present in HNSCC tumor tis-
sues (Fig. 1A). The proportion of infiltrated Tregs, mac-
rophages and CD8+T cells was increased significantly
in tumor tissues compared to normal tissues (Fig. 1B).
CD8+T cells were shown to exhibit an exhausted phe-
notype in our previous studies [13]. The proportion of
Tregs increased from 4% in paracancerous tissue to 10%
in tumor tissue (Fig. 1B), suggesting that Tregs may play
an important role in the occurrence and development of
HNSCC.

Tregs were further divided into 6 subsets (Fig. 1C).
IL1R2+Treg was the most infiltrated Treg subset in tumor
tissues (Fig. 1D). We analyzed the expression of markers
of different Treg subsets in paired HNSCC samples and
found that only the IL1R2 gene was significantly upregu-
lated in tumor tissues (Fig. 1E, F). Subcellular locali-
zation analysis revealed that ILIR2 was predominantly
expressed in Tregs (Fig. 1G; Supplementary Fig. S1A, B).
Gene Ontology (GO) analysis revealed that the biological
functions of the ILIR2+Treg include cytokine—cytokine
receptor interactions, the regulation of immune cell acti-
vation, and the regulation of the CD8+T cell receptor
(TCR) downstream signaling pathway (Fig. 1H). Moreo-
ver, we found that CTLA4 and HAVCR2 were upregu-
lated in Tregs in tumor tissues compared to adjacent
normal tissues (Fig. 1I). These results revealed a tumor-
specific ILIR2+Treg in HNSCC, which might be related
to immune response regulation.
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«Fig. 4 IL-1P promoted tumor growth and immunosuppressive TME
formation. A Schematic diagram showing the process for establish-
ing the subcutaneous tumor models and treatments. B Images of
isolated tumors from 3 groups (n=6). C Tumor growth after tumor
cells injection and treatment. D Tumor weight after 24 days injection
and treatment. E-H Flow Cytometry showing the average percent-
age of CD4+T cells (E), CD8+T cells (F), Tregs (G) and M2 mac-
rophages (CD206, H). I, J The proportion of ILIR2+4+Treg in Tregs
(I) and the expression of IL1R2 in Treg (J). K Expression of CTLA4
and Tim3 in Tregs. L Expression and analysis of Granzyme B, Per-
forin and CTLA4 in CD8+T cells. i.t., intratumor injection. o-illrl:
anti-IL1R1. rmIL-1p: recombinant murine IL-1f. ns, no significance;
*p<0.05; ¥¥p <0.01; ***p <0.001; ****p <0.0001

Diagnostic and prognostic value of the proportion
of IL1R2+Treg in HNSCC

The levels of Treg markers (CD4 and FOXP3) and IL1R2
in clinical samples were assessed via multiplex immunohis-
tochemistry (mIHC). The results proved that ILIR2+Treg
did present in HNSCC samples (Fig. 2A, B). A TMA includ-
ing 69 HNSCC samples revealed that the proportion of
IL1R2+Treg was positively correlated with TNM stage but
not with age, sex, tumor site, pathological grade or lymph
node metastasis status in HNSCC patients (Fig. 2C-E).
The diagnostic value of serum IL1R2 protein level was
analyzed via ELISA of blood samples from 100 HNSCC
patients and 40 healthy donors. The results revealed that the
serum soluble IL1R2 level was significantly increased in
HNSCC patients (Fig. 2F). What’s more, the serum soluble
IL1R2 level was positively correlated with HNSCC metas-
tasis and TNM stage (Fig. 2G-H). These results indicated
the importance of serum IL1R2 protein levels in the diag-
nosis of HNSCC. In addition, analysis of the cancer genome
atlas (TCGA) database showed that a high proportion of
IL1R2 was significantly associated with a poor HNSCC
prognosis. HNSCC patients with greater infiltration of the
IL1R2 had a worse prognosis (Fig. 2I). What’s more, we also
found that IL1R2+4Treg was correlated with the response to
anti-PD-1/CTLA-4 immunotherapy, which indicated that it
had a predictive effect on the ICB treatment (Supplemen-
tary Fig. S1C). In addition to HNSCC, a high proportion
of IL1R2 was significantly associated with a poor progno-
sis for rectum adenocarcinoma (READ), pancreatic ductal
adenocarcinoma (PDAC), lung adenocarcinoma (LUAD),
liver hepatocellular carcinoma (LTHC), and bladder urothe-
lial carcinoma (BLCA) (Fig. 2J).

