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Abstract

Background
Type 2 innate lymphoid cells (ILC2s), characterized by secreting type 2 cytokines, regulate multiple
immune responses. ILC2s are found in different tumor tissues and ILC2-derived interleukin (IL)-4, IL-5, and
IL-13 act on the cells in tumor microenvironment to participate in tumor progression. ILC2s are abundant
in colorectal cancer (CRC) tissue, but the role of ILC2s in CRC remains unclear.

Methods
ILC2s were sorted from the spleen using microbeads combined with �ow cytometry and tumor in�ltrating
CD8+ T cells were isolated from tumor tissue by microbeads. Flow cytometry and immuno�uorescence
were used to detect the percentage of ILC2s and CD8+ T cells in the spleen and CRC tissue. Effects of IL-9
and IL-9-stimulated CD8+ T cells on CT26 cells were measured by proliferation, apoptosis, and migration
assays in vitro. GEPIA was used to detect the ILC2s chemokines in CRC tissue and adjacent normal
tissue.

Results
We found that ILC2s were increased in CRC tissue compared with the adjacent normal tissue. In vitro
experiments showed that IL-9 could activate CD8+ T cells to promote the death of CT26 cells. ILC2s were
the main IL-9-secreting cells in CRC tissue as shown by �ow cytometry analysis. In vivo experiments
showed that neutralizing ILC2s promoted the tumor growth, while tumor inhibition occurred by
intravenous injection of IL-9.

Conclusions
Our results demonstrated that ILC2-derived IL-9 activated CD8+ T cells to promote anti-tumor effects in
CRC.

Background
Colorectal cancer (CRC) is a common gastrointestinal malignant tumor with no obvious symptoms in the
early stage and serious systemic symptoms such as anemia and weight loss in the advanced stage[1].
Surgical resection combined with chemotherapy and radiotherapy is the standard treatment for CRC.
However, CRC patients frequently show recurrence and the long-term survival rate is poor[2]. In recent
years, immunotherapy has been explored as a therapeutic treatment for CRC. Studies have shown that
several immune cells modulate CRC response by in�ltrating the CRC microenvironment[3, 4]. Among
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these immune cells, type 2 innate lymphoid cells (ILC2s) are abundant in the gut to regulate the gut
homeostasis[5, 6]. However, the role and underlying mechanism by which ILC2 involves CRC development
has not been elucidated.

ILC2s, a subset of ILCs, are resident primarily in the gut mucosa, lung, adipose tissue, and skin and
characterized by secreting type 2 cytokines IL-4, IL-5, IL-9, and IL-13[7–9]. ILC2s were originally found to
play an important role in allergic diseases and helminth diseases by promoting the type 2 immune
response[10, 11]. Recently, increasing numbers of studies have demonstrated a role for ILC2s in the
regulation of tumor development and progression[12, 13]. ILC2s participate in tumor development
through secretion of type 2 cytokines, including IL-4, IL-5, and IL-13. ILC2-derived IL-4 promotes
tumorigenesis by activating MDSCs and polarizing macrophages towards a pro-tumorigenic M2
phenotype[14]. IL-13 secreted by ILC2s exhibits a similar function[15, 16]. In addition, ILC2-derived
amphiregulin can activate Tregs to promote an immunosuppressive environment[17]. ILC2s also exhibit
anti-tumorigenic activity[18]. ILC2-derived IL-5 promotes the proliferation and maturation of eosinophils,
which then produce a large amount of CD4+ T and CD8+ T cells chemokines CXCL9, CXCL10, and CCL17,
leading to the recruitment of anti-tumor T cells into the tumor microenvironment and anti-tumorigenic
effects[19]. However, the role of ILC2-derived IL-9, one of the main effector cytokines of ILC2s[20], in
tumors remains unclear.

