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Abstract: Lung cancer is the most common cancer type with poor prognosis. While G protein-coupled receptor 35
(GPR35) is a potent stimulator of tumor growth, group 2 innate lymphoid cells (ILC2) have shown dual effects in
tumorigenesis. Intriguingly, inflammation induced GPR35 activation leads to an upregulation in the markers associ-
ated with ILC2. Here, we reported that GPR35 knockout mice exhibited a significantly reduced tumor growth and
altered immune infiltration in tumors. Furthermore, activating GPR35 in different mouse models promoted tumor
development by enhancing the production of IL-5 and IL-13, thereby facilitating the formation of the ILC2-MDSC axis.
Moreover, we found that GPR35 was a poor prognostic factor in patients with lung adenocarcinoma. Together, our
findings suggest the potential application of targeting GPR35 in cancer immunotherapy.
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Introduction

Lung cancer is the most common cancer type
and the leading cause of cancer-related death,
with more than 2 million new cases and 1.7 mil-
lion deaths globally each year. Approximately
85% of lung cancers are non-small cell lung
cancer (NSCLC), of which more than 50% are
adenocarcinomas [1]. Due to atypical symp-
toms, more than 70% of NSCLC patients pres-
ent with advanced disease at diagnosis. Accu-
mulating evidence has indicated that immuno-
suppression is the main cause of tumor-associ-
ated immune evasion. In the tumor microenvi-
ronment, cancer cells escape from immune
surveillance by exploiting the tumor suppress-
ing regulators [2].

As the most recently identified non-B and non-T
cell family of immune cells, innate lymphoid
cells (ILCs) lack antigen-specific receptors and
can be classified into three groups according to
the cytokine they secrete and the transcription

factor they express, mirroring to some extent
CD4* T helper subsets [3, 4]. While group 1 ILCs
(ILC1s) secrete IFN-y and express T-bet, group 2
ILCs (ILC2s) secrete IL-13 and IL-5, as well as
express GATA3. In contrast, the tissue resident
group 3 ILCs (ILC3s) secrete IL-22 and IL-17 and
express RORYT [5]. Notably, several recent stud-
ies have highlighted the important contribution
of ILC2 to various physiological and pathophysi-
ological processes [6, 7]. Due to its unique
occupational niche in mucosal tissue, ILC2s are
one of the first-responder cells in the initiation
of tumor-specific immune response. It has been
reported that ILC2s exert their function mainly
by producing cytokines IL-5 and IL-13 when acti-
vated by alarmins, thymic stromal lymphopoi-
etin (TSLP), IL-25 or IL-33 [3]. Recently, several
groups have reported the function of ILC2s in
the tumor immune microenvironment (TIME).
For example, Belz et al. found that IL-33 in
combination with anti-PD-1 unleashed ILC2-
mediated anti-melanoma immunity [8]. How-
ever, another study by Martijn et al. reported
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that the activation of ILC2s promoted the lung
tumor load via their capacity to suppress natu-
ral killer (NK) cell-mediated innate antitumor
immunity [9]. Hence, the role of ILC2s in tumor
development is controversial and requires fur-
ther study.

G protein-coupled receptor 35 (GPR35) is an
orphan G protein-coupled receptor that inter-
acts with Na/K-ATPase [10]. GPR35 has been
reported to be expressed in the intestinal epi-
thelium, peripheral sensory neurons, and adi-
pose, as well as in various myeloid cell types
and cardiovascular tissue [11]. However, its
function in tumor development is not fully
understood. It has been reported that GPR35-
deficient mice show reduced tumor develop-
ment in mouse tumor model and in CAC model
induced by sodium dextran sulfate (AOM-DSS)
[10]. Kreider et al. reported that GPR35 pro-
moted glycolysis, proliferation, and oncogenic
signaling by engaging with the sodium-potassi-
um pump [10]. A similar study showed that
GPR35 expressed in macrophages is a potent
tumor growth promoter by stimulating neoan-
giogenesis and tumor tissue remodeling [12].
Interestingly, one study has demonstrated that
the activation of GPR35 upregulates the mark-
ers associated with ILC2s [13]. However,
whether GPR35 is expressed as well as its
function in ILC2 are still to be determined.
Notably, kynurenic acid (KYNA), a product of
the kynurenine pathway of tryptophan metabo-
lism [14], has recently been reported as an ago-
nist of GPR35 to exert immunosuppressive and
anti-inflammatory effects [15-17].

