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Abstract
Background Anti-PD-1 immunotherapy has emerged as an important therapeutic modality in advanced gastric cancer (GC). 
However, drug resistance frequently develops, limiting its effectiveness.
Methods The role of gastric cancer mesenchymal stem cells (GCMSCs) in anti-PD-1 resistance was evaluated in vivo in 
 NPGCD34+ or  NCGPBMC xenograft mouse model. In addition, we investigated  CD8+T cell infiltration and effector function 
by spectral cytometry and IHC. The effects of GCMSCs conditional medium (GCMSC-CM) on GC cell lines were charac-
terized at the level of the proteome, secretome using western blot, and ELISA assays.
Results We reported that GCMSCs mediated tolerance mechanisms contribute to tumor immunotherapy tolerance. GCMSC-
CM attenuated the antitumor activity of PD-1 antibody and inhibited immune response in humanized mouse model. In 
GC cells under serum deprivation and hypoxia, GCMSC-CM promoted GC cells proliferation via upregulating PD-L1 
expression. Mechanistically, GCMSC-derived IL-8 and AKT-mediated phosphorylation facilitated HK2 nuclear localiza-
tion. Phosphorylated-HK2 promoted PD-L1 transcription by binding to HIF-1α. What is more, GCMSC-CM also induced 
lactate overproduction in GC cells in vitro and xenograft tumors in vivo, leading to impaired function of  CD8+ T cells. 
Furthermore, CXCR1/2 receptor depletion, CXCR2 receptor antagonist AZD5069 and IL-8 neutralizing antibody applica-
tion also significantly reversed GCMSCs mediated immunosuppression, restoring the antitumor capacity of PD-1 antibody.
Conclusions Our findings reveal that blocking GCMSCs-derived IL-8/CXCR2 pathway decreasing PD-L1 expression and 
lactate production, improving antitumor efficacy of anti-PD-1 immunotherapy, may be of value for the treatment of advanced 
gastric carcinoma.
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Abbreviations
TME  Tumor microenvironment
PD-1  Programmed death-1
PD-L1  Programmed death ligand-1
HK2  Hexokinase II
PBMCs  Peripheral blood mononuclear cells
MSCs  Mesenchymal stem cells
GCMSCs  Gastric cancer mesenchymal stem cells
BMMSCs  Bone marrow mesenchymal stem cells
HIF-1α  Hypoxia-inducible factor-1α
CXCR1  C-X-C motif chemokine receptor 1
CXCR2  C-X-C motif chemokine receptor 2
IL-8  Interleukin-8
IL-1  Interleukin-1
IFN-γ  Interferon γ

Background

Due to its frequently advanced stage at diagnosis, advanced 
gastric cancer lacks an effective treatment, making its mor-
tality high. Tumor immune checkpoint blockade (ICB) has 
brought new hope to patients and achieved a breakthrough in 
the research field or clinical practice. However, the objective 

response rate (ORR) of advanced GC immunotherapy was 
less than 30% in patients treated with a single agent, such as 
nivolumab or pembrolizumab [1–3], indicating the existence of 
unexplored mechanisms of immunosuppressive microenviron-
ment in GC, which leads to evasion of ICB. Delineating the 
exact mechanisms of tumor immune control and evasion ena-
bles the development of novel and highly effective therapies.

IL-8 regulates inflammatory responses by binding to 
CXC chemokine receptor 1 (CXCR1) and CXC chemokine 
receptor 2 (CXCR2) receptors [4]. Accumulating evidences 
have shown that IL-8 promotes tumor growth and metasta-
sis through multiple mechanisms, such as inhibiting anti-
tumor cytotoxic T cell functions, promoting angiogenesis, 
and forming neutrophil extracellular traps [5–8]. Clinical 
trial results have indicated that elevated serum and intratu-
moral IL-8 levels were negatively associated with the clini-
cal efficacy of anti-PD-1 therapy [9, 10]. Notably, GCM-
SCs secreted IL-8 was greater than marrow mesenchymal 
stem cells (BMMSCs) in vitro, which significantly elevated 
expression levels of programmed death ligand 1 (PD-L1) in 
GC [11]. Here, we show that blocking the GCMSC-derived 
IL-8/CXCR2/HK2 signal pathway could improve antitumor 
immunity and suppress tumor growth in GC.
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Methods

