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ABSTRACT
Lactate plays an important role in shaping immune tolerance in tumor microenvironment (TME) and 
correlates with poor prognosis in various solid tumors. Overcoming the immune resistance in an acidic 
TME may improve the anti-tumor immunity. Here, this study elucidated that via G-protein-coupled 
receptor 81 (GPR81), lactate could modulate immune tolerance in TME by recruiting regulatory T cells 
(Tregs) in vitro and in vivo. A high concentration of lactate was detected in cell supernatant and tissues of 
gastric cancer (GC), which was modulated by lactic dehydrogenase A (LDHA). GPR81 was the natural 
receptor of lactate and was overexpressed in different GC cell lines and samples, which correlated with 
poor outcomes in GC patients. Lactate/GPR81 signaling could promote the infiltration of Tregs into TME 
by inducing the expression of chemokine CX3CL1. GPR81 deficiency could decrease the infiltration of 
Tregs into TME, thereby inhibiting GC progression by weakening the inhibition of CD8+T cell function in 
a humanized mouse model. In conclusion, targeting the lactate/GPR81 signaling may potentially serve as 
a critical process to overcome immune resistance in highly glycolytic GC.
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Introduction

Lactate in the tumor microenvironment (TME) is the product 
of glycolysis and is emerging as a pivotal modulator of tumor 
growth, metastasis, and anti-tumor immunity.1–3 Known as 
metabolic waste previously, lactate is now considered 
a universal fuel to feed tumor cells and tumor stromal cells.4 

Lactate secreted from tumor cells may lead to immunosuppres
sion either by inhibiting the proliferation and activation of 
CD8+T cells, antigen-presenting cells, natural killer cells, or 
potentiating the immunosuppressive effect of regulatory T cells 
(Tregs) and polarization of macrophage to M2-like 
phenotype.5–8 Recently, increasingly more attention has been 
paid to GPR81, a lactate natural receptor, which is correlated 
with tumor cell survival, ferroptosis, and immune evasion.9–12 

So far, it remains unclear regarding the specific mechanism by 
which lactate induces immune escape in gastric cancer (GC).

According to previous research on the immune landscape in 
GC and esophageal squamous cell carcinoma, the immunosup
pressive micro-environment enriched with exhausted T cells, 
NK cells, Tregs, tumor-related macrophage, and tolerogenic 
dendritic cells, among which Tregs are the dominant ones.13,14 

Moreover, some patients do not respond or develop immune 
suppression during immunotherapy in real-world clinical 
scenarios.15,16 There is increasing evidence that Tregs can 
attenuate the effects of immunotherapy.17–19 Tregs can sup
press the lethality of effector T cells to tumor cells, and

correlate with tumor progression and poor prognosis.20 Thus, 
decreasing the infiltration of Tregs into TME may potentially 
recover the anti-tumor immune response and enhance the 
effects of immunotherapy.

Chemokines in TME are the primary motivators for Tregs 
infiltration. The reported chemokines that modulate Tregs 
migration in tumors include C-C motif ligand (CCL) 1, 
CCL5, CCL20, CCL22, CCL28, and chemokine C-X-C motif 
ligand 12 (CXCL12).21,22 Blocking chemotaxis signal transduc
tion can decrease the accumulation of Tregs in TME, and then 
suppress tumor progression in various solid tumors.23–26 

Nevertheless, it is still unknown regarding the dominant che
mokine type to drives the infiltration of Tregs in an acidic GC 
micro-environment. Therefore, it is of great significance to 
clarify the relationship between the immune escape aroused 
by GC cell-derived lactate and the infiltration of Tregs in the 
tumor microenvironment.

Materials and methods

Blood and GC samples

The healthy human peripheral blood was donated by the 
members of our Laboratory, and each member was fully 
informed that the sampling was to acquire peripheral blood 
mononuclear cells (PBMCs) and sort Tregs. Two cohorts of 
human GC samples were collected and used in the study, with
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written informed consent obtained from all subjects. Cohort 1 
included 31 GC tumor tissues and corresponding 24 adjacent 
normal tissues collected from GC patients who underwent 
radical gastrectomy from July 2021 to June 2022 at the 
Department of General Surgery of Nanfang Hospital, 
Southern Medical University. The tumor and normal tissues 
were immersed in RNA Stabilization and Storage solution 
(Thermo Fisher, USA) after being washed by PBS postopera
tively and stored in liquid nitrogen. Cohort 2 contained 20 
pairs of paraffin-embedded GC tumors and normal tissues 
collected from patients who underwent surgery from June to 
December 2020 at the same Department of the hospital. This 
study was approved by the Institutional Ethics Committee of 
Nanfang Hospital, Southern Medical University.

Cell lines and cell culture

The human GC cell lines AGS, HGC-27, MKN-28, SNU-216, 
MGC-803, BGC-823, SGC-7901, human colon cancer cell line 
HCT-116, human breast cancer cell line MCF-7, and human 
normal gastric epithelial cell line GES-1 were obtained from 
American Type Culture Collection (ATCC, USA). All cells 
were cultured in RPMI1640 (Gibco, C11875500BT) supple
mented with 10% fetal bovine serum (FBS; Gibco, A3160902) 
and 1% penicillin-streptomycin (Gibco 15,140,122) in 
a humidified incubator at 37°C with 5% CO2.

RNA extraction and RT-qPCR

Total RNA was extracted and purified from GC cell lines and 
tissues with Trizol reagent (Invitrogen, USA) according to the 
manufacturer’s protocols. The concentration of the total RNA 
was examined by NanoDrop 2000 (Thermo Fisher, USA). 
cDNA was synthesized using the Evo M-MLV RT Premix 
(Accurate Biology, AG11706). The primers used in the study 
were listed in Supplementary Table 1. qPCR was performed by 
using SYBR Green Pro Taq Hs qPCR Kit (Accurate Biology, 
AG11701). GAPDH or β-actin was used to normalize the 
difference between groups.

Western blot analysis

Proteins were extracted from GC cell lines using RIPA lysis 
buffer (Thermo Fisher, USA) supplemented with 1% protease 
and phosphatase inhibitors (Thermo Fisher, USA), and incu
bated for 30 min on ice. The concentration of the collected 
protein was detected by bicinchoninic acid (BCA) Protein 
Assay Reagent (Beyotime, P0009). A total of 20 μg protein of 
each sample was added and separated by sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The 
target proteins were transferred to polyvinylidene difluoride 
(PVDF) membranes (Millipore, GVWP04700). An enhanced 
chemiluminescent kit HRP (Fdbio, FD8000) was used for 
image development. The gray value of the protein band was 
measured by Image J software (National Institutes of Health, 
USA). Antibodies used in the study were anti-Tubulin (1:1000 
dilution, Abmart, M20005), anti-FOXP3 (1:1000 dilution, 
Bioss, bsm-52,079 R), anti-GPR81 (1:500 dilution, Novus, 
NLS2095), anti-CX3CL1 (1:1000 dilution, Bioss, bs-0811 R),

anti-p65 (1:1000 dilution, Abmart, T55034), anti-phospho- 
p65 (1:1000 dilution, Abmart, TA2006), and anti-LDHA 
(1:1000 dilution, Abcam, ab101562).