In this study, we investigated the role of ILC2s
and GPR35 in the development of lung adeno-
carcinoma (LUAD). We revealed that GPR35
regulated tumor growth in the murine LUAD
model. Depletion of GPR35 profoundly reduced
the tumor size in GPR357" mice, accompanied
by the decreased number of ILC2s, while the
activation of GPR35 resulted in the opposite
effects. Therefore, our study has identified the
tumor-promoting role of ILC2s and GPR35.

Materials and methods
Reagents and antibodies

IL2 and IL-33 were purchased from R&D
Systems, MN, USA; KYNA was from TOCRIS,
MO, USA; Liberase was from Roche Diagnostics
Corporation, IN, USA.
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The following antibodies were purchased from
Thermo Fisher Scientific, CA, USA: GPR35,
FITC-lineage, Alexa Fluor 700-IFN-y, while the
following antibodies were purchased from
Biolegend, CA, USA: CD3, CD28, APC-Cy7-
CD45, PE-CD127, Percp-cy5.5-ST2, FITC-CD3,
PE-Cy7-CD4, Percp-cy5.5-CD8, PE-Foxp3, APC-
PD1, CD16/32, AF647-conjugated secondary
antibody.

Mice

GPR357 and Rag2” mice were generated
in Shanghai Model Organisms Center, Inc.
C57BL/6, GPR357 (C57BL/6-Gpr35emismoe)
and Rag2” (C57BL/6-Rag2°cmm°) mice were
bred in our animal facility at Soochow University.
Mice were housed in a pathogen-free barrier
facility with a 12/12 h day/night cycle and free
access to chow and water.

The experimental protocols were approved by
the ethical committee of Soochow University
(Suzhou, China), and all animal handlings were
performed in accordance with the Declaration
of Helsinki.

Cancer cell line

The mouse LAUD LLC cells were cultured in
DMEM medium (Sigma-Aldrich Co., St. Louis,
MO, USA) supplemented with 10% FBS and 1%
penicillin/streptomycin and maintained in a
humidified atmosphere of 5% CO, at 37°C.

Mouse tumor models

To initiate tumorigenesis, sex-matched 6-8
weeks old syngeneic C57BL/6, GPR357 or
Rag27 mice were subcutaneously injected with
LLC cells (5 x 10°) in the right flank, and the
tumor growth was monitor. After tumor forma-
tion, the mice were randomized into different
treatment groups. The GPR35 agonist KYNA
was administered intraperitoneally every other
day at a dose of 3 mg/kg. Tumor growth was
measured every 2 or 3 days using a caliper. The
tumor volume was calculated using the formu-
la: 1/2 x (length x width?). If the tumor reached
1500 mm?3 or became ulcerated, the mice were
euthanized.

Recombinant I-33 injection

To administer rmIL-33, the mice were given
intraperitoneal injections with 500 ng of carri-
er-free recombinant mouse 1L-33 in sterile PBS
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daily for three consecutive days. Then, the mice
were sacrificed 24 h after the third injection,
and the tumor samples were collected for fur-
ther analysis.

Single-cell isolation and flow cytometry

Mouse tumor tissues were cut into small piec-
es, suspended in RPMI-1640 medium contain-
ing Liberase, and digested in a shaker at 37°C
for 30 minutes. After centrifugation, the super-
natants were passed through a 200 um cell fil-
ter by centrifugation at 500xg for 5 minutes to
obtain single-cell suspensions. These cells
were first blocked with anti-mouse CD16/32 for
20 minutes at 4°C before staining with the fol-
lowing conjugated primary antibodies: FITC-
lineage, Alexa Fluor 700-IFN-y, APC-Cy7-CD45,
PE-CD127, Percp-cy5.5-ST2, FITC-CD3, PE-Cy7-
CD4, Percp-cy5.5-CD8, PE-Foxp3, APC-PD1.

To detect the expression of GPR35, primary
antibody against GPR35 was used, followed by
incubation with AF647-conjugated secondary
antibody in the dark for 30 minutes at room
temperature.