Patients and sample collection

Fresh resected GC tumor samples were put on ice and 
taken within 2 h to the laboratory to start dissection and 
processing from Affiliated People’s Hospital of Jiangsu 
University (Zhenjiang, Jiangsu, China). Patients with 
autoimmune disease, infectious diseases, or multi-primary 
cancers were not included. The clinical stages of tumors 
were determined according to the tumor, node, metasta-
ses (TNM) classification system of the international union 
against cancer. GCMSCs were isolated from human GC 
tissues as previously described [12]. Briefly, fresh GC 
tissues were cut into approximately 1  mm3-sized pieces. 
Adherent culture was maintained until the mensenchy-
mal-like cells reached 85% confluence, and the cells were 
trypsinized and expanded for up to five passages.

A total of 39 patients (29 males and 10 females) with 
unresectable gastric cancer were recruited from the Affili-
ated Cancer Hospital of Nanjing Medical University (Nan-
jing, Jiangsu, China) or the Affiliated Hospital of Jiangsu 
University (Zhenjiang, Jiangsu, China) to investigate the 
association between IL-8 serum levels and the efficacy 
of PD-1 antibody treatment. These patients received anti-
PD-1-based immunotherapy combined with chemother-
apy, and their clinical characteristics are summarized in 
Supplementary Data Table 1. Tumors were assessed via 
computed tomography or magnetic resonance imaging (per 
Response Evaluation Criteria in Solid Tumors (RECIST), 
version 1.1).

To explore the association between intratumoral lactate 
levels and the expression of HK2, IFN-γ, and granzyme 
B (GZMB), 18 patients who underwent gastric resec-
tions for GC were recruited from the Affiliated Hospital 
of Jiangsu University. The GC tissue samples were col-
lected during gastric resection. The clinical characteristics 
of the patients are summarized in Supplementary Data 
Table 2. The inclusion and exclusion criteria are shown 
in the material.

All patients signed informed consent forms, and this 
study was approved by the Ethics Committee of the Affili-
ated Cancer Hospital of Nanjing Medical University and 
the Affiliated Hospital of Jiangsu University.

Cell culture

GCMSCs were isolated and maintained in α-MEM supple-
mented with 10% fetal bovine serum (FBS) at 37 °C in a 
humidified atmosphere of 5%  CO2, as previously described 
[13]. Human peripheral blood mononuclear cells (PBMCs) 

were isolated and maintained in RPMI 1640 supplemented 
with 10% FBS at 37 °C in a humidified atmosphere of 5% 
 CO2, as previously described [14]. Human gastric cancer 
cell lines MGC-803, HGC-27, and SGC-7901 were pur-
chased from the Cell Bank of Type Culture Collection 
of Chinese Academy of Sciences (Beijing, China) and 
maintained in RPMI 1640 supplemented with 10% FBS at 
37 °C in a humidified atmosphere of 5%  CO2. To prepare 
the conditioned medium (CM), GCMSCs or BMMSCs 
at 80% confluency were washed with phosphate-buffered 
saline (PBS) and incubated with fresh α-MEM supple-
mented with 10% FBS for 48 h. Then, the culture medium 
was collected, filtered through a 0.22 µm filter, and diluted 
with RPMI 1640 containing 10% FBS at a ratio of 1:1. 
To account for patient heterogeneity, we blended multiple 
batches of supernatant to ensure a consistent effect.