Silencing the IL1R2 gene inhibited tumor growth

An oral squamous cell carcinoma cell line (MOCI1) was
implanted subcutaneously into C57BL/6 mice to analyze the
therapeutic value of ILIR2 in HNSCC (Fig. 3A). Compared
with the control group, the tumor growth rate was lower, and
the tumor volume and tumor weight were significantly lower

in the si-il1r2 group (Fig. 3B-D). Further analysis revealed
that the proportion of leukocytes and either lymphoid or
myeloid cells was increased, whereas the proportion of M2
macrophages was significantly decreased (Fig. 3E-H; Sup-
plementary Fig. S2A). After silencing the IL1R2 gene, the
proportion of IL1R2+Treg and the expression of IL1R2,
CTLA4 and Tim3 in Tregs decreased (Fig. 3I-K). Expres-
sion of Granzyme B and perforin in CD8+T cells was sig-
nificantly increased, whereas CTLA4 expression was sig-
nificantly decreased, which indicated the killing function of
CD8+T cells was decreased while the exhaustion phenotype
was upregulated (Fig. 3L; Supplementary Fig. S2A). The
results showed that silencing the IL1R2 gene reduced the
accumulation of IL1R2+Treg in tumors and reversed the
immunosuppressive phenotype of the microenvironment in
HNSCC.

IL-18 promoted the formation
of an immunosuppressive microenvironment

IL1R2 has been reported to serve as a decoy receptor that
competitively binds to IL-1p and prevents its binding to
IL1IRI1 [5]. A recent study revealed that IL-1 was upregu-
lated in many tumor tissues and our recent study indicated
that IL-1p promoted tumor progression in HNSCC [14].
Thus, we analyzed the effect of IL-1p on HNSCC tumors
in a tumor-bearing mouse model. Considering that IL1R1
also acts as a receptor for IL-1p, to demonstrate that the role
of IL-1p in HNSCC tumors is mainly mediated by IL1R2,
we used neutralizing antibodies to block the IL1R1 recep-
tor in tumors and then injected recombinant murine IL-1p
protein (rmIL-1p) (Fig. 4A). Compared with those in the
negative control group, the tumor growth rate was greater
in the rmIL-1p-treated group and the anti-ILIR1 + rmIL-
1p-treated group, and the tumor volume and weight were
significantly greater (Fig. 4B-D).

In the rmIL-1p-treated group and the anti-IL1R1 +rmIL-
1B-treated group, the proportion of myeloid cells was
increased, and the proportion of macrophages, especially M2
macrophages, was also increased (Fig. 4E-H; Supplemen-
tary Fig. S2B). Moreover, the proportion of IL1R2+Treg
and the expression levels of IL1R2, CTLA4 and Tim3 in
Tregs were significantly increased (Fig. 4I-K). Furthermore,
in CD8+T cells, the levels of Granzyme B and perforin,
which were cellular cytotoxicity markers, were significantly
decreased, whereas the level of CTLA4 was significantly
increased (Fig. 4L). The results showed that IL-1f signifi-
cantly promoted the enrichment of ILIR2+Treg and the
formation of an immunosuppressive microenvironment in
HNSCC tumors.
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IL-1B promoted the expression of CTLA4 in Tregs
by regulating NR4A1