To detect intracellular cytokine production, sin-
gle cell suspensions were first stimulated with
a cell-stimulating cocktail (Thermo Fisher
Scientific, CA, USA) for 6 h at 37°C. Then, the
cells were stained for surface markers, or fixed,
permeabilized, and stained for cytokine pro-
duction using the Fixation and Permeabilization
Buffer Kit (Thermo Fisher Scientific, CA, USA)
according to the manufacturer’s instructions.
For Foxp3 staining, TM Foxp3/transcription fac-
tor staining buffer sets (eBioscience™, AUT)
was used after surface marker staining. The
labeled cells were quantified by the fluores-
cence-activated cell sorting (FACS) Cantoll cell
analyzer (BD Biosciences, CA, USA), and the
FACS data were analyzed using Flowjo10 soft-
ware (version 7.6.5; Tree Star, Ashland, OR,
USA).

Mouse immune cells were defined as follows:
ILC2s = live, CD45*, Lineage  CD127*, ST2*
cells; T cells = live, CD45"*, CD3*; CD8* T cells =
live, CD45"*, CD3*, CD8*; CD4" T cells = live,
CD45*, CD3*, CD4*; regulatory T cells = live,
CD45*, CD3", CD4", FoxP3".

Isolation of murine ILC2s and Pan T cells

ILC2s were isolated from mouse splenocytes
on a FACS Aria Il system. Briefly, the murine
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splenic cell suspension was incubated with
FITC-lineage (CD3e, CD45R, Gr-1, CD1ic,
CD11b, Ter 119, NK1.1, TCR-af3, and FCeRI),
PE-CD127, as well as Percp-ST2, and then
ILC2s were sorted by flow cytometry. Cells were
stimulated with IL-2 (20 ng/ml) and IL-33 (10
ng/ml) for 72 h before use. Pan T cells were
isolated by MACS Pan T cell isolation kit
(Miltenyi Biotec, CA, USA). The sorted T cells
were then cultured in standard culture medium
at a density of 2 x 10° cells/well in 96-well
plates (Costar) and stimulated with anti-CD3 (5
pg/ml) plus anti-CD28 (2 yg/ml) and IL-2 (20
ng/ml) for 72 h before use.

Enzyme-linked immunosorbent assay (ELISA)

The expression levels of IL-5 and IL-13 were
measured by ELISA (Thermo Fisher Scientific,
CA, USA) following the manufacturer’s instruc-
tions. Each sample was examined in triplicate.

Adoptive transfer

To evaluate the effect of KYNA on tumor growth
in Rag2” mice, KYNA in PBS was administered
7 days before cancer cell inoculation and was
given every other day until 1 day before cell
inoculation. On days 2, 4, and 6 post-tumor
implantation, 1 x 108 pan T cells were intrave-
nously injected into Rag2”- mice. Control mice
were injected with PBS. Tumor samples were
collected at the indicated time points for fur-
ther analysis.

Gene correlation analysis in GEPIA and
Kaplan-Meier plotter

We used GEPIA (http://gepia.cancer-pku.cn/)
and Kaplan-Meier plotter (http://kmplot.com/
analysis/) [18] to investigate the expression of
GPR35 and its association with the prognosis
in LUAD. The patient samples were divided into
two groups based on the expression level of
GPR35, and the prognostic value of GPR35 was
analyzed. The hazard ratio (HR) with 95% confi-
dence intervals and log-rank P-value were also
computed.

Association of GPR35 with immune cell infiltra-
tion in LUAD

First, the high-throughput RNA sequencing data
[per Million base fragment (FPKM) format] and
the corresponding clinicopathological informa-
tion from the LUAD Project (KIRP) of the TCGA
database were downloaded. Then, the single
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sample GSEA method from the R package
“GSVA” [19] was used to present the enrich-
ment of infiltrating immune cells. Next,
Spearman analysis was used to evaluate the
relationship between GPR35 expression and
immune cell infiltration, and the Wilcoxon rank
sum test was used to compare the levels of
immune cell infiltration in high- and low-GPR35
expression groups.

Statistical analysis

The experiments were independently repeated
at least 3 times. The student t-test was used to
compare groups, while two-tailed student t-test
was used to compare unpaired data between
groups using Prism software (GraphPad
Software Inc.). The error bar represents the
standard error of the mean. The degree of sig-
nificance was indicated as: *P < 0.05, **P <
0.01, ***P < 0.001.

