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Gastric cancer (GC) is a common and lethal cancer, it has been previously reported 
that interleukin-22 (IL-22) leads to the growth of GC through signal transducer and 
activator of transcription 3 (STAT3) signaling activation. To this purpose, we sought to 
investigate whether IL-22 acts as a tumor promoter and to investigate the underlying 
mechanisms and action in GC. To detect the expression of related molecules, the hu-
man GC cell lines MKN45 and GES-1 were co-cultured with IL-22(+) tumor-infiltrating 
lymphocytes (TILs). Then analyzed by flow cytometry, immunofluorescence analysis, 
trans well analysis. Western blot analysis was accomplished by protein samples incu-
bated with primary antibodies IL-22, IL-22RA1, total STAT3, p-STAT3 (S727), Bcl-2, 
Bax, CyclinD1, vascular endothelial growth factor (VEGF), and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH). Bioinformatics analysis was performed on a total of 
related 985 samples from the Cancer Genome Atlas (TCGA) and GSE public datasets. 
Our results demonstrated TILs exhibiting excessive IL-22 expression levels, and IL-
22 was significantly up-regulated in human GC tumors compared to normal controls. 
Moreover, both IL-22 receptor α1 (IL-22RA1) and IL-23 were highly expressed in GC. 
TILs exhibiting excessive IL-22 expression levels also enhanced GC cells growth and 
metastasis. However, this effect was significantly affected by the addition of an IL-6 
monoclonal antibody. These results indicate that in the tumor microenvironment, cy-
tokines especially IL-22, gastric cancer cells, macrophages, and lymphocytes interact 
with each other to promote gastric cancer development.
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Introduction
Gastric cancer is the fifth most common malignancy and is 

the third leading cause of tumor-related death worldwide, and is 
still increasing in incidence [1,2]. The tumor microenvironment 
(TME), composed of various types of cells surrounding tumor 
tissue, constitutes a vital element of GC, and has been proved to be 
essential for GC development [3,4]. The interaction of components 
in TME leads to the reprogramming of surrounding cells, allowing 
them to play a critical role in GC tumor progression or recovery [5]. 
As a part of TME, Tumor-infiltrating lymphocytes (TILs) are mainly 
composed of T cells, especially cytotoxic CD8 + lymphocytes, and 
to a lesser extent CD4 + helper T cells, regulatory T cells, B cells, 
NK cells, macrophages, and mast cells. TILs activated at different 
periods have different phenotypes and heterogeneity [6,7]. High-
density TILs infiltration is associated with a good prognosis in 
GC [8]. T helper type 17 (Th17) cells have emerged as a crucial 
lineage of helper T cells, are mainly involved in mucosal defense 
of the intestine, skin, and lungs, where IL-22 plays a key role [9]. 
Several studies have shown that IL-22 enhances the invasiveness 
of gastric cancer cells through the activation of STAT3, extracellular 
signal-regulated kinase (ERK) and induces the expression of 
matrix metalloproteinases (MMPs) in gastric cancer cell lines. 
Elevated IL-22 and IL-22R1 levels are detected in gastric cancer 
tissues compared with healthy control tissues [10,11]. Under 
inflammatory conditions, IL-22 directly promotes tumor growth or 
induces stem-like cancer cells through STAT3-dependent signaling, 
releasing tumor-promoting signals to normal and malignant cells 
[12,13]. Moreover, other studies showed that the inhibition of 
STAT3, a cancer stem cell-related signaling pathway, is a potential 
therapeutic target for gastric cancer [14]. STAT3 is proved to 
maintain cancer stemness [15], and activated STAT3 in tumors 
promotes differentiation, cancer stem cell expansion (WNT5A, 
CD44), proliferation by stimulating cyclin transcription, VEGF and 
HIF-1α tumor angiogenesis, while inhibiting apoptosis (Bcl-2, Bcl-
xL, Mcl-1, Bcl-w) [16].