Next, mIHC analysis revealed that IL-1f and ILIR2+Treg
colocalized in the HNSCC TME, suggesting that IL-1f
might be a ligand for IL1R2+Treg (Fig. 5A). On the basis
of our in vivo results, we explored how IL-1f affected Tregs
in vitro. After stimulating Tregs with rmIL-1p for 12 h,
we found that the expression of IL1R2 was upregulated
(Fig. 5B). These results were consistent with our previous
scRNA-seq results (Fig. 11). To further explore how IL-1f
regulated CTLA4 in IL1IR2+Treg, we separated nuclear
proteins from Tregs with or without IL-1f stimulation and
analyzed them via protein spectrometry. Selecting transcrip-
tion factors which were significantly upregulated in Tregs’
nucleus, we identified NR4A1 and IRE1 as candidate tran-
scription factors (Fig. 5C, D; Supplementary Table. S1).
Using DIM-C-pPhOH (NR4A1 inhibitor, 20 pM) [15] and
4n8C (IREI inhibitor, 200 nM) [16], we found that inhibiting
NR4AT reduced the expression of CTLA4 even stimulated
with rmIL-1f, thus we hypothesized that IL-1p regulated
CTLA4 via NR4A1 (Fig. SE, F). After using rmIL-1p and
blocking IL1R2, we verified that IL-1f translocated NR4A 1
into nucleus to promote CTLA4 transcription (Fig. 5G, H).
Besides, we wondered if NR4A1 regulated the expression
of IL1R2 in Tregs, after using DIM-C-pPhOH (20 pM) for
a 24 h-blocking, we found that NR4A1 did not upregulated
IL1R2 but only CTLA4 at both protein and mRNA level
(Supplementary Fig. S3A-D).

Combined targeting of IL1R2 and CTLA4 to inhibit
tumor growth

In vivo experiments were used to explore whether silenc-
ing IL1R?2 alone or neutralizing CTLA4 alone could inhibit
tumor growth and whether combined targeting of IL1R2
and CTLA4 had a more significant inhibitory effect on
tumor growth (Fig. 6A-D). We also found that the TME
changed, and the proportion of M2 macrophages decreased
after treatment with either alone or combined (Fig. 6E-H,;
Supplementary Fig. SC). Combined targeting of IL1R2 and
CTLA4 had the most significant inhibitory effect on IL1R2
gene expression in Tregs and decreased the expression of
CTLA4 and Tim3 in Tregs (Fig. 61-K). The combination
of si-il1r2 and anti-CTLA4 promoted the killing function
of CD8+T cells and inhibited the expression of CTLA4 in
CD8+T cells (Fig. 6L). Taken together, these results indi-
cated that combined targeting of IL1R2 and CTLA4 was an
effective strategy to inhibit tumor growth and regulate the
immunosuppressive TME (Fig. 7).

Discussion

Some studies have revealed that there are different Treg
subsets that respond to different signals, such as IFNa-
responsive Tregs and TNFR-responsive Tregs [17]. Also,
the collagen-induced LAIR2 + Treg subset was reported to
promoted the formation of a TME which was favorable for
tumor progression [18]. However, there are few studies on
Treg subsets in HNSCC. In this study, we found that the
IL1R2+4Treg highly infiltrated HNSCC tumor tissues and
was positively associated with advanced TNM stage and
a poor prognosis in HNSCC. Moreover, the expression of
soluble IL1R2 level in serum was positively correlated with
tumor metastasis and the TNM stage of HNSCC. In addition
to HNSCC, IL1R2+Treg was also found to exhibit enrich-
ment in esophageal cancer and in colorectal adenoma [19].
Using TCGA database, we also explored that IL1R2+Treg
had a predictive effect on the ICB treatment and IL1R2 was
related to a poor prognosis in READ, PDAC, LUAD, LIHC
and BLCA. These results indicate that IL1R2+Treg may
play a broad role in immune escape and may be valuable for
tumor diagnosis.

IL1R2 plays an important role in tumorigenesis, angio-
genesis, invasion and metastasis through immune regula-
tion, and has a potential carcinogenic effect. The upregula-
tion of IL1R2 has been observed in various cancers, such
as colorectal cancer [11], gastric cancer [20], breast cancer
[21], lung cancer [22], PDAC [23], prostate cancer [24],
ovarian cancer [25], and oral cancer [26]. Silencing IL1R2
expression inhibited the proliferation of osteosarcoma cells
[27]. What’s more, blocking IL1R2 expression can reduce
the enrichment of breast cancer stem cells in tumor tissues,
inhibit the infiltration of tumor-associated macrophages,
and reverse the exhausted phenotype of CD8+T cells [28].
In this study, we found that silencing the IL1R2 gene sig-
nificantly suppressed the infiltration of the ILIR2+Treg and
M2 macrophages in the TME, enhanced the killing activity
of CD8+T cells, and inhibited tumor growth. These results
indicated that IL1R2 was not only a potential diagnostic bio-
marker but also a potential new treatment target for HNSCC.