Results

Germline deletion of GPR35 suppressed tumor
growth

Previous studies have demonstrated that
GPR35 in macrophages promotes tumor growth
in colon cancer [12]. To investigate the role of
GPR35 in lung cancer, we used GPR35 knock-
out mice to determine the effect of GPR35
depletion on tumor growth in vivo. We observed
that the tumors in the GPR357 group were sig-
nificantly smaller than those in the WT group
(Figure 1A and Supplementary Figure 1). In
addition, the GPR357 group exhibited a signifi-
cant reduction in the level of ILC2s in the tumor
compared to the WT group, while no significant
changes were observed in the tumor-draining
lymph node (TDLN) (Figure 1B, 1C), suggesting
the involvement of ILC2 in GPR35-promoted
tumor growth. We further examined the chang-
es in the population of various immune cell
types, including NK, CD103*DC, CD11b macro-
phage, M1, M2, CD4* T cell, and CD8* T cells.
Our results revealed that the percentages of
NK cells (Figure 1D, 1E) and CD103*DC (Figure
1F, 11) were higher in the GPR357 group com-
pared to the WT group, whereas no significant
difference were observed in other cell popula-
tions (Figure 1G, 1H, 1J and 1K). Together,
these data indicated that GPR35 deficiency sig-
nificantly inhibited the number of ILC2s but
increased the population of NK and CD103*DC
cells in the tumor microenvironment.
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Activating GPR35 promoted tumor growth

Previous ligand screening studies have identi-
fied several potential ligands of GPR35; among
them, KYNA, a product of tryptophan catabo-
lism, is the most studied one [20]. To confirm
the effect of GPR35 on tumor growth observed
in GPR35 knockout mouse, we used an alterna-
tive approach of activating GPR35 by adminis-
tering KYNA to tumor-bearing mice via intra-
peritoneal injection. Consistent with the results
above, the activation of GPR35 by KYNA
promoted tumor growth (Figure 2A and
Supplementary Figure 2) and elevated the level
of ILC2s in tumor tissues, with no effect on
TDLN (Figure 2B, 2C). Moreover, we analyzed
the effect of GPR35 activation on the propor-
tions of NK, CD103*DC, CD4* T cell, and CD8*' T
cells and observed an obvious reduction in the
levels of CD103*DC and CD8* T cells (Figure
2D, 2F, 2H, 2I), but no significant change was
found in NK level (Figure 2E, 2H). Importantly,
we also found that GPR35 activation caused
the exhaustion of CD8* T cells with an elevated
expression of PD1 (Figure 2G, 2J), although no
change was observed in the percentage in
CD4* T cells, suggesting that GPR35 activation
promoted CD4* T cells polarization towards
Treg (Figure 2G, 2)).

Upregulation of GPR35 in IL-33-stimulated
ILC2s

To explore the expression of GPR35 in ILC2s
before and after IL-33 stimulation, we intraperi-
toneally injected 1L-33 or PBS into WT mice on
days 1, 4, and 7 (Figure 3A) and collected the
lung tissues on day 8. As shown in Figure 3B
and 3C, in contrast to the low level of GPR35 in
ILC2s (Supplementary Figure 3A), the expres-
sion level of GPR35 as well as the population of
GPR35" ILC2s were significantly elevated by
IL-33 injection (Figure 3D). Meanwhile, we
quantified the population of ILC2s in WT and
GPR357 mice and found that the number of
ILC2s in the bone marrow, spleen, lung, and gut
was similar between WT and GPR357 mice
(Figure 3E, 3F).