CD34+ humanized mouse model

To establish a  CD34+ humanized mouse model, male NOD-
Prkdcscid Il2rgtm1/Vst (NPG) mice (Stock No.: VS-AM001) 
aged 4 ~ 8-week-old were purchased from Beijing Vitalstar 
Biotechnology (Beijing, China). Human  CD34+ cells were 
isolated from human umbilical cord blood and stored in liq-
uid nitrogen until transplantation. NPG mice were irradiated 
by X-ray (1.2 Gy), and 5 ×  104 human  CD34+ cells were 
transplanted intravenously into each mouse within 24 h after 
irradiation. At 12 weeks after transplantation, flow cytom-
etry was performed to determine the proportion of human 
 CD45+ cells in the peripheral blood. Mice with over 25% 
 hCD45+ cells in peripheral blood were considered  CD34+ 
humanized mice  (NPGCD34+).

Humanized PBMC mouse model

To establish humanized PBMC mouse models, male NOD/
ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt (NCG) mice aged 
4 ~ 8-week-old were purchased from Nanjing GemPharmat-
ech (Nanjing, Jiangsu, China). Human PBMCs were col-
lected from the peripheral blood of volunteers. Each NCG 
mouse was transplanted with 1 ×  107 human PBMCs intra-
peritoneally. At 7 days after transplantation, flow cytometry 
was performed to determine the proportion of human  CD45+ 
cells in the peripheral blood. Mice with over 25%  hCD45+ 
cells in peripheral blood were considered humanized PBMC 
mice  (NCGPBMC).

Flow cytometry

For mouse tumor tissue samples, a single-cell sus-
pension was obtained by treating samples with 1 mg/
mL collagenase (#C9263, Sigma), 2 U/mL Dispase II 
(#04942078001, Roche), 0.1  mg/mL DNase (#DN25, 
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Sigma), 1 mg/mL Hyaluronidase (#H8030, Solarbio). To 
perform surface antigens staining, tissue lysates or cells 
were incubated with FITC mouse anti-human CD8 (1:50; 
#555,366; BD Biosciences, San Jose, CA, USA), FITC 
mouse anti-human CD4 (1:50; #55,346; BD Biosciences) 

antibody at 4 °C for 30 min. Cells were then incubated 
with APC Anti-human IFN-γ (1:20; #502,512; Bioleg-
end) antibody at 4 °C for 30 min. After washing with a 
permeabilization buffer (Thermo Fisher Scientific), cells 
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were resuspended in PBS and analyzed using a Beckman 
CytoFLEX analyzer (Indianapolis, IN, USA).

Western blot and phos‑tag™ analyses

Proteins were separated using 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and then 
transferred to polyvinylidene fluoride (PVDF) membranes 
(Millipore, Billerica, MA, USA). For HK2 phosphoryla-
tion detection, total proteins were separated using 10% 
 Mn2+-phos-tag™-SDS-PAGE  (MnCl2 and phos-tag™ were 
added). Further procedures are provided in the Supplemen-
tary Data materials.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed to examine the effect of HK2 on 
hypoxia-inducible factor 1 α (HIF-1α) transcriptional activ-
ity using a chemiluminescent EMSA Kit (GS009; Beyotime, 
Shanghai, China) following the manufacturer’s instruction. 
Further procedures are provided in the Supplementary Data 
materials.

Immunohistochemistry (IHC) and hematoxylin–
eosin (HE) staining

IHC was conducted using an IHC kit (Boster Biological 
Technology, Wuhan, Hubei, China) following the manu-
facturer’s instructions. HE staining was performed using 
an HE staining kit (Solarbio, Beijing, China) following the 
manufacturer’s instructions. For IHC, staining intensity was 
assessed as 0 (negative), 1 (weak), 2 (medium), or 3 (strong) 
score, while the staining extent was scored as 0 (0% of the 
staining area), 1 (1 ~ 25%), 2 (26 ~ 50%), 3 (51 ~ 75%), and 
4 (76 ~ 100%). The IHC score was calculated by multiplying 

the staining intensity and extent scores. Further procedures 
are provided in the Supplementary Data materials.

Enzyme‑linked immunosorbent assay (ELISA)

The serum IL-8 levels were determined by utilizing an 
ELISA kit (EK108HS-96; Multisciences, Hangzhou, Zheji-
ang, China) in accordance with the manufacturer's instruc-
tions. The optical density was obtained by subtracting the 
readings obtained at 630 nm from the readings at 450 nm. 
A standard curve was utilized to measure the concentrations 
of IL-8.