Hyperactivation of STAT3 signaling in GC is associated with 
poor prognosis [17]. For example, the enhancement of IL-22 
receptor α1 (IL-22RA1)/STAT3 signaling pathway in the tumor 
microenvironment plays a key role in the malignant transformation 
of rat mesenchymal stem cells (MSCs) [18]. On the other hand, a 
series of studies by Sabat et al. revealed that IL-22 is also involved 
in general intestinal antimicrobial defense, regeneration, and 
protection against injury [19]. The most known STAT3 activator, 
IL-6, is widely believed to play an inflammation-related role 
in most cancers. It can also drive Th17 cell differentiation, 
while Th17 cells produce IL-22 [9]. IL-6 is a central regulator 
of autocrine and paracrine cytokines, promoting downstream 
STAT3 phosphorylation. Overexpression of IL-6 in the tumor 
microenvironment induces malignant growth and metastasis [16]. 
Blocking IL-6 with neutralizing antibodies significantly attenuates  

 
the promoting effect of gastric cancer-derived mesenchymal 
stromal cells (GC-MSCs) on the polarization of M2-like macrophages 
through the JAK2/STAT3 signaling pathway, thereby slowing down 
the migration and invasion of gastric cancer cells [20].

Based on these premises, this study aimed to investigate the 
expression of IL-22 in the dynamic process of chronic inflammation-
induced gastric cancer and its potential role in the treatment 
and prognosis of gastric cancer. Furthermore, the dynamic 
changes of various cells and their secreted cytokines in the tumor 
microenvironment during inflammatory cancer transformation 
were also assessed, including the IL-22-related upstream and 
downstream signaling pathways and their correlation with IL-22.

Materials and Methods
Reagents and Cell Culture 

All reagents were obtained from Sigma-Aldrich (Milan, Italy) 
unless specified. The human GC cell lines MKN45 and GES-1 were 
obtained from the American Type Culture Collection (ATCC) and 
maintained in RPMI 1640 medium, all supplemented with 10% 
fetal bovine serum, 1% penicillin/streptomycin (all from Gibco, 
America) in a 37 °C, 5% CO2, fully humidified incubator. 

Isolation and Culture of Infiltrated Leukocytes from Human GC 
Tissue

The fresh tumor tissue samples were collected from 20 cases 
of histologically confirmed gastric cancer from hospitalized cancer 
patients. The tumor pieces were washed twice in PBS and were 
sliced into 1-2 mm pieces in RPMI 1640, and gently mixed with 
digestive enzymes for 2 hours at room temperature. Then the 
samples were resuspended in 10 ml RPMI 1640, filtered through 
a 200-μm cell strainer, placed in a 6-well plate, and the TILs were 
processed immediately for IL-22 detection by flow cytometry. The 
TILs, then cultured with 50 ng/mL TNF-α, 20 ng/mL IL-6, 5 μg/
mL anti-IL-12, and 5 μg/mL anti-IL-4 for 5 days, further mixed 
with macrophage cells isolated from TILs, we nominated this cell 
mixture as IL-22(+) TILs.

Flow Cytometry

Flow cytometry analysis was performed as previously reported 
[21]. MKN45, MKN45 + TILs, MKN45 + IL-22(+) TILs, MKN45 + 
IL-22(+) TILs + IL-22mAb , MKN45 + IL-22(+) TILs + IL-6mAb (10 
μg/mL) and GES-1, GES-1+ TILs, GES-1 + IL-22(+) TILs, GES-1 + IL-
22(+) TILs + IL-22mAb, GES-1+ IL-22(+) TILs + IL-6mAb (10 μg /
mL) were co-cultured for 2 hours. The cells were then analyzed by 
flow cytometry (FACS Calibur TM; BD Biosciences, NJ) using a PI/
Annexin staining kit (Invitrogen, CA).