GPR35 engagement in ILC2-promoted tumor
growth

It has been known that GPR35 expression is
not limited to ILC2s but is also found in other
immune cells, such as T cells. Therefore, we
evaluated the function of GPR35 in Rag2/ mice
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Figure 1. GPR35 deficiency inhibited tumor growth. (A) Tumors in GPR357 mice were strikingly smaller compared
with tumors in WT mice. (B, C) The percentage of ILC2s in the tumors and in the TDLN of GPR357 and WT mice.
The percentages of NK (D, E), CD103*DC (F, I), CD11b macrophage (F, 1), M1 (G, J), M2 (G, J), CD4* T cell (H, K), and
CD8* T cell (H, K). All experiments were carried out in triplicate; data were presented as mean + SD. ***P < 0.001,

**P < 0.01, *P < 0.05, ns, not significant.

where the adaptive branch of the immune sys-
tem is defective but with normal ILC2s (Figure
4A). We found that GPR35 activation in Rag2”
mice by KYNA treatment accelerated tumor
development compared to non-treated mice
(Figure 4B and Supplementary Figure 4).
Meanwhile, an elevated percentage of ILC2s
was found in the tumor tissues of the KYNA-
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treated group compared to the non-treated
group (Figure 4C, 4D). We also observed
that the expression of GPR35 in the ILC2s
of KYNA-treated mice was downregulated
(Supplementary Figure 3B), which was consis-
tent with previous reports. As GPR35 is inter-
nalized to initiate downstream signaling path-
ways upon KYNA stimulation [16], we also
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formed in triplicate; data were presented as mean + SD. ***P < 0.001, **P < 0.01, *P < 0.05, ns, not significant.

found that the activation of GPR35 promoted
the polarization of adoptive T cells towards
Tregs (Figure 4E). Given that ILC2 can drive an
immunosuppressive ILC2-MDSC axis via the
secretion of IL-13, which could potentially con-
tribute to tumor progression [21], we examined
the population of MDSCs and obtained the
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similar results. Specifically, we observed a
greater infiltration of MDSCs following GPR35
activation in Rag2” mice (Figure 4F, 4G).
Collectively, these results suggested the en-
gagement of GPR35 in ILC2-promoted tumor
growth and that the activation of GPR35 in
ILC2 leads to the infiltration of MDSCs as well
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as promotes the polarization of adoptive T
cells towards Tregs.

Deficiency of GPR35 suppressed the produc-
tion of IL-5 and IL-13 by ILC2s

To evaluate the impact of GPR35 activation on
cytokine secretion by ILC2s, we assessed the
levels of IL-5 and IL-13 in ILC2s isolated from
both WT and GPR357- mice. We first treated the
freshly isolated ILC2s by recombinant mouse
rmIL-33 for 48 and 72 h and then measured
the cytokine secretion by FACS. Our results
indicated that the secretion of IL-5 and IL-13 by
GPR35-deficient ILC2s was significantly lower
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than that produced by WT ILC2s (Figure 5). To
validate this conclusion, we also measured the
levels of IL-13 and IL-5 secreted by ILC2s in cul-
ture medium by ELISA. Consistent with the
FACS results, the levels of IL-13 and IL-5 were
significantly lower in GPR357 mouse-derived
ILC2s than in WT mouse-derived ILC2s
(Supplementary Figure 5).

Correlations between immune cell infiltration
and GPR35

It has been known that the expression of

GPR35 on the surface of human iNKT cells is
associated with a decreased IL-4 expression
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[22]. Then, we explored the relationship of
immune cell infiltration with GPR35 and
observed a correlation between GPR35 ex-
pression and the infiltration of DCs, macro-
phages, mast cells, Thl cells, and induced DC
(iDC) (Figure 6A). In addition, we investigated
the link between GPR35 and immunocompe-
tence and found a negative correlation
between GPR35 expression and several can-
cer-killing cells, including DCs (Figure 6B),
macrophages (Figure 6C), mast cells (Figure
6D), Thl cells (Figure 6E), and iDC (Figure
6G). Although we did not identify a significant
correlation between GPR35 expression and
Treg (Figure 6H) (P=0.07), our results suggest-
ed a positive association between them, con-
sistent with the findings from the mice model.
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Nonetheless, we did not find any correlation
between NK cells and GPR35 expression
(Figure 6F).

GPR35 was a poor prognostic factor in LUAD

To evaluate the clinical relevance of GPR35, we
analyzed its expression in LUAD tumor samples
by using RNA sequencing data from the GEPIA
database. The results showed that GPR35
expression was significantly higher in LUAD
tumor samples than in normal tissues
(Supplementary Figure 6A). To assess the prog-
nostic significance of GPR35, we analyzed the
overall survival (OS) and progression-free sur-
vival (PFS) of patients with LUAD by using data
from TCGA database. Notably, we found that
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lower GPR35 expression was associated with a

better OS (Supplementary Figure 6B) and PFS
(Supplementary Figure 6D) in patients with
LUAD, while GPR35 expression had no prognos-

tic value on squamous cell lung carcinoma
(LUSC) (Supplementary Figure 6C).