IL-9 was originally identi�ed as a T-cell growth factor that is secreted by T-helper (Th) 9 cells, ILC2s, Tc9
cells, Vδ2 T cells, and mast cells[21–24]. As a pleiotropic cytokine, IL-9 acts on T cells, B cells, mast cells,
and airway epithelium cells to participate in the progression of tumors, allergic diseases[25],
in�ammatory diseases[26], and autoimmune diseases[27] by activating the STAT1, STAT3, and STAT5
signaling pathways[28]. IL-9 regulates the development of tumors directly or indirectly by affecting the
survival of tumor cells or activating immune cells in tumors[29]. Moreover, IL-9 exerts its functions in
tumors in a cancer-speci�c manner: IL-9 commonly promotes tumor progression in hematological
neoplasms while it prevents the development of solid tumors[30, 31]. Among IL-9-secreting cells, Th9
cells are the most studied in tumors. Previous studies showed that Th9 cells inhibit the development of
melanoma and breast cancer by secreting IL-9[32, 33]. In addition, Th9-derived IL-9 promotes the
expansion of CD8+ T cells through IL-9 receptor (IL-9R) in CRC[34]. However, the main IL-9-producing cell
subset in CRC remains unclear.

Here we investigated the role of ILC2s and IL-9 in the CRC progression. The IL-9-producing cell subset in
CRC tissue was also detected. We hypothesized that ILC2-derived IL-9 could exert an antitumor role in
CRC.

Materials And Methods

Cell line and cell culture
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The murine CRC cell line CT26 was purchased from the American Type Culture Collection (Manassas, VA,
USA). Cells were cultured in a humidi�ed incubator with 5% CO2 at 37 °C.

Animals
Female BALB/c mice (6–8 weeks, 18–22 g) were purchased from the Animal Center of Yangzhou
University (Yangzhou, China) and the Animal Center of Jiangsu University (Zhenjiang, China). Mice were
housed in cages and bred in pathogen-free rooms with a temperature of 23 °C ± 2 °C and relative humidity
of 55%±10%. All animal experiments complied with the protocol of Jiangsu University Animal Ethics and
Experimentation Committee.

CRC patient tumor tissue and frozen section
The CRC patient tissue was obtained from Department of General Surgery, A�liated Hospital of Jiangsu
University (Zhenjiang, China) and the CRC tissue and adjacent normal tissue frozen sections were
obtained from the Department of Pathology, Jiangsu Cancer Hospital (Nanjing, China).

Construction of the CRC model and the CT26 cell
transplantation model
To construct the CRC model, mice (6-weeks-old) received a single intraperitoneal injection of AOM (Ray
Biotech, Guangzhou, China) at a dose of 10 mg/kg body weight. At 7 days after the AOM injection, mice
were administered drinking water with 2% DSS (Novus, Centennial, USA) for 7 days, followed by DSS-free
drinking water for 14 days. After this 21-day treatment was repeated for �ve cycles, the CRC mice model
were sacri�ced and tumor tissues were harvested for subsequent analysis.

For the CT26 transplantation model, 1 × 106 CT26 cells were implanted in mice by subcutaneous
injection. Five days after CT26 transplantation, anti-CD90.2 (Biolegend, CA, USA), anti-IL-9 (Biolegend), or
IL-9 (Peprotech, Rocky Hill, USA) were administrated to the CT26 cell-bearing mice to intervene the tumor
growth through tail vein injection. The tumor length (L), diameter and width (W) were tested with a vernier
calipers, and tumor volumes were calculated using the formula V = π × L × W2/6.

Isolation of CD8+ T cells and ILC2s
Murine CD8+ T cells were isolated from tumor tissue using the tumor in�ltration CD8+ T-cell magnetic
bead sorting kit (Miltenyi Biotec, Belgish-Gladbach, Germany). Cell purity was con�rmed by �ow
cytometry (96%). Sorted CD8+ T cells were cultured in RPMI 1640 medium supplemented with 10% FBS
(Gibco, NY, USA), 2 µg/ml anti-CD3 and anti-CD28 (Biolegend), 10 U/ml penicillin and 10 U/ml
streptomycin (Gibco).

ILC2s were sorted from murine spleen by a combination of microbeads and �ow cytometry. Brie�y, the
murine splenic cell suspension was incubated with biotin-binding antibodies (anti-CD21/CD35, anti-Ter-
119, anti-CD45R, anti-CD3, anti-CD11b, and anti-CD49; Miltenyi Biotec) to enrich lineage negative cells.
The enriched lineage negative cells were further stained with FITC-lineage, PE-CD90.2 and APC-KLRG1
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(Biolegend) and then sorted by �ow cytometry. The purity of the sorted ILC2s was approximately 90% and
the sorted ILC2s were cultured in RPMI 1640 medium supplemented with 10% FBS, 10 ng/ml IL-7,
10 ng/ml IL-33 (Peprotech), 10 U/ml penicillin and 10 U/ml streptomycin.