BrdU Cooperation and Immunofluorescence Analysis

Cells were incubated with 100 μM BrdU for 2 hours, the 
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medium was aspirated, and immediately fixed and permeabilized 
in cold methanol: acetone (1:1), then blocked with PBS/3% 
BSA (Sigma-Aldrich, MO), and incubated with primary BrdU 
monoclonal antibody (Sigma-Aldrich) diluted in 3% BSA/PBST 
(0.2% Triton X-100). Following incubation with rabbit antimouse 
FITC-conjugated secondary antibody (SigmaAldrich), slides were 
mounted in Mounting Medium (with 1.5 μg/mL DAPI) (Santa Cruz) 
and visualized with a fluorescence microscope (Axiovert 200; Zeiss, 
Stuttgart, Germany).

Transwell Analysis

The MKN45 cells and GES-1 cells were diluted to 10 × 104 /
mL with serum-free RPMI-1640 medium, and 200 μL of the cell 
suspension was added to the upper transwell chamber, and 600 μL 
medium containing 10% fetal bovine serum was added to the lower 
chamber, respectively. The upper chamber was carefully immersed 
in the lower chamber liquid with sterile forceps. The 24-well 
plate with transwell chamber was placed in a 37°C incubator for 
24 hours. After 24 hours, the liquid was removed from the upper 
chamber and placed in 600 μL PBS. After crystal violet staining, the 
upper chamber was observed under an electron microscope and 
photographed. Each experiment was repeated three times.

Western Blot Analysis

Total proteins were extracted from cells and quantified by 
BCA Protein Assay Kit (Sangon Biotech, Shanghai, China). Protein 
samples (20 μg) were fractionated by SDS-PAGE and transferred to 
polyvinylidene fluoride membranes. The membranes were blocked 
(room temperature, 1 hour) with 5% BSA, then incubated overnight 

with primary antibodies IL-22, IL-22RA1, total STAT3, p-STAT3 
(S727), Bcl-2, Bax, CyclinD1, VEGF, and GAPDH (all purchased from 
Abcam Inc, MA). The results were visualized using an Enhanced 
Chemiluminescent Western Blotting Detection System (Millipore, 
Billerica, MA, USA) in accordance with the manufacturer’s 
instructions.

Statistical Analysis

The study results are presented as a mean ± SEM or mean ± SD. 
All experiments were performed at least three times independently. 
A survival curve was constructed using the Kaplan–Meier method. 
Comparisons between two groups were performed using the 
Pearson’s chi-square test with GraphPad Prism version 8.01, with 
p < 0.05 was considered as statistically significant.

Results
IL-22 and IL-22 Related Proteins are Over-Expressed in Human 
Gastric Cancer

The expression of IL-22 and IL-22 related proteins in human 
gastric cancer was verified by IHC in 90 cases of GC tissues and 90 
paired normal gastric tissues. As shown in Figure 1, IL-22 had a 
higher fluorescence intensity in the GC group. In addition to IL-22, 
our results indicated that IL-23 was significantly up-regulated in GC 
but relatively weakly expressed in normal gastric tissue samples. 
Moreover, we identified another key molecule, IL-22RA1, which 
is necessary for signal transmission, was similarly overexpressed 
in GC. As the downstream effects of IL-22, activation of STAT3 was 
evaluated by staining with phosphorylated STAT3 of the S727 
residue.

Figure 1: IL-22 and IL-22 related proteins are over-expressed in human gastric cancer. Immunofluorescence (IF) for IL-22, IL-
22RA1, STAT3 and IL-23 analysis in GC and normal tissues. A tissue microarray (Cat#: HStm-A180Su-09, Shanghai Outdo 
Biotech, Shanghai, China) with 90 matched pairs of primary GC samples and adjacent gastric tissues was performed to evaluate 
the expression and clinical relevance of IL-22, IL-22RA1, STAT3 and IL-23. Among these samples, one paired tumor and adjacent 
normal tissues were excluded due to incomplete information of the tissues. The core diameter on this tissue microarray was 1.5 
mm. Magnification: 200×.
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STAT3 Activation was Significantly Higher in GC