Immunohistochemistry (IHC) and immunofluorescence

IHC was performed by using paraffin-embedded human GC 
tissues and mouse-bearing tumors. Sections were incubated 
with anti-GPR81 (1:100 dilution), anti-LDHA (1:200 dilution), 
anti-CX3CL1 (1:100 dilution), anti-FOXP3 (1:100 dilution), 
and anti-phospho-p65 (1:100 dilution) at 4°C overnight. 
Another incubation was conducted with an anti-rabbit second
ary antibody (1:200 dilution). The stained image was analyzed 
by Image J software. The staining intensity of the tissue slides 
was assessed as described previously.27

Immunofluorescence was performed after GC cells were 
seeded on the slides and cultured for 24 h. Cells were incu
bated with anti-GPR81 (1:50 dilution), anti-CX3CL1 (1:100 
dilution), and anti-p65 (1:100 dilution) overnight at 4°C. 
Immunofluorescence images were obtained by fluorescence 
microscope (Zeiss, Germany).

siRNA and plasmids transfection

Small interfering RNA (siRNA), plasmids containing small 
hairpin RNA (shRNA), and overexpression plasmids were 
obtained from Tsingke Biotech (Beijing, China) and were 
transfected into GC cell lines to knock down or overexpress 
the target gene. siNC, shNC, and oeNC were used as the 
negative control separately. The sequence was listed in 
Supplementary Table 2. The decreased expression of the target 
gene was confirmed by RT-qPCR and western blot.

Cell viability assay

The proliferation rate of GC cells after GPR81 knockdown or 
overexpression and the cytotoxicity of CD8+T cells to GC cells 
were assessed using the CCK8 kit (Dojindo, DK4) according to 
the manufacturer’s instructions. GC cells were seeded onto the 
96-well plate at a density of 3,000 cells per well, and cultured in 
RPMI1640 containing 10% FBS in a 37°C incubator with 5% 
CO2. The CD8+T cells co-cultured with GC cells at the ratio of 
20:1 with or without lactate (20 mmol/L), and cultured for 48 h. 
PBS was washed twice before detection. Cell viability was 
detected by measuring the absorption at the wavelength of 
450 nm with a plate reader (Molecular Devices, USA).

Lactate assay

The detection of lactate in GC cell line-cultured supernatants 
(48 h) and GC samples was performed according to the man
ufacturer’s protocols of the L-Lactate Content Test Kit 
(Solarbio, BC2230). For lactate detection in tissues, specifically, 
weighing 0.1 g of tissue was added in reagent one for adequate 
homogenization. The next step was centrifugation at 4°C and 
12,000 g for 10 min to obtain the supernatant for the lactate 
test. The content of the detected lactate was shown as μmol/g.
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Enzyme-linked immunosorbent assay (ELISA)

The concentration of CX3CL1 in the supernatant of GC cell 
lines under different interference was detected by the CX3CL1 
ELISA kit (Solarbio, SEKH0067) according to the manufac
turer’s protocols.

Dual-luciferase reporter assay

GC cells were seeded onto a 96-well plate at the concentration 
of 3,000 cells per well for 24 h of culture. The cells were 
transfected with CX3CL1 promoter sequence plasmids 
(Genechem, Shanghai, China) persistently expressing firefly 
luciferase. The pRL-TK plasmids persistently expressing 
Renilla luciferase (the control) were used to evaluate the trans
fection efficiency. A dual luciferase reporter gene kit 
(Beyotime, China) and a multifunctional enzyme labeling 
instrument (Molecular Devices, USA) were used to detect the 
luciferase activity of each group.

Isolation of Tregs and Tconv, and generation of induced 
Tregs (iTregs)

Fluorescence-activated cell sorter (FACS) was used to isolate 
Tregs and Tconv from healthy donors’ PBMCs. PBMCs were 
resuspended in 100 μl PBS and stained with CD4 (106 cells per 
test) (Bioscience 555,348), CD25 (106 cells per test) (Bioscience 
555,434), and CD127 (106 cells per test) (Bioscience 557,938) 
monoclonal antibodies for 20–30 min on the ice in dark. 
CD4+CD25+CD127− cells were identified as Tregs,28 and 
CD4+CD25− cells were known as naive conventional 
T (Tconv) cells.

iTregs generation and differentiation were induced by fol
lowing the protocols published previously.29 In short, the 
sorted Tconv cells were seeded onto 24-well plates which 
were pre-coated with 1 μg/ml anti-CD3 (Biolegend 317,325) 
overnight. The cells were cultured in RPMI1640 containing 
10% FBS and were supplemented with 1 μg/ml anti-CD28 
(Biolegend 302,933), 5 ng/ml TGF-β1 (Peprotech, 100–21), 
and 20 ng/ml IL2 (Novoprotein, C013) for 3 days. Then, cells 
were washed with PBS and cultured in a complete RPMI1640 
medium supplemented with 20 ng/ml IL2 for 4 to 7 days. The 
harvested cells were collected for further studies and verifica
tion of the suppressive effect on CD8+T cells.

Chemotaxis assay

iTregs (2 × 105) were induced from Tconv which were sorted 
from healthy donator’s PBMCs, and then resuspended by 
PBS and transferred into the upper chamber (8 μm-pore 
size) of the Transwell system (Corning, USA). 
Recombinant human CX3CL1 was diluted by RPMI1640 
with different concentrations (0, 10 pg/ml, 100 pg/ml, 
1 ng/ml, 10 ng/ml, and 100 ng/ml) and added into the 
lower chamber with a total volume of 600 μl. The migrated 
cells in the lower chamber were counted after culture at 37°C 
for 6 h in a 5% CO2 atmosphere. For detecting migration, 
PBMCs (1 × 106) separated from healthy donors’ peripheral 
blood were inoculated into the upper chamber (total volume

of 100 μl). Conditional supernatants (GPR81 knockdown or 
overexpression, p65 knockdown, CX3CL1 knockdown or 
CX3CL1 solution) of GC cell lines (total volume of 600 μl) 
were transferred into the lower chamber. The ratio of Tregs 
and CD8+T cells in PBMCs collected from the lower cham
ber was analyzed by flow cytometry after co-culture for 6 h.