Flow cytometry analysis
Tumor tissues were minced and incubated in digestion solution containing 0.5 mg/ml collagenase V,
0.2 mg/ml hyaluronidase and 0.015 mg/ml DNase I (Sigma, St. Louis, USA) in a 37 °C water bath for 1 h.
The samples were then �ltered through a 70 µm strainer before staining with �uorescence antibodies.
Mouse Percy5-CD45, FITC-lineage, PE-CD90.2, and APC-KLRG1 (Biolegend) were used to analyze the
percentage of ILC2s in the mouse tumor tissue and human Percy5-CD45, FITC-lineage, PE-CRTH2, and
APC-CD127 (Biolegend) were used to analyze the percentage of ILC2s in the human tumor tissue. Mouse
CD8 cells were stained with Percy5-CD45, FITC-CD3, and PE-CD8 (Biolegend). For analyzing the
percentage of MDSCs, FITC-CD11b and APC-Gr-1 (Biolegend) were used. All surface stained samples
were kept at 4 °C for 30 min.

For intracellular staining of IL-9, tumor tissue single-cell suspensions were �rst stimulated with 50 ng/mL
phorbol myristate acetate (PMA), 1 µg/mL ionomycin, and 2 µg/mL monensin (eBioscience, San Diego,
USA) for 6 h. Samples were �xed, permeabilized, and stained with IL-9 antibody on a shaker at 4 °C for
45 min.

The apoptosis kit FITC-Annexin V and APC-7-AAD (Multisciences, Hangzhou, China) was used following
the manufacturer’s protocols to analyze the apoptosis of CT26 cells.

Immuno�uorescence analysis
The frozen sections were incubated at room temperature for 1 hour and treated with 4%
paraformaldehyde for 20 min. Sections were then washed three times with 1 × PBS and incubated with
primary antibodies anti-lineage and anti-CRTH2 at a dilution of 1:200 in blocking buffer (PBS with 5%
BSA, 1% saponin and 1% Triton 100) at 4 °C overnight. The sections were then washed three times in 1 × 
PBS and incubated with DAPI (1:1000; eBioscience) for 30 min, followed by three more washes in 1 × 
PBS. Neutral resin was used to seal the sections, which were left to air dry. Sections were then visualized
directly with a confocal microscope.

Enzyme-linked immunosorbent assay (ELISA)
IFN-γ, IL-5, IL-9 and IL-13 in mouse serum and IFN-γ in culture supernatant were measured using an ELISA
kit (MultiSciences) following the manufacturer’s protocols. All samples were measured in triplicate and
the mean concentration was calculated from the standard curve.

Cell proliferation assays
IL-9-stimulated CT26 cells were cultured in 96-well plates (8 × 103 cells/well) in 5% CO2 at 37 °C for 24 h.
The proliferation ability of CT26 cells was detected using a MTT proliferation assay kit (MultiSciences)
as recommended by the manufacturer.
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Migration assay
For the tumor migration assay, 2 × 105 IL-9-stimulated CD8+ T cells were co-cultured with 1 × 105 CT26
cells in wells of a 24-well plate for 24 h. Adherent CT26 cells were collected and 2 × 104 cells in 0.2 ml of
serum-free medium were added to the upper chamber of a transwell system; the lower chamber was �lled
with 0.6 ml serum-containing culture medium. The plate was incubated in 5% CO2 at 37 °C for 20 h, and
then the chamber was removed and cells were �xed with 4% paraformaldehyde for 15 min and stained
with purple crystal for 10 min. Migration ability was quanti�ed using direct microscopic visualization and
cell counting.

Gene Expression Pro�ling Interactive Analysis (GEPIA)
GEPIA was used to analyze the expression of CXCL16 and CCL25 genes in the CRC tissue and adjacent
normal tissue.