Higher level of IL-22 is detected in gastric cancer patients and 
is associated with lower survival. Bioinformatics analysis was 
performed on a total of 985 samples involving gastritis, gastric low-
grade intraepithelial neoplasia, gastric high-grade intraepithelial 
neoplasia, and gastric cancer from the public databases the Cancer 
Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) 
and GSE datasets (https://www.ncbi.nlm.nih.gov/geo/). These 
findings suggest that IL-22 expression showed an increasing 

trend with disease progression from gastritis to gastric cancer. 
Comparisons between grouping gastritis (Gegc) and early gastric 
cancer (EGC) were performed in GSE130823 data. There was a 
trend for gene differences, with IL-22, IL-22RA1, IL-23A, and STAT3 
rising in EGC (Figure 2A) (p > 0.05). Then the samples were then 
divided into 3 groups according to the expression of marker genes, 
and we can see that IL-22 is highly expressed in EGC groups (Figure 
2B). Kaplan-Meier analysis revealed that GC patients with high IL-
22 levels had poor Metastasis-Free Survival (MFS) (p = 0.0086) and 
Recurrence-Free Survival (RFS) (p = 0.012) (Figure 2C).

Figure 2: Effect of IL-22 on the occurrence and progression of GC. 
A. Expression levels of IL-22, IL-22RA1, IL-23A, and STAT3 in gastritis (Gegc) and early gastric cancer (EGC) variant groups 
in the GSE130823 cohort. 
B. IL-22 expression in Gegc-low, Gegc-mid, Gegc-high, EGC-low, EGC-mid, EGC-high groups in the GSE130823 cohort. 
C. Kaplan-Meier curves for the MFS (Metastasis-Free Survival) and RFS (Recurrence-Free Survival) of patients in the IL-22 
high type group and IL-22 low type group in the TCGA cohort.

IL-22 Enhances the Proliferation and Anti-Apoptotic Ability of 
MKN45 Cells

In accordance with the distribution of IL-22 in TILs, TILs 
were isolated firstly for functional studies. Lymphocytes and 
macrophages were isolated by flow cytometry respectively. Then 
the lymphocytes and macrophages were mixed to polarize and 
stimulate the lymphocytes to develop into TH22 cells (interleukin 
22-positive T lymphocytes) in vitro. To further investigate the 
mechanism of IL-22 on tumor growth, MKN45 cells and GES-1 cells 
were co-cultured with TILs and IL-22(+) TILs. Subsequently, IL-22 
was blocked to exclude its effects. IL-6 is a key factor produced by 

T lymphocytes and was also blocked. The results of flow cytometry 
analysis (Figure 3A) showed that both TILs and IL-22(+) TILs 
induced a robust anti-apoptotic of both MKN45 and GES-1 cells 
compared with control, sharply decreased the percentage of 
apoptotic cells when IL-22 and IL-6 were blocked. Meanwhile, 
immunofluorescene confirmed Brdu positive cells in the MKN45 
cells enhanced in the presence of TILs and IL-22(+) TILs. In contrast, 
neutralizing IL-22 and IL-6 significantly decreased proliferation 
cells (Brdu+ cells). Similar results were obtained in GES-1 cells (not 
shown). Therefore, these results suggest that interleukin 22 plays a 
crucial role in the proliferation of gastric cancer cells.
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Figure 3: IL-22 enhances the proliferation and anti-apoptotic ability of MKN45 cells in vitro. 
(A) Analysis of apoptosis of MKN45 and GES-1 cells in each group by flow cytometry, comparison of apoptosis in each group 
(experiments performed in triplicate). 
(B) Immunofluorescence staining of BrdU in green and DAPI in blue, reflecting cell proliferation in each group detected by 
fluorescent microscopy (×200) and comparison of cell proliferation in each group; the experiment was repeated in triplicate. *p < 

0.05, #p < 0.05, 0.05p∆ < ; **p < 0.01, # #p < 0.01, 0.01p∆∆ < .