Small interfering RNA (siRNA)‑ and small hairpin 
RNA (shRNA)‑mediated gene knockdown

HK2 siRNA (sense: 5′-GAG AAU CAG AUC UAU GCC ATT-
3'; antisense: 5′-UGG CAU AGA UCU GAU UCU CTT-3′) and 
negative control were purchased from RiboBio (Guangzhou, 
Guangdong, China). The siRNA was transfected into cells 
using  Lipofectamine® 2000 (Invitrogen) according to the 
manufacturer’s instructions. PD-L1 shRNA (5′-GCA CAT 
CCT CCA AAT GAA AGG-3′) and negative control were pur-
chased from GenePharma (Shanghai, China) and transfected 
into cells following the manufacturer’s instructions.

CRISPR/Cas9‑mediated knockout of CXCR1 
and CXCR2

Knockout of human CXCR1 and CXCR2 genes in HGC-27 
cell was performed using CRISPR/Cas 9 gene-editing tech-
nology. The procedures are described in the Supplementary 
Data materials.

Statistical analysis

Data were expressed as the mean ± standard error of the 
meant. Statistical analysis was performed using the Prism 
6 software (GraphPad, San Diego, CA, USA) or SPSS 22.0 
software (Chicago, IL, USA). Differences between groups 
were analyzed using a student's t test or one-way analysis 
of variance. The Kruskal–Wallis H test was used to analyze 
the differences between in vivo tumor growths. p < 0.05 was 
considered to be statistically significant.

Results

GCMSC‑CM attenuates the antitumor effect of PD‑1 
antibody in  NPGCD34+ mice

We isolated GCMSCs from fresh gastric tumor tissues and 
collected GCMSCs conditional medium (GCMSC-CM) 

Fig. 1  GCMSC attenuated the antitumor effect of PD-1 antibody on 
gastric tumor in mice. a Schematic diagram of GCMSCs isolated 
from GC patient-derived fresh tissues and GCMSC-CM collec-
tion. b GCMSCs culture bright field picture (scale bar: 2000 μm). c 
Representative images showing osteogenesis (left) and adipogenesis 
(right) of GCMSCs (scale bar: 50  μm). d Flow cytometry detected 
GCMSCs characteristic molecular markers. e Schematic diagram of 
SGC-7901 xenograft tumor-bearing  NPGCD34+ mice model. “Green” 
arrows indicate “administered GCMSC-CM (200uL) via subcu-
taneous injection peritumoral”, “red” arrows show “administered 
pembrolizumab (10  mg/kg) via intraperitoneal injection”, n = 6. 
f Growth curves of tumor-bearing  NPGCD34+ mice. g–k Human 
 CD45+CD3+,  CD3+CD8+,  CD3+CD4+, IL-17+RORγt+CD4+  Foxp3+ 
 CD4+  CD45+ cells in tumor tissue of mice were detected by flow 
cytometry. l The expression of Ki67, cleaved caspase-3, granzyme 
B (GZMB), and interferon γ (IFN-γ) in tumor tissue samples from 
 NPGCD34+ mice were detected by immunohistochemical (IHC) stain-
ing (scale bar: 50 μm). m Quantification of (i) data are expressed as 
the mean ± standard error of the mean (SEM). *P < 0.05, **P < 0.01, 
***P < 0.001
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(Fig. 1a, b), which was confirmed by Oil red O and aliz-
arin red staining after specific differentiation induction 
(Fig. 1c), as well as characteristic surface molecule detec-
tion (CD90, CD105, CD29) and negative expression (CD45, 
CD34, CD19) of hematopoietic markers via flow cytometry 
(Fig. 1d). To investigate whether GCMSCs impair anti-
PD-1 treatment efficacy in GC, we constructed an SGC-
7901 tumor xenograft model in  NPGCD34+ mice and treated 
them with GCMSC-CM and PD-1 antibody individually 
or in combination (Fig. 1e). At 21 days after treatment, we 
observed that PD-1 antibody treatment significantly sup-
pressed gastric tumor growth, while the combination of 
GCMSC-CM and PD-1 antibody resulted in significantly 
increased tumor volumes compared to PD-1 antibody treat-
ment alone, indicating that GCMSC-CM abrogates the 
inhibitory effect of PD-1 antibody on gastric tumor growth 
(Fig. 1f).