Statistical analysis
GraphPad Prism Version 7 software (GraphPad Software, Inc., La Jolla, CA, USA) was used to analyze all
the data. The data are expressed as the mean ± SD. Comparisons between groups were assessed by
unpaired Student's t-test or analysis of variance (ANOVA). A P value less than 0.05 was considered to
indicate a statistically signi�cant difference.

Results

1. ILC2s were signi�cantly increased in the tumor tissue of
the CRC mouse model and the CRC patient
Previous studies have shown that ILC2s can regulate the development of a variety of tumors[12].
However, the role of ILC2s in CRC has not been investigated. We �rst measured the percentage of ILC2s in
the tumor and adjacent normal tissue of the CRC mouse model and CRC patient. We regarded Lin−

CD90.2+ KLRG1+ cells as mouse ILC2s and Lin− CD127+ CRTH2+ cells as human ILC2s[15, 35]. Flow
cytometry results showed that the percentage of ILC2s in mouse CRC tissue was signi�cantly increased
(P < 0.001) compared with that in adjacent normal tissue (Fig. 1A). We observed the similar result in the
human CRC samples (Fig. 1B). The immuno�uorescence result further demonstrated that ILC2s were
increased in the human CRC tissue compared with adjacent normal tissue (Fig. 1C). Together, these
results demonstrated that ILC2s were increased in the tumor tissue of the CRC mouse model and CRC
patient.

2. Blocking ILC2s promoted tumor growth in CT26 cell-
bearing mice
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To investigate the role of ILC2s in the progression of CRC, we used the murine CRC cell line CT26 to
generate a CRC tumor model. Five days after CT26 cells were implanted, anti-CD90.2, an ILC2 blocking
antibody was intravenously injected for 5 consecutive days (Fig. 2A). The tumor volume was measured
every 5 days and the tumor growth curves were drawn. The results showed that the tumor size was larger
in anti-CD90.2-treated mice than control mice (Fig. 2B). In addition, the tumor volume and tumor weight
were also increased in anti-CD90.2-treated mice (Fig. 2C,D).

We next measured the percentage of ILC2s in the spleen and tumor tissue from mice treated with anti-
CD90.2 and control group. ILC2s were decreased both in the spleen and tumor tissue of the anti-CD90.2
group (Fig. 2E,F). We also examined the levels of ILC2-related cytokines IL-5, IL-9, and IL-13, and the
antitumor cytokine IFN-γ in peripheral blood serum. ILC2-derived cytokines, IL-5, IL-9 and IFN-γ were
decreased in the anti-CD90.2 group compared with the control group, but no signi�cant change in IL-13
were found (Fig. 2G). It was suggested that the reduction in ILC2s could lead to an aggravation of tumor
growth.

To preliminary examine the mechanism of increased tumor growth caused by reduced ILC2s, we detected
the percentage of myeloid-derived suppressor cells (MDSCs) and CD8+ T cells in the tumor tissues of
mice from the anti-CD90.2 and control groups. The anti-CD90.2 group showed an increased percentage
of MDSCs and decreased percentage of CD8+ T cells in the tumor tissues compared with controls
(Fig. 2H,I). Together, these results indicated that increased ILC2s exerted an anti-tumor role in CT26 cell-
bearing mice and these effects might be through regulating the number of MDSCs and CD8+ T cells.

3. IL-9 inhibited the growth of CT26 cells by activating CD8+

T cells
Our �ndings indicated that ILC2s exerted anti-tumor effect in CRC. Previous studies have shown that IL-9,
a cytokine secreted by ILC2s, has a powerful anti-tumor effect in solid tumors[36]. To examine the role of
IL-9 in CRC, we stimulated CT26, CRC cell line, with IL-9 and then measured the effects on apoptosis and
proliferation. The results showed that IL-9 at all tested concentrations had no signi�cant effect on the
apoptosis and proliferation of CT26 cells (Fig. 3A,B).