IL-22 Promotes the Invasion of MKN45 Cells

Next, to detect the effects of IL-22 on GC cells invasion, MKN45 
cells were cocultured with TILs and IL-22(+) TILs. Simultaneously, 
blocked IL-6 and IL-22 of each neutralizing antibody to inhibit 
the effect of IL-6 and IL-22 in cultures of GC cells. As shown in 

Figure 4, transwell assay showed that both TILs and IL-22(+) 
TILs stimulate could markedly promoted the invasion of MKN45 
cells. Neutralization of both IL-22 and IL-6 reduced invasion of GC 
cells. Conjointly, IL-22 antibody treatment reduced IL-22-induced 
proliferation, survival, and invasion of GC cells.

https://dx.doi.org/10.26717/BJSTR.2023.47.007579
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Figure 4: IL-22 promotes invasion of MKN45 cells. MKN45 cells were pretreated with TILs and IL-22(+) TILs. Then treated with 
anti-IL-22 and anti-IL-6 antibody (10 μg/mL) to inhibit the effect of IL-22. Transwell assay was used to examine cell invasion of 
MKN45. Crystal violet staining, the upper chamber was observed under electron microscope and photographed. Comparison of 

invasion ability in each group. The experiment was repeated in triplicate. **p < 0.01, # #p < 0.01, 0.01p∆∆ < .

IL-22 Activated CyclinD1, VEGF, Bcl-2, Bax in MKN45 Cells

As noted above, IL-22 enhances the proliferation, invasion, and 
anti-apoptotic ability of gastric cancer cells. We further studied the 
cell proliferation-related genes cyclinD1 and proangiogenic factor 
VEGF in the effect of IL-22 in MKN45 cells. Western blotting (Figures 
5A-C) results indicated that cyclinD1 and VEGF were up-regulated 
in the presence of IL-22(+) TILs and decreased when IL-22 was 
blocked. Additionally, the effects of Bcl-2 and Bax as antiapoptosis 
and apoptosis genes were investigated (Figures 5D-E); IL-22(+) 

TILs also significantly enhanced the antiapoptotic ability of MKN45 
cells, but reduced levels of apoptosis with anti-IL-6 and anti-IL-22. 
Because IL-22 signal is transduced by STAT and ERK pathways [22], 
to test whether STAT3 is important for IL-22 mediated GC growth, 
we added STAT3-inhibitor WP-1066 to cell cultures, which is a 
STAT3 specific inhibitor. With the existence of IL-22(+) TILs cell, IL-
22-induced this effect in MKN45 cells was reversed by WP-1066 at 
the concentration of 10 μM, whereas lower levels of CyclinD1, VEGF, 
and Bcl-2 expression in fewer dividing cells were detected.

https://dx.doi.org/10.26717/BJSTR.2023.47.007579
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Figure 5: IL-22 activated cyclinD1, VEGF, Bcl-2 and Bax in MKN45 cells. MKN45 cells were treated with 10 μM IL-22 mAb and 10 
μM WP-1066 for the indicated time periods and subjected to Western blotting. 
(A) Western blot detection of CyclinD1, VEGF, Bcl-2 and Bax expression, all normalized to GAPDH. The experiment was 
repeated in triplicate. 
(B) (B-E) IL-22(+) TILs can enhance MKN45 cells CyclinD1, VEGF, Bcl-2 and Bax expression, but are inhibited by IL-22 mAb. 

*p < 0.05, #p < 0.05, 0.05p
∆

< ; **p < 0.01, # #p < 0.01, 0.01p∆∆ < .

IL-22 Activated cyclinD1, VEGF, Bcl-2, Bax in GES-1 Cells

Additionally, CyclinD1, VEGF, Bax2 and Bcl-2 were also 
investigated in GES-1 cells. Consistent with the MKN45 cells 
(Figures 6A-E), the expression of CyclinD1, VEGF and Bcl-2 also 

enhanced in the IL-22(+) TILs GES-1 cells, and fewer dividing cells 
were observed. Blocking the IL-22 expression effectively decreased 
the proliferation and antiapoptosis gene expression. Thus, we 
postulate that IL-22 is an important factor involved in the tumor 
growth and may through STAT3 pathway.