FACS analysis

Cells from the lower chamber were collected and resuspended 
in 100 μl PBS to detect the ratio of Tregs and CD8+T cells in 
migrated PBMCs after Transwell assay. The cells were stained 
with CD4 (106 cells per test), CD8 (106 cells per test, Bioscience 
560,662), CD25 (106 cells per test), and CD127 (106 cells per 
test) monoclonal antibodies for 20–30 min on ice in dark. The 
test was performed after two times of centrifugation. The gate 
setting followed the manufacturer’s protocols. To test the blood 
sample taken from the posterior orbital venous plexus of 
M-NSG mice before PBMCs injection, mouse-derived antibo
dies CD3 (106 cells per test, Bioscience 740,147), CD45 (106 

cells per test, Bioscience 557,659), and CD4 (106 cells per test, 
Bioscience 553,047) were used.

This experiment also detected the ratio of Tregs and 
CD8+T cells in subcutaneous tumors of the humanized 
mouse model. Single-cell suspension was prepared by adding 
50 μg/ml DNase I (Stemcell, 100–0683 07470 07469) and 1 mg/ 
ml collagenase type IV (Stemcell 07,909) to dissolve tumor 
tissues. Red blood cell lysis buffer (Fdbio, FD7153) was used 
to eliminate red blood cells. The cells were stained with CD3 
(106 cells per test, Bioscience 564,713), CD45 (106 cells per test, 
Bioscience 557,833), CD4 (106 cells per test), CD8 (106 cells per 
test), CD25 (106 cells per test), and CD127 (106 cells per test) 
monoclonal antibodies. Fluorescence data acquired from FACS 
were analyzed by Flow Jo software (BD, USA).

Humanized xenograft mouse model

A tumor-bearing humanized mouse model was constructed 
following the method reported previously.30 The tumor cells 
(5 × 106) transfected with lentiviral (Lv) particles 
(GeneCopoeia, Shanghai, China) containing GPR81 shRNA 
were injected into the subcutaneous area in the right low 
flank of the NOD.Cg-PrkdcscidIL2rgem1Smoc (M-NSG) male 
mice (8 to 12 weeks, Shanghai Model Organisms Center, 
Inc., China). After 5 to 7 days of tumor inoculation, 
1 × 107 PBMCs were injected through the tail vein to 
reconstruct the immune system. Blood was drawn from 
the posterior orbital venous plexus to detect the immune 
cells after 3 weeks of PBMC administration. Tumor volume 
was measured by using a vernier caliper every 4 days and 
calculated according to the formula: Volume 
(V) = (L×S2)/2 mm3, where L is the long diameter and S is 
the short diameter of the tumor. Endpoints were either 4  
weeks after immune reconstitution or after tumor volume 
reached 1500 mm3. The study was approved by the Animal 
Care and Use Committee of Southern Medical University 
and all procedures performed followed the guidance of the 
Laboratory Animal Center.
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Statistics

Data in the study were shown as mean±standard deviation 
(SD) or mean±standard error of the mean (SEM). Statistical 
analysis was performed in GraphPad Prism (USA). For con
tinuous parameters, statistical significance between groups was 
calculated by unpaired Student t-test. For categorical variables, 
statistical difference comparison was analyzed by the Chi- 
square test. The comparison of variables among multiple 
groups was realized by using one-way analysis of variance 
(ANOVA). P-value <.05 was considered to indicate a statisti
cally significant difference.

Results

GC was a highly glycolytic tumor with a high 
concentration of lactate

To explore the expression of LDHA in GC, we initially eval
uated the LDHA mRNA level and protein expression in pri
mary GC tissues and adjacent normal tissues (Figure 1(a,b)). 
There were differences in expression (high, moderate, and low) 
among different samples (tumor and normal). LDHA expres
sion in GC tissues was significantly higher than that in adjacent 
normal tissues. We further explored LDHA expression in six 
GC cell lines by RT-qPCR (Figure 1(c)) and Western blot 
(Figure 1(d)) in vitro. Consequently, high expression of 
LDHA was found in some GC cell lines. Moreover, the con
centration of lactate in most culture supernatant of GC cells 
was higher than that in GES-1 (Figure 1(e)). The same results 
were found in the GC samples(Figure 1(f)). These data indi
cated that GC was a highly glycolytic tumor and could produce 
abundant lactate to create an acidic TME.

GPR81 was overexpressed in GC and positively correlated 
with the Tregs infiltration

To explore the expression level of GPR81 in GC, human GC 
samples were collected for RT-qPCR and IHC (Figure 2(a, 
b)). The results showed that GPR81 was overexpressed in GC 
tissues. Furthermore, data from The Cancer Genome Atlas 
Program (TCGA) exhibited that GPR81 expression corre
lated with the overall survival in GC (Figure 2(c)). We 
verified the results via in vitro experiment, according to the 
comparison between GC cells and GES-1, GPR81 mRNA 
and protein levels were both higher in some GC cell lines 
(Figure 2(d,e)).

This study further clarified whether tumor infiltration of 
Tregs correlated with GPR81 expression levels. Data from 
TCGA (www.camoip.net) suggested that GPR81 expression 
in GC tissues had a significant positive correlation with 
tumor infiltration of Tregs (Figure 2(f)). We then verified the 
results in human GC samples. As expected, the expression of 
FOXP3 (a unique marker of Tregs) levels showed a positive 
correlation with GPR81 expression (Figure 2(g,h)). Altogether, 
these data illustrated that GPR81 was highly expressed in GC 
tissues and cells, and correlated with GC overall survival or 
tumor infiltration of Tregs.

Lactate/GPR81 modulated the expression of CX3CL1 in GC 
cells

To assess the possible immunomodulatory role of lactate signal
ing in GC, we sought to discover the correlation between lactate 
signaling and chemokines expressed in GC cells. As shown in 
Figure 3(a), SGC-7901 incubated with lactate exhibited high 
expressions of multiple chemokines. Among the explored che
mokines, CX3CL1 was significantly upregulated after being sti
mulated by lactate. Of note, CX3CL1 mRNA expression levels 
significantly correlated with GPR81 mRNA expression levels in 
human GC samples (Figure 3(b)). RT-qPCR and Western blot 
were then conducted to detect CX3CL1 expression levels in GC 
cell lines after incubation with lactate at different time points. 
The strongest CX3CL1 expression was observed at 6 h after 
being stimulated with lactate (Figure S1A-1B). Surprisingly, 
the CX3CL1 expression level gradually upregulated with the 
increase of lactate concentration in GC cell lines (Figure 3(c, 
d)). We further explored that lactate upregulated CX3CL1 
expression in human colon cancer cell HCT-116 and breast 
cancer cell MCF-7, and this correlation was dependent on lactate 
concentration (Figure S1C).