Previous studies showed that IL-9, a T-cell growth factor, regulated tumor progression by activating CD8+

T cells[36]. We sorted CD8+ T cells from tumor tissue and stimulated cells with IL-9. A greatly enhanced
IFN-γ secretion ability was observed in CD8+ T cells after stimulation by the various concentrations of IL-9
(Fig. 3C). Next, we co-cultured IL-9-stimulated CD8+ T cells with CT26 cells for 24 h and then performed
migration assays. The results showed that IL-9-stimulated CD8+ T cells inhibited the migration ability of
CT26 cells (Fig. 3D). The CT26 cell number was also decreased after co-culture with IL-9-stimulated CD8+

T cells compared with controls (Fig. 3E). This result indicated that IL-9-stimulated CD8+ T cells inhibited
the proliferation of CT26 cells.
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Apoptosis assay found that CD8+ T cells promoted the apoptosis of CT26 cells, and IL-9-stimulated CD8+

T cells further promoted the apoptosis of CT26 cells compared with CD8+ T cells (Fig. 3F,G). These
results demonstrated that IL-9 did not directly affect the biological activities of CT26 cells, but it could
inhibit the proliferation, migration and apoptosis of CT26 cells via activating CD8+ T cells in vitro. These
�ndings indicated an anti-tumor function of IL-9 in the CRC tumor microenviroment.

4. Anti-IL-9 promoted tumor growth of CT26 cell-bearing
mice but IL-9 inhibited tumor growth
Our �ndings indicated an anti-tumor effect of IL-9 on CT26 cells in vitro. To examine the anti-tumor effect
of IL-9 in vivo, we established CT26 cell-bearing mice. At 5 days after tumor implantation, mice were
injected intravenously with IL-9 or anti-IL-9 for 5 consecutive days (Fig. 4A). The results showed that
neutralizing IL-9 promoted tumor growth in CT26 cell-bearing mice, while the tumor size and weight in the
IL-9-treated group were decreased compared with the control group(Fig. 4B,C). These results
demonstrated that IL-9 also exhibits anti-tumor effects in vivo.

To determine if IL-9 affected the tumor growth of CT26 cell-bearing mice by regulating CD8+ T cells, we
analyzed the percentage of CD8+ T cells in tumor tissue with �ow cytometry. The results showed that the
percentage of CD8+ T cells in the anti-IL-9 group was signi�cantly decreased compared with controls,
while IL-9 increased the percentage of CD8+ T cells (Fig. 4D,E). We next measured the percentage of ILC2s
in tumor tissues. We found the same result as the percentage of CD8+ T cells in tumor tissues (Fig. 4F,G).
Previous studies have shown that IL-9 promotes the growth and proliferation of ILC2s[37]. This �nding is
consistent with our results, which showed that neutralizing IL-9 reduced the number of ILC2s, while
administrating IL-9 increased ILC2 numbers. Together, these results demonstrated that IL-9 regulates the
number of CD8+ T cells to regulate the CRC development.

5. ILC2 is the major IL-9-producing cell subset in murine
CRC
To determine whether ILC2s exert anti-tumor effects on CRC through secreting IL-9, we used �ow
cytometry to analyze IL-9+ cells in murine CRC tissue. More than half of the IL-9+ cells were lineage− cells
and almost all the lineage− cells were CD90.2+ and KLRG1+ cells (Fig. 5A). This result indicated that ILC2s
were the major IL-9-producing cell-subset in murine CRC tissue (Fig. 5B). These �ndings also
demonstrated that ILC2s could exert anti-tumor effects by secreting IL-9.

To clarify if ILC2s activate CD8+ T cells through IL-9 to inhibit CRC progression. We sorted ILC2s and co-
cultured ILC2s with CD8+ T cells. ELISA result showed that ILC2s signi�cantly increased the secretion of
IFN-γ by CD8+ T cells. However, when anti-IL-9 was added, the IFN-γ-secreting ability of CD8+ T cells was
decreased compared with the control group (Fig. 5C). This result further proved that ILC2s could inhibit
the progression of CRC through secreting IL-9.
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6. IL-9 reversed the tumor-promoting effects of blocking
ILC2s
We demonstrated that ILC2s inhibit the progression of CRC by secreting IL-9. We next evaluated whether
the tumor-promoting effect that results from blocking ILC2s could be reversed by IL-9. We generated CT26
cell-bearing mice and 5 days after tumor implantation, mice were injected intravenously with anti-CD90.2,
and 30 min later, each IL-9 treatment group mouse also received IL-9 for 5 consecutive days (Fig. 6A). The
results showed that IL-9 signi�cantly inhibited tumor growth after ILC2s were blocked. The tumor size and
weight were signi�cantly reduced in the anti-CD90.2 plus IL-9 treatment group compared with the anti-
CD90.2 group (Fig. 6B,C). In addition, the percentages of CD8+ T cells and ILC2s in the anti-CD90.2 plus
IL-9 treatment group were increased compared with the anti-CD90.2 group (Fig. 6D,E). These results
further demonstrated that ILC2s regulate the progression of CRC by secreting IL-9, which could reverse the
tumor-promoting effect that results from blocking ILC2s.