https://dx.doi.org/10.26717/BJSTR.2023.47.007579
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Figure 6: IL-22 activated cyclinD1, VEGF, Bcl-2 and Bax in GES-1 cells. GES-1 cells were treated with 10 μM IL-22 mAb and 10 μM 
WP-1066 for the indicated time periods and subjected to Western blotting. 
(A) Western blot detection of CyclinD1, VEGF, Bcl-2 and Bax expression, all normalized to GAPDH. The experiment was 
repeated in triplicate.
(B) (B-E) IL-22(+) TILs can enhance GES-1 cells CyclinD1, VEGF, Bcl-2 and Bax expression, but are inhibited by IL-22 mAb. *p 

< 0.05, #p < 0.05, 0.05p
∆

< ; **p < 0.01, # #p < 0.01, 0.01p∆∆ < .

IL-22 Activated STAT3 Pathway in vitro

The experiment aimed to characterize the downstream 
signaling pathways elicited by IL-22 in GC cells and determine 
the role of STAT3 in IL-22 mediated proliferation. Western blot 
analyses revealed that incubation with IL-22(+) TILs resulted in 
increased phosphorylation of STAT3 in MKN45 cells and GES-1 cells 

but decreased when blocked with a neutralizing antibody (Figures 
7A-B). The addition of WP-1066 reduced IL-22-induced STAT3 
phosphorylation in GC cells. Quantification of the relative change 
in the expression demonstrated statistically significant increases. 
These results indicate that IL-22 might be important in mediating 
tumor proliferation, promotes growth of gastric cancer cells in a 
STAT3-dependent manner. 

https://dx.doi.org/10.26717/BJSTR.2023.47.007579
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Figure 7: IL-22 activated STAT3 pathway in vitro.
A. (A-B) Western blot detection of p-STAT3, total STAT3, which were all normalized to GAPDH. **p < 0.01, # #p < 0.01, 

0.01p∆∆ < . 

B. (C) Schematic in vitro action of interleukin-22 on tumor-infiltrating lymphocytes through the IL-22/STAT3 signaling 
pathway in human gastric cancer.

Discussion
The proliferative ability of cancer cells mainly depends on 

cytokines, which are closely related to tumor development and 
progression [23]. IL-22 is a unique cytokine produced by immune 
cells and bears an immune-suppressive function in regulating 
adaptive immune responses. IL-22 belongs to the IL-10 family of 
cytokines, which have essential roles in tissue remodeling and 
wound healing [24]. Increased levels of blood-circulating and 
intratumoral IL-22-secreting cells have been reported in gastric 
carcinomas [25], but the underlying mechanism by which IL-22 
regulates gastric cancer cells remains unknown. Previous studies 
have indicated that IL-22 may activate various pathways such as 
STAT3, MAPK, Akt, NF-κB signaling in different types of cells [26]. 
The primary cellular sources of IL-22 are innate lymphoid cell 
group 3 (ILC3), T-cell and macrophage [27,28]. As the receptor of 
IL-22, IL-22R is expressed by epithelial cells of the digestive organ, 
respiratory tract, and skin [19]. In this study, we observed that IL-
22 might play a role in GC tumor growth. We demonstrate that IL-

22, a key cytokine expressed by TH17 cells, directly acts on gastric 
cancer cells, and promotes tumor growth. 