We further explored whether the aforementioned biological 
effects of lactate relied on its receptor GPR81. Downregulation 
of CX3CL1 expression was observed when GPR81 was knock
down compared with that after transfection of empty vector in 
SNU-216 (Figure 3(e)). ELISA of GC cell culture supernatant 
suggested that the concentration of CX3CL1 decreased when 
GPR81 was knocked down (Figure 3(f)). Moreover, the expres
sion of CX3CL1 maintained low levels with the gradually 
increased concentrations of lactate after interfered with 
GRP81 shRNA. (Figure 3(g)). Plate cloning assay and CCK8 
assay were employed to test the proliferation of GC cells. 
Interestingly, the proliferation of GC cells showed no signifi
cant difference after knockdown or overexpression of GPR81 
when compared with the wild type (Figure S1D-1E). 
Collectively, these data suggested that lactate could modulate 
CX3CL1 expression through GPR81 in GC cell lines.

Lactate/GPR81 recruited Tregs by modulating CX3CL1 
expression

We next examined whether lactate/GPR81 recruited Tregs 
migration in vitro via CX3CL1. Firstly, we sorted and purified 
Tconv (CD4+CD25− T cells) and Treg (CD4+CD25+CD127− 

T cells) from PBMCs by FACS. Tconv is generally considered 
as the precursor cells of Treg. Therefore, the differentiation and 
amplification of Tconv were induced to iTreg by anti-CD3 
/CD28, IL-2, and TGF-β. The ratio of purified iTreg in 
CD4+T cells was more than three times that of Tregs (Figure 
S2A). To further verify the suppressive effect on CD8+T cells 
in vitro, we co-cultured iTregs and CD8+T cells at the indicated 
ratio for 5 days. The results of FACS showed that the induced 
iTregs in vitro could suppress the proliferation of CD8+T cells 
stained by CFSE (Figure S2B). Next, we verified whether lac
tate/GPR81 signaling could promote Treg migration in vitro. 
Supernatants from GC cells transfected with GPR81 shRNA or 
empty vector were collected for chemotaxis of iTregs in 
a transwell migration assay. Notably, the absolute count of
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Figure 1. LDHA is upregulated in GC tissue and GC cells. (a) qPCR analysis of the LDHA mRNA in primary GC and adjacent normal tissues (n = 24, normalized to β- 
actin). (b) immunohistochemical images (above) and integrated optical density (IOD, below) comparison of LDHA in primary tumor and adjacent normal tissues 
of GC (n = 20). Scale bars, 100um. (c) qPCR analysis of LDHA mRNA of GC cells(AGS, HGC-27, MKN-28, SNU-216, MGC-803, and SGC-7901) and gastric epithelial 
cells(GES-1, normalized to β-actin, n = 3 biological replicates). (d) Western blot analysis of LDHA expression of GC cells (AGS, HGC-27, MKN-28, SNU-216, MGC- 
803, and SGC-7901) and GES-1 (normalized to tubulin, n = 3 biological replicates). (e) lactate concentration analysis of GC cells (AGS, HGC-27, MKN-28, SNU-216, 
MGC-803, and SGC-7901) and GES-1 supernatant after culture for 48 h. (f) lactate content detection of GC tissues (n = 5) and adjacent normal tissues (n = 4). 
Graphs show mean±SEM (a and b), and mean±SD (c and f). Statistical significance was calculated by two-tailed student’s t-test (a, b, d, and f), one-way ANOVA 
with Tukey’s post hoc (c and e). *p < .05; **p < .01; ***p < .001; ****p < .0001.
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Figure 2. GPR81 is upregulated in GC tissues and GC cells, and correlated with poor prognosis and more Tregs infiltration of GC. (a) qPCR analysis of the GPR81 mRNA in 
primary GC tissues and adjacent normal tissues (n = 24, normalized to GAPDH). 4 outliers in the tumor group were excluded. (b) immunohistochemical images (left) and 
IOD (right) comparison of GPR81 in primary tumor and adjacent normal tissues of GC (n = 20). Scale bars, 100um. (c) overall survival curve of GPR81 high expression
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iTregs migrating to the lower chamber decreased after SGC- 
7901 was transfected with GPR81 shRNA (Figure 4(a)). 
Moreover, migration assay in PBMCs was performed, and the 
results of FACS illustrated that the ratio of Tregs in total 
CD4+T cells was significantly decreased when GPR81 was 
knocked down. Similarly, the ratio of Tregs to CD8+T cells 
declined when transfected with GPR81 shRNA. However, we 
found no significant difference in the ratio of CD8+T cells in 
PBMCs between the groups (Figure 4(b)). To further confirm 
the results, plasmids overexpressing GPR81 were transfected in 
GC cells (Figure 4(c)). In contrast, the ratio of Tregs in total 
CD4+T cells and Tregs to CD8+T cells were both significantly 
increased (Figure 4(d)), suggesting a specific modulation of 
lactate/GPR81 signaling on Tregs recruitment.

To confirm whether the recruitment effect of Tregs was 
caused by lactate/GPR81 signaling through modulating 
CX3CL1, we initially explored the chemotaxis of CX3CL1 to 
iTregs through in vitro transwell migration assay. Interestingly, 
the absolute count of migrated iTreg to the lower chamber 
increased with the rise in the concentration of CX3CL1 gradu
ally (Figure 4(e)). Furthermore, migration assay implied that 
the ratio of Tregs in total CD4+T cells and Tregs to CD8+T cells 
significantly increased under the condition of incubation with 
a specific concentration of CX3CL1, while the ratio of 
CD8+T cells in PBMCs in the lower chamber showed no sig
nificant difference between the two groups (Figure 4(f)). It 
suggested that CX3CL1 exhibited chemotaxis on Tregs but 
not on CD8+T cells in vitro. In addition, siRNA was transfected 
into GC cell lines to knock down CX3CL1. Western blot 
analysis showed that CX3CL1 protein levels were significantly 
decreased after being transfected with CX3CL1 siRNA 
(Figure 4(g)). FACS analysis indicated that the ratio of Tregs 
in total CD4+T cells and Tregs to CD8+T cells significantly 
decreased after incubation with supernatants collected from 
GC cells transfected with CX3CL1 siRNA (Figure 4(h)). 
Taken together, lactate/GPR81 might modulate CX3CL1 
expression and trigger Tregs recruitment without affecting 
CD8+T cell migration.