7. Peripheral ILC2s were recruited to the tumor site in CRC
Our results suggest that during the development of CRC, the body’s immune resistance mechanism would
result in increasing ILC2s, leading to inhibition of tumor growth by ILC2-mediated secretion of IL-9.
However, we found that the percentage of ILC2s was decreased in the spleen of CT26 cell-bearing mice
and CRC mice compared with control mice (Fig. 7A,B). This result was also observed in the peripheral
blood of the CRC patient (Fig. 7C). We wondered why ILC2s were decreased in peripheral while increased
in CRC tissue. Previous studies showed that ILC2s express the chemokine receptor CCR9 and CXCR6,
which mediate the accumulation of ILC2s[38]. Li et al. demonstrated that CXCL16, a ligand of CXCR6,
exerts a powerful chemoattractant effect to CXCR6-expressing ILC2s[39]. We thus used GEPIA to predict
the expression of CCL25, the ligand of CCR9, and CXCL16 in CRC tissue. The results revealed no
signi�cant difference in the expression of CCL25 in CRC tissue and adjacent normal tissue, while the
expression of CXCL16 was signi�cantly increased in CRC tissue compared with adjacent normal tissue
(Fig. 7D). These results indicated that decreased ILC2s in the peripheral may be due to the increased
CXCL16 in CRC tissue. Together, these results suggest that the peripheral ILC2s may be recruited by
CXCL16 to CRC tissue to exert anti-tumor effects.

Discussion
Current studies have shown that ILC2s are involved in the development of a variety of tumors in a tumor-
speci�c manner[40]. However, the role of ILC2s in CRC has not been investigated. Reports have shown
that the function of ILC2s in tumors depends on the cytokines that are secreted, and the roles of ILC2-
derived IL-4, IL-5 and IL-13 in cancers have been previously reported[15, 41, 42]. The function of IL-9, a
characteristic cytokine of ILC2s in tumors has not been examined[43]. Here we revealed that ILC2s are
recruited to CRC tissue and secrete IL-9 to activate CD8+ T cells, leading to inhibition of CRC development.
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In this study, we observed increased ILC2s in tumor tissue compared with adjacent normal tissue in CRC
mice. This is consistent with most previous studies showing that ILC2s are increased in tumor sites[15].
Previous studies have shown that there may be a large number of pro-in�ammatory cytokines such as IL-
33 and IL-25 in the tumor microenvironment[44]. Pro-in�ammatory cytokines can lead to activation and
proliferation of ILC2s[45, 46]. To investigate the function of the increased ILC2s in CRC, we used anti-
CD90.2, an ILC2 blocking antibody, to determine the role of ILC2s in CT26 cell-bearing mice. Tumor
growth was signi�cantly increased in CT26 cell-bearing mice treated with anti-CD90.2, indicating that
ILC2s serve an anti-tumor role in CRC. However, anti-CD90.2 is not an ILC2-speci�c neutralizing antibody,
this is an limitation of our research. Our subsequent experiments with speci�c knockout of ILC2s are
required to verify our results.