Furthermore, IL-22 induces GC cell proliferation, survival, and 
anti-apoptosis in vitro with a low survival rate in vivo. Blockade of 
IL-22 with a neutralizing antibody significantly inhibited tumor 
growth and was accompanied by decreased cell proliferation, 
invasion, and anti-apoptotic ability. These results identify IL-22 
as a potential therapeutic target to inhibit tumor growth. Initially, 
we found that IL-22 was highly expressed in gastric cancer tissues. 
To further investigate its relationship with related upstream and 
downstream genes and survival, data mining was performed on 
the Cancer Genome Atlas (TCGA) and GSE datasets. The results 
of the analysis of the TCGA and GSE datasets showed that IL-22 
in gastric cancer tissues is associated with lower survival. TILs 
are key components of TME, clinical studies have shown that high 
levels of TIL are beneficial for the survival of patients with gastric 
cancer [29]. In contrast, IL-22 production by CD56+ CD3− cells was 
accompanied by inhibition of TIL in tumor tissue [30].
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In 120 patients with EBV-associated gastric cancer (EBVaGC), 
high TIL levels were independently associated with favorable RFS 
or DFS, indicating that TILs are involved in the host cell immune 
response of tumors [31]. Consistent with the results of this 
experiment, high levels of IL-22 in gastric cancer tissues were 
associated with decreased survival and may be related to TILs. 
Among the reported IL-22-related upstream and downstream 
signaling pathways, STAT3 showed the highest correlation with 
IL-22. IL-22 antibody was reported to reduce the growth of other 
types of tumors [32,33]. To ascertain the role of STAT3 activation 
in the proliferative effect mediated by IL-22 in GC, MKN45 cells 
and GES-1 cells were treated with TIL, IL-22(+) TIL, and IL-22(+) 
TIL + IL-22 antibodies in vitro. Preincubation of MKN45 and 
GES-1 cells with IL-22 inhibitor suppressed STAT3 activation and 
abrogated IL-22(+) TIL-derived cell proliferation, invasion, and 
anti-apoptosis. These results support the hypothesis that STAT3 
activators are redundant in cancer cells and are consistent with 
our demonstration that single neutralization of IL-22 can affect the 
ability of TILs to activate STAT3 and promote gastric tumor growth.

STATs play a crucial role in normal cell signaling. However, 
recent evidence has suggested another possible role of STATs in 
cancer development. According to these studies, the constitutively 
activated STATs, especially STAT3, are the main culprits. Activation of 
the STAT3 pathway was reported in various malignancies, including 
gastric cancer [34]. The pro-tumorigenic potential of IL-22 is mainly 
mediated by STAT3, a well-established oncogene that induces the 
expression of many genes involved in tumor development [35,36]. 
In this regard, we examined the signaling pathways activated by 
IL-22 in human gastric cancer cells. Subsequently, we showed that 
STAT3 phosphorylation was enhanced in two of the investigated 
gastric cancer cell lines. Moreover, STAT3 can be activated by other 
stimulators such as EGF and VEGF [37]. Our results confirmed 
that IL-22 also enhanced VEGF expression, whereas blocked IL-
22 sharply decreased the proliferative and angiogenesis effect on 
these cells (Figure 7C).

The literature suggests that increased IL-23 levels are observed 
in human gastric cancer tissues [38]. However, it is unclear whether 
IL-23 exerts direct effects on gastric cancer cells. Our experiments 
revealed that IL-23 did not directly activate STAT3 in cell culture but 
was significantly upregulated in GC tissues. A plausible explanation 
is that the simultaneous activation of STAT3 in these cells is 
mainly dependent on IL-22 expression. It has been experimentally 
determined that IL-23 can stimulate immune cells to produce IL-
22. Therefore, a possible mechanism for the increased expression 
of IL-23 in gastric cancer tissues in this experiment is that IL-23 
promotes gastric cancer growth through IL-22 [39]. Although IL-
22 and IL-23 are both produced by Type 17 cells, these cytokines 
are distinct in structure, receptors, and downstream signaling 
pathways [40]. Additionally, we found IL-22 effectively activates 
STAT3 phosphorylation, while combined neutralization does 

not completely abrogate IL-22 induced STAT3 activation. This is 
probably because of additional STAT3-activating cytokines factors 
in IL-22(+) TIL. We also confirm that inhibition of IL-22 is much 
more impactful than inhibition of IL-23 in the GC cell growth.

Conclusion
In summary, our work demonstrates that IL-22 acts directly 

on gastric cells to stimulate cell proliferation in STAT3-dependent 
manner. Blockade of IL-22 inhibits tumor growth and is associated 
with reduced tumor proliferation and anti-apoptosis, potentially 
providing a rationale for developing anti-IL-22 therapies for gastric 
cancer treatment.
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