Additionally, we analyzed the immune cells in tumor tis-
sue collected from  NPGCD34+ mice tumor tissues (Fig. 1g) 
and PBMCs at the end of the experiment (Supplementary 
Data Table 3). We found that although GCMSC-CM treat-
ment could increase effector cells  CD8+  CD3+ cell and 
 IL17+ RORγt+CD4+ cell number (Fig. 1h, j), it failed to 
suppress tumor growth. Notably, we observed markedly 
reduced proportion of the  CD4+  CD3+ cell subset (Fig. 1i), 
but elevated proportion of the  FOXP3+  CD4+  CD25+ cell 
subset in tumor tissue (Fig. 1k). Furthermore, we explored 
cell proliferation, apoptosis, and the function of immune 
cells in response to GCMSC-CM treatment. IHC staining 
showed that GCMSC-CM treatment inhibited cell apoptosis 
and immune response, while promoting cell proliferation, 
thus attenuating the inhibitory effect of PD-1 antibody on 
gastric tumor growth (Fig. 1l). Additionally, we observed 

increased collagen fiber production around the tumor tissue 
and a concentration of  GZMB+ cells in the invasive margin 
area in the GCMSC-CM treatment group (Supplementary 
Fig. S1A, B). Collectively, our results suggest that GCMSC-
CM promotes cell proliferation, while inhibiting cell apop-
tosis and immune response in gastric tumor tissue, thereby 
attenuating the inhibitory effect of PD-1 antibody on gastric 
tumor growth.

GCMSC‑CM increased lactate production in gastric 
cancer cells via the CXCR2/HK2 pathway

To further investigate the reasons for the insufficient infiltra-
tion of immune effector cells at the tumor location, based on 
our previous findings that GCMSC upregulated HK2 expres-
sion in vitro and promoted tumor growth [15], we hypoth-
esized that GCMSC-CM treatment could have affected the 
HK2-mediated glycolysis in tumor cells, thereby inhibiting 
the antitumor immune response. We examined the level of 
HK2 expression in tumor tissues (Fig. 2a) and analyzed 
the upregulated secreted proteins in GCMSC-CM com-
pared with BMMSC-CM using human cytokine array [11]. 
Venn diagram analysis identified two overlapping upgraded 
chemokine genes within the TCGA_STAD database, indi-
cating that IL-1 (CXCL1) or IL-8 (CXCL8) might be the 
most noteworthy cytokine in glucose flux reprogramming 
(Fig. 2b, c). To explore the role of IL-8 in HK2 expres-
sion of GC cells, which was the most dramatic fold change 
within GCMSC-CM, we performed an IL-8 neutralizing 
antibody to pretreat GCMSC-CM to deplete GCMSC-
derived IL-8, and the results demonstrated that GCMSC-
CM could not increase HK2 expression in GC cells with-
out IL-8 (Fig. 2d). Considering that CXCR2 is IL-1 and 
IL-8 co-receptor, CXCR2 inhibitor AZD5069 was used to 
inhibit receptor signaling, and we found that AZD5069 sig-
nificantly decreased HK2 expression (Fig. 2e), To investi-
gate whether the increased HK2 expression affects lactic 
acid production in GC cells. GCMSC-CM treatment was 
also found to elevated lactate production in GC cells and 
tumor tissue (Fig. 2f), while neutralizing IL-8 could antago-
nize this effect (Fig. 2g). We further discovered that lactate 
exposure significantly reduced IFN-γ production in  CD8+ 
T cells in a dose-dependent manner (Fig. 2h). To assess 
whether inhibiting HK2 activity would improve the antitu-
mor efficacy of PD-1 antibody in vivo, we applied gastric 
cancer xenograft  NCGPBMC mice with GCMSC-CM, PD-1 
antibody Keytruda, and HK2 inhibitor 3-BP individually or 
in combination (Fig. 2i). The results showed that 3-BP alone 
failed to suppress tumor growth in mice, whereas cotreat-
ment with PD-1 antibody and 3-BP considerably reduced 
the volumes of tumors even in the presence of GCMSC-CM. 
We further found that 3-BP treatment effectively inhibited 
GCMSC-CM-induced overproduction of lactate in xenograft 