After showing that blocking ILC2s exacerbated CRC development, we investigated the anti-tumor
mechanism of ILC2. IL-9, a characteristic cytokine of ILC2s, plays a positive role in the antitumor
immunity of solid tumors. As a lymphoid cell growth factor, IL-9 directly inhibits tumor growth by up-
regulating TRAF6 and Eomes and also indirectly inhibits the development of solid tumors by activation of
CD8+ T cells and mast cells[31–33]. Several studies have shown a role for Th9 cells, IL-9-skewed CD8+ T
(Tc9) cells, mast cells, and Vδ2 T cell-derived IL-9 in one or more tumor types[24, 47–49]. However, the
role of ILC2-derived IL-9 has remained unclear. We found that that IL-9 had no effect on the apoptosis and
proliferation of CT26 cells. However, IL-9-stimulated CD8+ T cells signi�cantly inhibited the migration,
proliferation and apoptosis of CT26 cells. These results demonstrate an anti-tumor role of IL-9 in CRC. To
demonstrate that the anti-tumor role of ILC2s was due to the secretion of IL-9 in CRC, we investigated the
IL-9-secreting cells in CRC and found that ILC2s were the main IL-9-secreting cell subset. These results
demonstrated that ILC2s inhibit the progression of CRC by secreting IL-9.

We next investigated the anti-tumor role of ILC2-derived IL-9 in the CT26 cell-bearing murine model in
vivo. Intravenous injection ofIL-9 in mice exerted a powerful anti-tumor effect while injection of anti-IL-9 in
mice promoted tumor growth. These �ndings demonstrate the anti-tumor role of IL-9 in CRC. Next, we
examined whether IL-9 could rescue the tumor-promoting effect caused by ILC2 blocking. We used the
CT26 cell-bearing mice model and found that IL-9 reversed the tumor-promoting role of ILC2s blocking.
This result proved that ILC2s indeed exhibit a tumor suppressive function by producing IL-9 in CRC.
However, these experiments have a limitation.We should use the mice CRC model to detect the role of
ILC2s and IL-9 rather than just used the CT26-bearing mice model. In our next study, we plan to
investigate the role of ILC2s and IL-9 in a CRC model.

In our research, we found that ILC2s was decreased in the peripheral of the CRC model. Previous studies
demonstrated that ILC2s express the chemokine receptors CCR6 and CXCR6 and can be recruited to
tissues that highly expressed CCL25 and CXCL16[38]. Based on these data and the increased ILC2s in
CRC tissue, we examined whether CRC tissue highly expressed chemokines CCL25 and CXCL16. GEPIA
results showed that CXCL16 is highly expressed in CRC tissues compared with adjacent normal tissues.
This result explains the decrease of ILC2s in peripheral and increase in tumor tissue of CRC and further
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suggests the possibility that ILC2s may migrate from the periphery to CRC tissue by chemotaxis induced
by CXCL16.

Conclusions
In this study, we demonstrated the role of ILC2s and ILC2-derived IL-9 in CRC. We found that ILC2s were
increased in CRC tissue, and it was a main IL-9-secreting cell-subset. ILC2s inhibited the growth of CRC by
secreting IL-9. We also found that that the CXCL16 was increased in CRC tissue and may recruit
peripheral ILC2s to CRC tissue to exert anti-CRC effect.
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Figure 1

ILC2s were signi�cantly increased in the tumor tissue of the CRC mouse model and the CRC patient. A,
Flow cytometry was performed to detect the percentage of ILC2s (Lineage-CD90.2+KLRG1+) in the tumor
and adjacent normal tissues of the CRC mice. B, Flow cytometry was performed to detect the percentage
of ILC2s (Lineage-CD127+CRTH2+) in the tumor and adjacent normal tissues of the CRC patient. C,
Immuno�uorescence was performed to measure the ILC2s in the tumor and adjacent normal tissues of
the CRC patient. Data are presented as mean±SD, *P < 0.005, **P < 0.001 compared with controls.
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Figure 3

Blocking ILC2s promoted tumor growth in CT26 cell-bearing mice. A, Anti-CD902 was intravenously
injected in CT26 cell-bearing mice for 5 consecutive days at a dose of 2 µg per mouse. B–D, Tumor
volume and weight in the anti-CD90.2 and control group mice. E–F, Percentages of ILC2s in the spleen
and tumors of anti-CD90.2 and control group mice were detected by �ow cytometry. G, ILC2-related
cytokines IL-5, IL-9, and IL-13 and antitumor cytokine IFN-γ were measured in peripheral blood serum by
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ELISA. H–I, Percentages of CD11b+Gr-1+ MDSCs and CD8+ T cells in tumors were detected by �ow
cytometry. Data are presented as mean±SD, *P < 0.005, **P < 0.001 compared with controls.