Lactate/GPR81 regulated CX3CL1 expression to promote 
Tregs migration by activating p65

We next investigated the specific molecular mechanism of 
lactate/GPR81 modulating CX3CL1 expression. The GPR81 
knockdown and overexpression models of GC cell lines were 
established by transfection with corresponding plasmids. 
Western blot analysis suggested that the phosphorylated p65 
and downstream CX3CL1 expressions were both decreased 
when GPR81 was knocked down and increased when it was 
overexpressed (Figure 5a). Consistently, phosphorylated p65

and the downstream CX3CL1 expressions were increased 
after incubation with lactate at the indicated concentration 
in SGC-7901 and SNU-216 (Figure 5(b)). These results were 
also verified in human GC samples. IHC analysis of sequential 
pathological sections of GC tissues found that the region with 
increased GPR81 expression also had high expressions of 
phosphorylated p65, CX3CL1, and FOXP3 (Figure 5(c)), con
firming the positive regulation of lactate/GPR81 to p65 and 
CX3C1L.

We further explored whether p65 had a positive correlation 
with CX3CL1 expression and Tregs migration. To this end, 
RT-qPCR and Western blot were performed after SGC-7901 
cells were transfected with p65 siRNA or empty control. The 
expression of CX3CL1 decreased after p65 was knocked down 
than that in the control group (Figure 5(d)). Consistently, Elisa 
analysis implied that the concentration of CX3CL1 from the 
supernatants of SGC-7901 and SNU-216 decreased after inter
fered with p65 siRNA (Figure 5(e)). Moreover, transwell 
migration assay confirmed that the ratio of Tregs in total 
CD4+T cells and Tregs to CD8+T cells were both significantly 
decreased after co-cultured with the supernatants of SGC-7901 
transfected with p65 siRNA (Figure 5(f)). With GPR81 
knocked down, the phosphorylated p65 and downstream 
CX3CL1 remained at low levels in GC cells after being stimu
lated by lactate and showed no significant increase when the 
concentration of lactate gradually raised (Figure S3A). In con
trast, the protein expression of CX3CL1 was upregulated when 
SGC-7901 and SNU-216 were stimulated with p65 activator 
lipopolysaccharide (LPS) (Figure 5(g)). Interestingly, the 
down-regulated CX3CL1 was reversed by LPS in GC cell lines 
after being transfected with GPR81 shRNA (Figure 5(h)). 
Meanwhile, the knockdown of p65 could reverse the up- 
regulated CX3CL1 after overexpressing GPR81 or lactate incu
bation in SGC-7901 (Figure 5(i), S3B). In summary, the activa
tion of lactate/GPR81 signaling might phosphorylate p65 and 
modulate the expression of CX3CL1, and the secreted CX3CL1 
to the TME can trigger the directional migration of Tregs.

Phosphorylated p65 translocates bound to the promoter 
of CX3CL1 in GC cells

To examine whether p65 bound to the transcription start site 
of CX3CL1, we extracted the cytoplasmic protein and 
nuclear protein respectively. Interestingly, the results of the 
Western blot showed that the detected p65 protein levels 
were higher in the nucleus than in the cytoplasm as the 
GPR81 was overexpressed in GC cells. However, when 
SNU-216 and MGC-803 were transfected with plasmids 
that expressed GPR81 shRNA, a higher level of p65 was 
found in the cytoplasm than in the nucleus (Figure 6(a)).

group and GPR81 low expression group of GC patients from TCGA (n = 443). (d) qPCR analysis of GPR81 mRNA of GC cells (AGS, HGC-27, MKN-28, SNU-216, MGC-803, 
and SGC-7901) and GES-1 (normalized to GAPDH, n = 3 biological replicates). (e) Western blot analysis of GPR81 expression of GC cells (AGS, HGC-27, MKN-28, SNU-216, 
MGC-803, and SGC-7901) and GES-1 (normalized to tubulin, n = 3 biological replicates). (f) correlation between GPR81 expression and tumor-infiltrating lymphocytes of 
GC tissues (GPR81 high group, n = 186, GPR81 low group, n = 187). (g) qPCR analysis of the FOXP3 mRNA of the GPR81 high expression group (n = 15) and GPR81 low 
expression group (n = 16) of GC patients (normalized to GAPDH). 1 outlier in the GPR81 high-expression group was excluded. (h) immunohistochemical images (left) 
and IOD (right) comparison of FOXP3 between GPR81 high expression group and GPR81 low expression group in primary tumor tissues of GC (n = 20). Scale bars, 
100um. Graphs show mean±SEM (a and b), and mean±SD (d and h). Statistical significance was calculated by two-tailed student’s t-test (a, b, e, g, and h), one-way 
ANOVA with Tukey’s post hoc (d), log-rank analysis (c), and Wilcoxon test (f). *p < .05, **p < .01; ***p < .001; ****p < .0001.
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Figure 3. Lactate/GPR81 modulates chemokine CX3CL1 expression in a concentration-dependent manner in GC cells. (a) qPCR analysis of the expression of the chemokines in 
SGC-7901 incubated with lactate (20 mmol/L) for 6 h (normalized to GAPDH, n = 3 biological replicates). (b) qPCR analysis of the CX3CL1 mRNA of the GPR81 high expression 
group (n = 15) and GPR81 low expression group (n = 16) of GC patients (normalized to GAPDH). (c) qPCR analysis of the CX3CL1 mRNA of GC cells (SGC-7901, SNU-216) incubated 
with the indicated concentration of lactate for 6 h (normalized to GAPDH, n = 3 biological replicates). (d) Western blot analysis of the CX3CL1 expression of GC cells (SGC-7901, 
SNU-216) incubated with the indicated concentration of lactate for 6 h. (e) qPCR (left) and Western blot (right) analysis of the relationship between GPR81 and CX3CL1 in GC cells 
after transfected with plasmids expressing shRNA against GPR81. (f) CX3CL1 concentration was detected by Elisa of GC cells (SGC-7901, SNU-216) culture supernatant after 
transfected with plasmids expressing shRNA against GPR81. (g) Western blot analysis for CX3CL1 in GC cells (SGC-7901, SNU-216) incubated with the indicated concentration of 
lactate for 6 h after transfected with shRNA against GPR81. Graphs show mean±SEM (b), and mean±SD (a, c, e and g). Statistical significance was calculated by two-tailed 
student’s t-test (b and f), one-way ANOVA with Tukey’s post hoc (c, e, and g). *p < .05, **p < .01; ***p < .001; ****p < .0001.
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Figure 4. Lactate/GPR81 chemotaxis Tregs by modulating the expression of chemokine CX3CL1. (a) the absolute number of migrated iTregs to the lower chamber after 
co-culturing with SGC-7901 supernatant transfected with shRNA against GPR81 for 6 h. (B) flow cytometry analysis of CD8−CD4+CD25+CD127− cells (Tregs) and 
CD8+T cells ratio in PBMCs which migrate to the lower chamber after co-cultured with GC cell supernatant transfected with GPR81 shRNA for 6 h. (c) Representative 
images of Western blot (above) and immunofluorescence (below) in SNU-216 after transfected with GPR81 overexpression plasmids and vector plasmids. Cells were 
stained with CX3CL1 (red) and nuclei with DAPI (blue). Scale bars, 50 μm. (d) flow cytometry analysis of Tregs and CD8+T cells ratio in PBMCs which were migrated to the 
lower chamber after co-cultured with GC cell supernatant transfected with GPR81 plasmids for 6 h. (e) iTregs migration with the indicated concentration of CX3CL1 
in vitro. (f) flow cytometry analysis of Tregs and CD8+T cells ratio in PBMCs which were migrated to the lower chamber after co-culturing with a specific concentration of 
CX3CL1 for 6 h. (g) Western blot analysis of CX3CL1 expression in GC cells (SGC-7901, SNU-216) after transfected with siRNA against CX3CL1. (h) flow cytometry analysis 
of Tregs and CD8+T cells ratio in PBMCs which migrate to the lower chamber after co-cultured with GC cell supernatant transfected with siRNA against CX3CL1 for 6 h. 
Graphs show mean±SD (a-f, and h). Statistical significance was calculated by two-tailed student’s t-test (a, b, d, f, and h), one-way ANOVA with Tukey’s post hoc (e). *p  
< .05, **p < .01; ***p < .001; ****p < .0001.
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Figure 5. Lactate/GPR81 regulates CX3CL1 to promote Tregs migration by activating p65. (a) Western blot analysis of GPR81, p65, p-p65, and CX3CL1 in SGC-7901 after 
transfected with plasmids expressing shRNA against GPR81 (normalized to tubulin, n = 3 biological replicates). (b) Western blot analysis of GPR81, p65, p-p65, and CX3CL1 
in GC cells (SGC-7901, SNU-216) incubated with lactate for 6 h (normalized to tubulin, n = 3 biological replicates). (c) Representative immunohistochemical images of 
correlation between GPR81, p-p65, CX3CL1, and FOXP3 in GC tissues. Scale bars, 100 μm. (d) qPCR (above) and Western blot (below) analysis of the relationship between
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Verification of the translocation of p65 by immunofluores
cence is shown in Figure 6(b). Next, a dual luciferase repor
ter assay was performed in SGC-7901 and MGC-803, which 
transfected with or without GPR81 overexpressing plasmids. 
The results indicated that GPR81 elevated the activity of the 
CX3CL1 promoter (Figure 6(c)). Moreover, the reporter 
activity of CX3CL1 was decreased in SGC-7901 and MGC- 
803 when p65 was knocked down by siRNA (Figure 6(c)). 
Collectively, p65 might be the transcriptional factor of 
CX3CL1 and promote its expression in GC cells.