Fig. 2  GCMSC-CM increased lactate production in gastric can-
cer cells via the IL-8/HK2 pathway. a IHC staining and immunob-
lot assays for HK2 in  NPGCD34+ mouse (scale bar: 50 μm). b Venn 
diagram according to the fold change and P value of GCMSC-CM 
Human Cytokine Array versus STAD of TCGA database. c Heat-
map revealed a positive correlation between CXCL1, CXCL8, and 
HK2 in STAD. Immunoblot assays for HK2 expression. d Immuno-
blot assays in HGC-27 with GCMSC-CM or anti-IL-8 neutralizing 
antibody treatment. e Immunoblot assays in HGC-27 with GCMSC-
CM or CXCR2 inhibitor AZD5069 treatment. f Lactate content was 
measured in HGC-27, MGC-803 cells, and tumor tissues treated as 
indicated. g Lactate content was measured in HGC-27 that received 
the indicated treatment. h Flow cytometry analysis was conducted 
to determine IFN-γ expression in  CD8+ T cells treated with differ-
ent concentrations of lactate. i Growth curves of HGC-27 xenograft 
tumor-bearing  NCGPBMC mice. 3-BP (8  mg/kg) via intraperito-
neal injection every 3 days. All mice were killed on day 21. j The 
lactate content was measured in tumor tissues treated as indicated. 
k Two representative patients with  HK2Low\High, IHC staining for 
CD8, GZMB, and IFN-γ in pathological tissue sections (n = 18). 
l GC patients-derived fresh tissues lactate content was measured in 
patients’ tissues in different groups according to IHC score of HK2, 
CD8, GZMB, and IFN-γ
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tumor tissue (Fig. 2j). We observed that lactate concentra-
tion was significantly increased in human GC tissue samples 
(N = 18) with a high HK2 expression group, but decreased in 
those with high CD8, GZMB, and IFN-γ expression groups 
(Fig. 2k, l). Collectively, those data suggested that HK2-
mediated lactate production inhibited the antitumor effect 
of anti-PD-1 in the presence of GCMSC-CM.

Phosphorylation is required for HK2 nuclear 
localization to regulate PD‑L1 transcription

To further explore the mechanism by which GCMSC-
derived IL-8 weakens the efficacy of anti-PD-1 through 
the IL-8/CXCR2/HK2 pathway, a microarray of SGC-7901 
cells was carried out to identify the transcriptional altera-
tions after BMMSC-CM or GCMSC-CM treatment. Path-
way analysis revealed that the Class I PI3K/AKT signal 
pathway was positively enriched in the GCMSC-CM group 
compared with the control group treated with BMMSC-
CM (Supplementary Fig. S2A). What is more, according to 
HK2 protein sequencing, amino acid site T473 may be phos-
phorylated by AKT signaling (Supplementary Fig. S2B). 
Immunoblot assay demonstrated that GCMSC-CM-induced 
AKT phosphorylation was inhibited by AZD5069 (Fig. 3a). 
In our previous study, we found that GCMSC-derived IL-8 
was capable of upregulating PD-L1 expression in GC cells 
[11]. Therefore, we hypothesized that IL-8/AKT mediates 
HK2 nuclear localization and phosphorylation to promote 
PD-L1 expression in GC cells. We found that GCMSC-CM 
increased the nuclear expression of HK2, while treatment 
with the AKT inhibitor MK2206 or knockout of CXCR1 
or CXCR2 (Supplementary Fig. S2C, D) in HGC-27 cells 
reduced the nuclear expression of HK2 (Fig. 3b, c). Consist-
ent results were observed in MGC-803 cells (Supplementary 
Fig. S3A); these data suggest that IL-8 and AKT are crucial 
for HK2 nuclear localization in GC cells.