Figure 5

IL-9 inhibits the growth of CT26 cells through activating CD8+ T cells. A, Various concentrations of IL-9
were applied to stimulate 2×105 CT26 cells in a 24-well plate for 24 h, and �ow cytometry was used to
evaluate apoptosis. B, Various concentrations of IL-9 were applied to stimulate 5×103 CT26 cells in a 96-
well plate for 36 h, and proliferation was examined by MTT proliferation assay. C, CD8+ T cells were
isolated from tumor tissue using a tumor in�ltration CD8+ T-cell magnetic bead sorting kit. CD8+ T cells
(5×104) were stimulated by different concentrations of IL-9 in 96-well plates for 24 h and the secreted
IFN-γ in the supernatant was measured by ELISA. D, IL-9-stimulated 2×105 CD8+ T cells were co-cultured
with 1×105 CT26 cells in 24-well plates for 24 h. Adherent CT26 cells were collected and added to the
upper chamber of a transwell system; the lower chamber was �lled with 0.6 ml serum-containing culture
medium. Cells were incubated for 18 h and the number of migrated CT26 cells was determined. E, The
relative number of CT26 cells was measured after co-culturing with CD8+ T cells to determine the
proliferation ability of CT26 cells. F, Apoptosis assay was performed to detect the apoptosis of CT26 cells
after co-culturing with CD8+ T cells. Data are presented as mean±SD, *P < 0.005, **P < 0.001 compared
with controls.
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Figure 7

Anti-IL-9 promoted the tumor growth of CT26 cell-bearing mice but IL-9 inhibited tumor growth. A, At 5
days after CT26 cell implantation, mice were injected intravenously with 1 µg IL-9 or 5 µg anti-IL-9 for 5
consecutive days. B–C, Tumor volume and weight in the different treatment groups. D–E, The
percentages of CD8+ T cells in the tumors of IL-9- and anti-IL-9-treated mice and control mice were
detected by �ow cytometry. F–G, The percentages of ILC2s in the tumors of IL-9- and anti-IL-9-treated
mice and control mice were detected by �ow cytometry. Data are presented as mean±SD, *P < 0.005, **P
< 0.001 compared with controls.
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Figure 9

ILC2 is the major IL-9-producing cell subset in murine CRC. A, Representative examples of �ow cytometry
analysis of IL-9-producing ILC2s in CRC tissue. B, Percentages of IL-9-producing ILC2s/IL-9+ cells. C,
CD8+ T cells were isolated from tumor tissue using a tumor in�ltration CD8+ T-cell magnetic bead sorting
kit. ILC2s were sorted from mouse spleen by a combination of magnetic bead and �ow cytometry sorting.
CD8+ T cells (1×105) were co-cultured with ILC2s (1×105)with/without anti-IL-9 for 3 days. ELISA was
used to detect the secretion of IFN-γ in the supernatant. Data are presented as mean±SD, *P < 0.005, **P <
0.001 compared with controls.
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Figure 11

IL-9 reverses the tumor-promoting effect of blocking ILC2s. A, At 5 days after CT26 cell implantation, mice
were injected intravenously with 2 µg anti-CD90.2 or 2 µg anti-CD90.2 plus 1 µg IL-9 for 5 consecutive
days. B-C, Tumor volume and weight in different treatment groups. D, The percentage of CD8+ T cells in
the tumors of anti-CD90.2-treated mice and anti-CD90.2 plus IL-9-treated mice was detected by �ow
cytometry. E, The percentage of ILC2s in the tumors of anti-CD90.2-treated and anti-CD90.2 plus IL-9-
treated mice was detected by �ow cytometry. Data are presented as mean±SD, *P < 0.005; **P < 0.001
compared with controls.
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Figure 13

Peripheral ILC2s could be recruited to the tumor site in CRC. A, The percentage of ILC2s in the spleen of
CT26-bearing mice and control mice was detected by �ow cytometry. B-C, Flow cytometry was used to
test the percentage of ILC2s in the tumor and adjacent normal tissues of CRC mice and CRC patient. D,
GEPIA was used to analyze the expression of CCL25 and CXCL16 in the tumor and adjacent normal
tissues of COAD. Data are presented as mean±SD, *P < 0.005; **P < 0.001 compared with controls.