The infiltrated Tregs combined with lactate in TME 
promoted the immunosuppression by inhibiting the killing 
effect of CD8+T cells

CD8+T cells play a pivotal role in tumor immunology and have 
direct killing effects on tumor cells. The ratio of Tregs and 
CD8+T cells in TME can indicate the efficiency of anti-tumor 
immunity. CD8+T cells were sorted from PBMCs and co- 
cultured with SGC-7901 and SNU-216 in indicated proportion. 
The killing effects on GC cells enhanced as the ratio of 
CD8+T cells to GC cells increased (Figure 7(a)). Next, we co- 
cultured SGC-7901 cells with a specific proportion of iTregs 
and CD8+T cells for 48 h. The cytotoxicity of CD8+T cells to 
SGC-7901 was analyzed by CCK8 assay. As shown in Figure 7 
(b), the killing effects of CD8+T cells to GC cells decreased as 
the ratio of iTregs to CD8+T cells increased. The results of the 
plate cloning assay were consistent with those of the CCK8 
assay, indicating that Tregs could inhibit the function of 
CD8+T cells to suppress GC cell growth in a quantity- 
dependent manner (Figure 7(c)). For further verification, RT- 
qPCR was performed after the co-culture of iTreg with SGC- 
7901 supernatant for 24 h. Tumor-related iTregs were detected 
with higher expressions of FOXP3, TGF-β, and IL-10 than 
those of the control (Figure 7(d)), suggesting that tumor- 
infiltrated iTregs posed a stronger immunosuppressive effect.

Furthermore, we co-cultured CD8+T cells with SNU-216 
and MGC-803 with or without the indicated concentration 
(20 mmol/L) of lactate for 48 h. CCK8 assay was performed 
to detect the surviving cells after PBS was washed twice. 
According to the results of the CCK8 assay, exogenous lactate 
weakened the killing effects of CD8+T cells on GC cells 
(Figure 7(e)). Compared with the group without lactate 
added, there was a significant increase in the colonies plated 
from the remnant SGC-7901 after co-culture with CD8+T cells 
and incubation with lactate at the indicated concentration 
(Figure 7(f)). Together, the GC-infiltrated Tregs and lactate 
from the GC cells might co-construct the immunosuppres
sive TME.

GPR81 blockage inhibited Tregs tumor-infiltration to 
suppress GC progression in vivo

We further elucidated whether GPR81 blockage could indeed 
inhibit GC progression by decreasing Tregs infiltration in vivo. 
A humanized mouse model was established by PBMC admin
istration through the tail vein.31 Blood was sampled from the 
posterior orbital venous plexus of NOD.Cg-Prkdcscid 

IL2rgem1Smoc (M-NSG) mice before and after PBMCs injection. 
FACS analysis showed a robust level of CD45+CD3+ cells in the 
peripheral blood of mice after 21 days of engraftment 
(Figure S4).