SDS-PAGEPhos−tag analyses indicated that phosphoryl-
ated HK2 was only detectable in the nucleus of GC cells, 
whereas both phosphorylated and nonphosphorylated HK2 
were detectable in the cytoplasm (Fig. 3d, Supplementary 
Fig. S3B). Therefore, HK2 phosphorylation is required for 
HK2 nuclear localization. Immunofluorescence assay con-
firmed that the proportion of nuclear HK2 was increased in 
the present of GCMSC-CM (Fig. 3e). To explore the mecha-
nism of phosphorylated HK2 into the nucleus, we performed 
a Co-IP assay to identify the proteins that interact with HK2. 
The results showed that HK2 bound to HIF-1α in HGC-27 
and MGC-803 cells (Fig. 3f), suggesting that HK2 nuclear 
translocation forms transcription complexes with HIF-1α, 
which might play a regulatory role in gene transcription. To 
further explore the effect of HK2 on HIF-1α transcriptional 
activity, we conducted EMSA and ChIP-qPCR assays. The 
results showed that GCMSC-CM significantly increased the 
occupation frequency of HIF-1α on the promoters of PD-L1 
with known HIF-1α-binding motif. (Fig. 3g, h). HK2 silenc-
ing significantly reduced the levels of HIF-1α nuclear protein 
transcriptional activity in HGC-27 cells. In contrast, GCMSC-
CM-treated GC cells had significantly increased transcrip-
tional activity of HIF-1α, which was reversed by anti-IL-8 or 
AKT inhibitor MK2206 (Fig. 3i, j). Similar results were also 
observed in MGC-803 cells (Supplementary Fig. S3C). Taken 
together, our results demonstrated that GCMSC-derived IL-8 
and AKT-mediated phosphorylation promotes HK2 nuclear 
localization and that phosphorylated-HK2 promotes the tran-
scription of PD-L1 by binding to HIF-1α in GC cells.

GCMSC‑CM promotes GC cell proliferation via PD‑L1 
under serum deprivation and hypoxia

Cell-intrinsic PD-L1 might originate from  intracellular 
sources such as the cytoplasm and nucleus, and could be 
elicited by surface PD-L1–PD-1 engagement, but could be 
PD-1 independent, despite that we have previously dem-
onstrated that GCMSC-derived IL-8 upregulates PD-L1 
expression (Fig. 4a). TCGA analysis of STAD was con-
ducted and the data showed a significant positive correlation 
between PD-L1 and HK2 expression (Fig. 4b). We further 
observed that HK2 knockdown abolished the GCMSC-
CM-mediated upregulation of PD-L1 (Fig. 4c). However, 
whether GCMSC affected cell-intrinsic PD-L1 leading to 
immunotherapy resistance through a PD-1-dependent mech-
anism is unknown. Here, we sought to explore the role of 
PD-L1 on GC cell proliferation in serum deprivation and 
hypoxia, which simulate the tumor microenvironment. We 
found that, under serum deprivation and hypoxia, PD-L1 
overexpression significantly promoted GC cell proliferation 
in a time-dependent manner (Fig. 4d, e). Furthermore, key 
glycolytic enzymes were found to be correlated with cell-
intrinsic PD-L1 expression under these conditions (Fig. 4f). 