Discussion

ILC2s are increasingly recognized as a crucial
regulator of Type-2 immune responses, exert-
ing significant influence on downstream adap-
tive immunity in both healthy and disease
states. However, the specific extrinsic and cell-
intrinsic regulatory pathways that dictate ILC2
functions are still not fully understood. Recent
studies have shown that ILC2s play a role in
both anti-tumoral and pro-tumoral immunity in
various mouse and human cancers. For exam-
ple, Schuijs et al. have reported that mice treat-
ed with IL-33 have an amplified ILC2 immune
response in the lung, which was induced by the
secretion of IL-5, resulting in the activation of
eosinophils. Subsequently, these eosinophils
suppress the antitumor Th-1 immune response,
thereby leading to an accelerated lung cancer
metastasis and mortality [9]. Another study by
Aftab et al. shows that the intratumoral mycobi-
ome-driven secretion of IL-33 promotes tumor
progression by recruiting and activating ILC2s
and Th2 cells [23]. On the other hand, Lucarini
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et al. proposed that IL-33 could exhibit its cyto-
toxic effects by activating eosinophils to elimi-
nate lung metastatic tumors and attenuate
tumor progression [24]. Given these contradic-
tory findings, it is critical to further investigate
the specific role of ILC2s in tumor progression.

G protein-coupled receptors (GPCRs) are
the largest family of cell surface receptors
encoded by the human genome, with approxi-
mately 800 members. They regulate a vast
array of cellular and physiological functions
[25]. Among them, GPR35 has been shown to
promote tumor progression. For example,
GPR35 on macrophages has been found to
facilitate tumor neovascularization and pro-
mote tumor growth [12]. Similarly, another
study demonstrated that GPR35 could potently
promote intestinal epithelial turnover and intes-
tinal tumorigenesis [10].

In this study, we present evidence demonstrat-
ing the pro-tumor role of GPR35 in ILC2s in the
context of LUAD. Our findings suggest that
GPR35 promotes tumor progression, and its
deficiency leads to an altered immune cell infil-
tration and an inhibited tumor growth.
Furthermore, we observed that GPR357 mice
had lower levels of ILC2s but higher levels of
NK and CD103*DC infiltration in the tumors
compared to WT mice. Conversely, activating
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Figure 6. Correlations between immune cell infiltration and GPR35. Relationships between GPR35 expression and
the infiltration of 21 immune cell types by Spearman’s analysis. The most correlated immune cells (A), including
DC (B), macrophages (C), mast cells (D), type 1 T helper cells (Th1) cells (E), and iDC (G) between the high- and low-
GPR35 expression groups were shown. No significant correlation between GPR35 expression and NK cells (F) and
Treg (H) was observed. All experiments were carried out in triplicate; data were presented as mean + SD. ***P <

0.001, **P < 0.01, *P < 0.05, ns, not significant.

GPR35 reduced the percentage of ILC2s, while
increased the percentage of CD103*DC infiltra-
tion in the tumors (Figure 2). It is well known
that NK cells play a crucial role in innate immu-
nity and possess potent antitumor abilities.

2435

They can not only directly kill cancer cells but
also enhance the immune responses mediated
by antibodies and T cells, making them a criti-
cal component of the immune surveillance
against cancer [26]. As for CD103*DCs, a previ-

Am J Cancer Res 2023;13(6):2426-2438



Activation of the GPR35 promote lung cancer progression

ous study has demonstrated that CD103*DCs
are essential in antitumor function as
CD103*DCs are the only antigen-presenting
cells (APCs) capable of transporting intact anti-
gens to the lymph nodes and priming tumor-
specific CD8* T cells [27].

Given that IL-5 promotes the development of
antigen-specific CD4*CD25* T regulatory cells
(Tregs) [28] and that ILC2s are capable of pro-
ducing IL-5, our findings suggest that the upreg-
ulation of ILC2s contributes to the polarization
of CD4* T cells towards Tregs and the exhaus-
tion of CD8* T cells. In this study, we observed
elevated tumor infiltrating PD1*CD8* T cells
(Figure 2J) and Foxp3*CD4* T cells (Figure 21J),
indicating that the increased population of
ILC2s promotes the accumulation of Tregs with-
in the tumor microenvironment.