Next, we established a subcutaneous heterograft tumor 
model in M-NSG mice, and reconstituted the immune system 
5 to 7 days after GC cell injection (Figure 8(a)). MGC-803 with 
GPR81 was knocked down by lentivirus, and the result was 
verified by Western blot (Figure 8(b)). The subcutaneous 
tumor was captured and analyzed on day 29. Mice transplanted 
with GC cells after GPR81 knockdown showed reduced tumor 
volumes compared with those of the control group. 
Simultaneously, the proliferation of tumor cells decreased in 
the GPR81 knockdown group, and the difference began on day 
16 after PBMC administration (Figure 8(c)). IHC of continu
ous sections indicated that the co-expression of phosphory
lated p65, CX3CL1, and FOXP3 was observed in the same 
location of the two groups (Figure 8(d)). Single-cell suspension 
was prepared after the subcutaneous tumor was captured. The 
results showed that the ratio of Tregs in total CD4+T cells 
decreased among tumor-infiltrated lymphocytes after the 
knockdown of GPR81 (Figure 8(e)). Meanwhile, the intratu
moral Tregs to CD8+T cells declined at the same time, suggest
ing that lactate/GPR81 signaling blockage might inhibit Tregs 
intratumoral recruitment and revealed little chemotaxis to 
CD8+T cells. In short, these data illustrated that Tregs might 
migrate into intratumoral region and contribute to GC pro
gression depending on lactate/GPR81 signaling activity.

Discussion

The acidic micro-environment caused by lactate accumulation 
in extracellular surroundings plays a crucial role in the anti- 
tumor immune response. Tregs are a highly suppressive sub
group of CD4+T cells and the dominant composition of the 
immunosuppressive microenvironment.21,32 Prior evidence 
suggested that Tregs frequencies in TME possessed prognostic 
properties in GC.33 Therefore, understanding the molecular 
mechanism of lactate and Tregs infiltration is urgently needed 
to design therapies for target lactate signaling and Tregs. In the 
present study, tumor-derived lactate bound to its receptor 
GPR81 to promote Tregs infiltration by modulating

p65 and CX3CL1 in SGC-7901 after transfected with siRNA against p65 (qPCR normalized to GAPDH, Western blot normalized to tubulin, n = 3 biological replicates). 
(e) CX3CL1 concentration was detected by Elisa in GC cells (SGC-7901, SNU-216) culture supernatant after transfected with siRNA against p65. (f) flow cytometry analysis of 
CD8−CD4+CD25+CD127− cells (Tregs) and CD8+T cells ratio in PBMCs which migrate to the lower chamber after co-cultured with GC cell supernatant transfected with siRNA 
against p65 for 6 h. (g) Representative Western blot images of correlation between p65 and CX3CL1 in GC cells (SGC-7901, SNU-216) after stimulated by LPS for 4 h 
(normalized to tubulin, n = 3 biological replicates). (h) Western blot analysis of p65 and CX3CL1 in GC cells (SGC-7901, SNU-216) stimulated by LPS for 4 h after transfected 
with plasmids expressing shRNA against GPR81 (normalized to tubulin, n = 3 biological replicates). (i) Western blot analysis of p65 and CX3CL1 in SGC-7901 incubated with 
lactate for 6 h after transfected with plasmids expressing shRNA against GPR81 or transfected with plasmids overexpressing GPR81 or transfected with siRNA against p65 
(both normalized to tubulin, n = 3 biological replicates). Graphs show mean±SD (d-f). Statistical significance was calculated by two-tailed student’s t-test (d and f). *p < .05, 
**p < .01; ***p < .001.
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chemokine CX3CL1 expression. Accordingly, targeting the 
lactate/GPR81 signaling to reverse the status of immunosup
pression in TME may serve as a potential therapeutic strategy 
for GC.

Lactate is the metabolic product of glycolysis, and transports 
to extracellular stroma by monocarboxylate transporters 
(MCTs).5,34 The concentration of lactate can be remarkably

elevated up to 40 mmol/g in glycolytic tumors.35 High concen
trations of lactate in TME are associated with tumor progres
sion, distant metastases, and poor outcomes.36–39 We found 
that GC is a highly glycolytic tumor with overexpressed LDHA 
and high concentration of lactate. High levels of lactate in TME 
attenuate the killing effects of CD8+T cells on GC cells. The 
tumor-promoting function of lactate/MCT1 signaling has been

Figure 6. Phosphorylated p65 translocates to the nucleus and binds to the promoter of CX3CL1 in GC cells. (a) Western blot analysis for p65 distribution in the 
cytoplasm and nucleus of GC cells (MGC-803, SNU-216) after transfected with plasmids expressing shRNA against GPR81 or transfected with GPR81 overexpressed 
plasmids (cytoplasm normalized to tubulin, nucleus normalized to histone H3, n = 3 biological replicates). (b) Representative immunofluorescence images for p65 
distribution in the cytoplasm and nucleus of SNU-216 after transfected with plasmids expressing shRNA against GPR81 or transfected with GPR81 overexpressed 
plasmids. Scale bars, 50 μm. (c) Dual-luciferase reporter activities for CX3CL1 promoter in GC cells (SGC-7901, MGC-803) after transfected with plasmids that 
overexpression of GPR81 or with siRNA that against p65 expression (n = 3 biological replicates). Graphs show mean±SD (c). Statistical significance was calculated by 
a two-tailed student’s t-test (c). *p < .05, **p < .01.
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broadly reported.40,41 However, lactate combined with GPR81 
could modulate the presentation of MHC II on the surface of 
dendritic cells and reinforce the immunosuppression of mye
loid-derived suppressor cells (MDSCs).42,43 As an autocrine, 
lactate can bind to GPR81 to upregulate PD-L1, thereby block
ing T cell recognition in human lung cancer.44 In this text, 
GPR81 is highly expressed in GC and correlated with poor 
prognosis in GC patients. To further clarify whether lactate/

GPR81 signal drives immune resistance in GC, we explored the 
data from the TCGA and found that the expression of GPR81 
was positively correlated with tumor infiltration of Tregs. 
Similarly, we observed that the GPR81 high expression group 
with higher FOXP3 expression in GC samples. GPR81 block
age in GC cells reduced the migration of Tregs. In contrast, 
Tregs migration increased when GPR81 was overexpressed. 
Surprisingly, the status of GPR81 made no difference to

Figure 7. The infiltrated Tregs enhance immunosuppression by inhibiting the killing effect of CD8+T cells. (a) cytotoxicity of CD8+ T cells against GC cells (SGC-7901, 
SNU-216) co-culture for 48 h at the indicated ratio. (b) cytotoxicity of CD8+ T cells against SGC-7901 when co-culture with iTregs at the indicated ratio. (c) Representative 
well images for SGC-7901 colonies plated from remnant SGC-7901 after co-culture with CD8+T cells and iTregs at the indicated ratio for 48 h. (d) qPCR analysis for 
FOXP3, TGF-β, and IL-10 in iTregs after co-culture with GC cells supernatant versus control supernatant for 24 h (normalized to GAPDH, n = 3 biological replicates). 
(e) cytotoxicity of CD8+ T cells against GC cells (SGC-7901, MGC-803) after co-culture with CD8+T cells at the specific ratio (CD8+T cells : GC cells is 20 : 1) with or without 
lactate (20 mmol/L) incubation for 48 h. GC cells that had not been treated as the control. (f) Representative well images for SGC-7901 colonies plated from remnant 
SGC-7901 after co-culture with CD8+T cells at the indicated ratio with or without lactate (20 mmol/L) incubation for 48 h. Graphs show mean±SD (a, b, d, and e). 
Statistical significance was calculated by two-tailed student’s t-test (d), one-way ANOVA with Tukey’s post hoc (b and e). **p < .01; ***p < .001; ****p < .0001.
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Figure 8. GPR81 blockage inhibits Tregs recruitment and GC progression. (a) scheme induction of GC subcutaneous tumor model in the humanized NOD.Cg-Prkdcscid 