Interleukin-1p (IL-1p) is a pro-inflammatory media-
tor that can bind with IL1R2. Recent studies found that
the expression of IL-1f was elevated in tumors and either
IL-1pB or IL-1p +TAMs promoted tumor progression, such
as HNSCC and PDAC [14, 29]. This study confirmed that
IL-1 colocalized with IL1R2+Treg in HNSCC tumor sam-
ples, and IL-1f significantly upregulated the expression of
IL1R2 in Tregs, promoting the formation of an immunosup-
pressive TME. These results indicated that IL-1p was an
important factor that promoted IL1R2+Treg formation and
enrichment in tumors.
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«Fig.6 Combined targeting of IL1IR2 and CTLA4 inhibited tumor
growth and immunosuppressive microenvironment formation. A
Schematic diagram showing the process for establishing the subcu-
taneous tumor models and treatments. B Images of isolated tumors
from 4 groups (n=6). C Tumor growth after tumor cells injection and
treatment. D Tumor weight after 24 days injection and treatment. E—
H Flow Cytometry showing the average percentage of CD4+4T cells
(E), CD8+T cells (F), Tregs (G) and M2 macrophages (CD206, H).
I, J The proportion of IL1R2+Treg in Tregs (I) and the expression
of IL1R2 in Treg (J). K Expression of CTLA4 and Tim3 in Tregs.
L Expression and analysis of Granzyme B, Perforin and CTLA4 in
CD8+T cells. i.t., intratumor injection. i.p., intraperitoneal injec-
tion. a-CTLA4, anti-CTLA4 antibody. ns, no significance; *p <0.05;
*#p <0.01; ¥**p <0.001; ****p <0.0001

As a key molecule that mediates the immunosuppres-
sive activity of Tregs, the expression level of CTLA4 is
regulated by many factors. The Nuclear factor of activated
T-cells (NFAT) can promote the expression of the CTLA4
gene [30]. CTLA4 can also be epigenetically regulated by
promoter DNA methylation, and its transcriptional activity
is related to the DNA methylation status of the promoter
region [31]. In addition, lactic acid can promote the RNA
splicing of CTLA4 in Tregs and maintain the immunosup-
pressive function of Tregs [32]. In this study, we found that
IL-1p promoted the expression of IL1R2 and further regu-
lated transcription factor NR4A1. NR4A1, also known as
Nur77, is a member of the superfamily of orphan nuclear
receptors. It has been reported that NR4A 1 was important in
Treg cells maintenance [33]. Another studies indicated that
NR4A1 promoted cancer cells metastasis through enhancing
immunosuppressive function of Tregs [34]. A recent studies

Fig.7 The proposed model for
this study
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also showed that, in CD84T cells, NR4A1 promoted Tpex
development and the expression of Tox and TCF7 during
tumorigenesis and chronic virus infection [35]. Here, we
also found that IL-1f translocated NR4A1 into nucleus and
thus upregulated the expression of CTLA4, but not regu-
lated IL1R2, which providing a new understanding of the
transcriptional regulation of CTLA4 in Tregs.

Ipilimumab has shown promise in a variety of malig-
nancies, but there are still many challenges in the appli-
cation of ipilimumab as a single agent, such as the high
incidence and grade of adverse events associated with
anti-CTLA4 therapy. Considering the above disadvan-
tages, ipilimumab is often used in combination with other
drugs, such as the indoleamine 2,3-dioxygenase inhibitor
INCBO024360 and granulocyte—macrophage colony—stim-
ulating factor [36, 37]. The results of this study indicated
that the combined blockade of IL1R2 and CTLA4 might
be an effective anti-HNSCC strategy. Compared with
the monotherapy group, the combined treatment group
had more significant antitumor effects. What’s more, we
found that using anti-CTLA4 alone might upregulated the
expression of PD-1 in both CD8+T cells and Tregs. It may
due to using anti-CTLA4 changed the TME and promoted
the expression of PD-1 by activating genes related [38,
39]. However, when using si-il1r2 combined, PD-1 level in
CD8+T cells and Tregs was downregulated significantly,
which also showed an antitumor effect.

In conclusion, we found that IL-1p promoted the expres-
sion of IL1R2 in Tregs and further promoted CTLA4
expression in Tregs by inducing the nuclear translocation
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of NR4A1. Combined targeting of ILIR2 and CTLA4 may
be a promising strategy to inhibit HNSCC progression.
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