The functional versatility of ILC2s has been well
established, as they can express a variety of
receptors that mediate different biological
functions [29, 30]. However, to our knowledge,
no previous studies have investigated the
expression of GPR35 on ILC2s, although
Leandro et al. reported that the activation of
GPR35 led to an altered expression of genes
related to ILC2s and Treg function, suggesting a
potential role of GPR35 in modulating inflam-
matory responses [17]. Here, to confirm the
expression of GPR35 in ILC2s, we examined
the expression of GPR35 in various cell types.
Our results indicated that GPR35 was
expressed on ILC2s, and that the stimulation of
ILC2 by IL-33 led to an upregulation of GPR35.
Interestingly, we also found that GPR35 defi-
ciency did not affect the development of ILC2s
(Figure 3E, 3F). To investigate the role of
GPR35-positive ILC2s in tumor growth, we uti-
lized Rag2”- mice to eliminate the interference
of T cells when activating GPR35. In this model,
we observed that the activation of GPR35
could still promote tumor growth in the absence
of T and B cells (Figure 4B), accompanied by
an increased ILC2s population within the
tumor tissue (Figure 4D). Furthermore, we also
observed that the activation of GPR35 led to an
enhanced Tregs polarization after adoptive
transfer with pan T cells (Figure 4E). Moreover,
in consistent with previous findings that ILC2s
can promote tumor progression by driving an
immunosuppressive ILC2-MDSC axis through
IL-13 [21], we found that the activation of
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GPR35 in Rag2”- mice resulted in higher infiltra-
tion of MDSCs (Figure 4F, 4G).

This study has also revealed that GPR35 activa-
tion impacts the invasion of ILC2s in tumor tis-
sues. When we investigated the effect of
GPR35 activation on the function of ILC2s, we
found that GPR35 knockout attenuated the
IL-33-induced production of IL-13 and IL-5 in
ILC2s (Figure 5B-D). Previous studies have
demonstrated that IL-5 is responsible for eosin-
ophil activation, while IL-13 is associated with
MDSCs that subsequently suppress immunity
[9, 21], which is supported by our findings.
Lastly, our bioinformatics analysis using the
TCGA database also revealed that GPR35 was
negatively correlated with DCs (Figure 6B),
macrophages (Figure 6C), mast cells (Figure
6D), Th1 cells (Figure 6E), and induced DCs
(Figure 6G). Although we did not find a signifi-
cant correlation between GPR35 expression
and Tregs, a weak positive correlation was
observed (P=0.07) (Figure 6H). We also found
that GPR35 was a poor prognostic factor in

LUAD (Supplementary Figure 6).

In summary, this study was the first to investi-
gate the expression of GPR35 in ILC2s and its
impact on tumor immunity. Our findings sug-
gest that GPR35 plays a crucial role in regulat-
ing ILC2 infiltration as well as the expression of
IL-13 and IL-5, which in turn suppresses the
function of MDSC in immune response. Hence,
targeting ILC2s/GPR35 may be a promising
strategy to modulate tumor immune response
for the treatments of LUAD, which warrants fur-
ther investigation on factors that trigger GPR35
activation in tumor tissues.
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Supplementary Figure 2. The images of the tumors in the mice of the PBS group and KYNA group.

A SSC——

PR35——»

SSC——»

GPR3IS—— Ty

Supplementary Figure 3. The expression of GPR35 in GPR357" mice (A) and in KYNA treated Rag2”- mice (B).
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Supplementary Figure 5. The amount of IL-5 (A) and IL-13 (B) secreted by ILC2 from WT and GPR357 mice.
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Supplementary Figure 6. GPR35 is a poor prognostic factor in lung adenocarcinoma. (A) The expression levels
of GPR35 were elevated in the cancer tissues compared with normal tissues in LUAD. Lower GPR35 expression
showed a better OS (B) and PFS (D). No prognostic significance was found based on squamous cell lung carcinoma
(LUSC) (C). All experiments were carried out in triplicate; data are presented as mean SD. ***P < 0.001, **P <
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