IL2rgem1Smoc (M-NSG) mice. The time of tumor cell injection was recorded as day 0. The healthy donors’ PBMC was injected through the tail vein on days 5 to 7 to 
construct a humanized mice model. Venae orbitalis posterior blood was sampled in mice to evaluate humanized efficiency on days 14 to 21. The subcutaneous tumor 
was captured for analysis on days 28 to 30. (b) Western blot analysis of GPR81 in MGC-803 after transfected with lentivirus (lv) against GPR81 or empty lentivirus 
(normalized to tubulin, n = 3 biological replicates). (c) the described data is represented as tumor volumes (above), and tumor volume curve (below) in mice (4 mice per 
group) after being injected with MGC-803 transfected with lentivirus against GPR81 or empty lentivirus. (d) immunohistochemical analysis of the correlation between 
CX3CL1, p-p65, and FOXP3 in MGC-803 subcutaneous tumor. Scale bars, 200 μm. (e) flow cytometry analysis of the CD45+CD3+CD8−CD4+CD25+CD127− cells (Tregs) and 
CD8+T cells ratio in tumor-infiltrating lymphocytes separated from single cell suspension of the subcutaneous tumor. (f) Lactate/GPR81 recruits Tregs by regulating 
CX3CL1 expression, thereby creating an immunosuppressive tumor microenvironment to promote tumor progression by inhibiting the activity of CD8+T cells. Graphs 
show mean±SD (c and e). Statistical significance was calculated by two-tailed student’s t-test (e), 2-way ANOVA followed by correction for multiple comparisons (c). *p  
< .05, **p < .01; ***p < .001.
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CD8+T cells migration and GC cells proliferation. In addition, 
GPR81 elimination inhibited GC growth by decreasing tumor 
infiltration of Tregs in a humanized mouse model. These data 
imply that the immune tolerance caused by lactate/GPR81 
signaling in GC was aroused by Tregs infiltration. One possible 
explanation for Tregs infiltration is that lactate/GPR81 regu
lates the expression of specific chemokines, which needs 
further investigations.

Chemokines in TME are indispensable for Tregs 
recruitment.45,46 In lung adenocarcinoma, epidermal growth 
factor receptor (EGFR) mutation was positively correlated with 
abundant Tregs infiltration by up-regulating CCL20 
expression.47 The abnormal activation of β-catenin upregu
lated CCL28 and subsequently increased the recruitment of 
tumor Tregs to accelerate GC development.26 In addition, the 
expression of focal adhesion kinase (FAK) in squamous cell 
carcinoma could induce tumor progression through the 
increased infiltration of Tregs, which was recruited by 
CCL5.48 However, it is still unclear concerning the main che
mokines in an acidic TME. We found that multiple chemo
kines elevated after incubation with lactate for 6 h in several 
GC cell lines, among which CX3CL1 increased the most 
remarkably. The expression of CX3CL1 in GC cells was con
centration-dependent with lactate. The same results were also 
observed in human breast cancer cells and colon cancer cells. 
We further found that the expression of GPR81 was positively 
correlated with the expression of CX3CL1. The up-regulated 
CX3CL1 by lactate was interrupted after GPR81 knockdown. 
These data indicate that CX3CL1 is the main chemokine in 
a highly glycolytic TME and is regulated by lactate/GPR81 
signaling. CX3CL1 was previously reported to be correlated 
with intraepithelial lymphocyte recruitment of the intrahepatic 
bile duct.49 In recent years, CX3CL1 was found positively 
correlated with tumor infiltration of macrophages, MDSCs, 
and NK cells to promote tumor progression in various malig
nant tumors.50–52 Whether CX3CL1 had chemotaxis on Tregs 
tumor infiltration was rarely reported. According to the pre
sent study, the expression of CX3CL1 was related to FOXP3 
expression in GC samples. Exogenous CX3CL1 promoted 
Tregs migration in a transwell assay. While depleting 
CX3CL1 in GC cells hindered the migration of Tregs. 
Moreover, the ratio of CD8+T cells migrated to the low cham
ber exhibited no significant change after CX3CL1 depletion. 
These results imply that lactate/GPR81 can promote Tregs 
infiltration by regulating CX3CL1 expression. Further investi
gations are needed to fully clarify the mechanisms for tran
scriptional regulation of CX3CL1 expression in GC.

Elevated activity of NF-κB signaling has been documented to 
be correlated with the tumorigenesis of inflammation-based can
cersand is involved in tumor proliferation, metastasis, and resis
tance to apoptosis.53,54 p65 is the subunit of the NF-κB family. In 
human bladder cancer, p65 was reported to be related to tumor 
invasion due to the modulatory effect on matrix metalloprotei
nase-13 expression.55 The inhibition of NF-κB may promote 
cancer cell apoptosis and significantly delay tumor growth.56 

Moreover, NF-κB signaling can regulate the expression of che
mokine CCL20, which recruits Tregs to promote immune toler
ance in TME.22 We found that p65 was essential for CX3CL1 
expression regulated by lactate/GPR81 signaling. The status of

phosphorylated p65 was consistence with the expression of 
CX3CL1 and GPR81 in GC samples. These results were also 
confirmed in a humanized mouse model. The activated p65 
translocated to the nucleus and bound to the promoter sequence 
of CX3CL1, hence regulating the transcription and translation of 
CX3CL1. Furthermore, Tregs migration decreased after p65 
depletion in GC cells. On the contrary, Tregs migration increased 
when p65 was activated. As suggested by our research, lactate/ 
GPR81/p65/CX3CL1 axis is required for Tregs infiltration in GC.

In summary, this study presents a fresh insight that lactate/ 
GPR81 recruits Tregs to reshape an immunosuppressive TME in 
highly glycolytic GC (Figure 8(f)). The blockage of lactate/GPR81/ 
p65/CX3CL1 signaling may serve as a potentially novel therapeu
tic strategy for the treatment of GC to enhance anti-tumor 
immunity.
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