Fig. 3  Phosphorylation is required for HK2 nuclear localization to 
regulate PD-L1 transcription. a Immunoblot assays was performed 
to determine AKT phosphorylation of HGC-27 with indicated treat-
ment 1 h. b, c Immunoblot assays were performed to determine HK2 
protein expression in the cytoplasm or nucleus of HGC-27 wild-type 
or CXCR1 and CXCR2 receptor knocked out by CRISPR–Cas9 for 
6 h. d SDS-PAGEPhos−tag analysis was conducted to determine HK2 
phosphorylation in HGC-27 cells treated as indicated 6 h. e Immuno-
fluorescence assay was performed to verify the nuclear/cytoplasmic 
expression ratio of HK2 protein for GCMSC-CM treated for 6  h. f 
Co-IP was conducted to examine HK2/HIF-1α interaction in HGC-
27 and MGC-803 cells for 12 h. g Sequence logo of HIF-1α-binding 
motif in the hPD-L1 promoter region. h Occupation frequency of 
HIF-1α on the gene region of hPD-L1 was detected by ChIP-qPCR 
assays for 12 h. i, j Electrophoretic mobility shift assay was carried 
out to examine HIF-1α transcriptional activity in HGC-27 cells, 
HK2-silenced or treated with IL-8 neutralizing antibody or MK2206 
for 12 h
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To further investigate whether GCMSC-CM affects tumor 
cell proliferation through PD-L1, we performed a cell prolif-
eration assay in PD-L1-silenced GC cells under serum dep-
rivation and hypoxia condition (Fig. 4g, h). We found that 
GCMSC-CM treatment significantly promoted GC cell pro-
liferation compared to control, while PD-L1 silencing par-
tially but significantly attenuated GCMSC-CM-induced cell 
proliferation under serum deprivation and hypoxia (Fig. 4i, 
j), Together, these data suggest that GCMSC-CM promotes 
GC cell proliferation, at least partially, through PD-L1.

Blocking GCMSC‑CM‑derived IL‑8/CXCR2 pathway 
restores the antitumor capacity of PD‑1 antibody

To investigate whether blocking GCMSC-derived IL-8/
CXCR2 pathway could restore the antitumor efficacy 
of PD-1 antibody, we inoculated  NCGPBMC mice with 
CXCR1/2-wild-type or CXCR1/2-knockout HGC-27 cells 
(Fig. 5a). Compared to the wild-type group, the depletion 
of CXCR1/2 in GC cells completely reversed GCMSC-CM-
induced tumor growth and restored the antitumor effect of 

Fig. 4  GCMSC-CM promotes gastric cancer cell proliferation via 
PD-L1 under serum deprivation and hypoxia. a IHC staining of 
PD-L1 in xenograft tumor tissue samples from  NPGCD34+ mice (scale 
bar: 50 μm). b PD-L1 mRNA levels in GC tissue samples with low 
(n = 187) or high (n = 188) HK2 expression were obtained from the 
TCGA database. c Immunoblot assays in HGC-27 cells that received 
HK2 silencing with or without GCMSC-CM treatment. d PD-L1 
protein expression in HGC-27 or MGC-803 cells overexpressing 
PD-L1 or negative control. e The viability of wild type and OEPD-

L1 of HGC-27 or MGC-803 cells was continuously observed within 
72 h. f Immunoblot assays in MGC-803 cells under serum depriva-
tion and hypoxia condition. g, h Immunoblot assays for PD-L1 after 
treatment with shRNA targeting negative control or PD-L1. i, j The 
viability of WT and PD-L1 KD MGC-803 or HGC-27 cells was con-
tinuously observed for 72 h. Data are expressed as the mean ± SEM. 
***P < 0.001. n = 3. WT wild type. OE overexpression; NC negative 
control
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PD-1 antibody that was suppressed by GCMSC-CM in 
mice (Fig. 5b, c). CXCR1/2 depletion also significantly 
further enhanced the effect of PD-1 antibody on the pro-
portion of  CD8+ T cells in tumor tissue (Fig. 5d). In addi-
tion, CXCR1/2-knockout effectively reduced lactate level 
(Fig. 5e) and resulted in a decrease in the protein levels of 
HK2, PD-L1, and Ki67 in tumor tissue (Supplementary Fig. 
S4). Immunohistochemical staining showed that CXCR1/2 
depletion effectively increased protein expression of IFN-γ 
and GZMB in tumor tissue (Fig. 5f). Correspondingly, 
the combination therapy of IL-8 neutralizing antibody or 
CXCR2 receptor antagonist demonstrated in vivo anti-PD-1 
efficacy restoring in  NCGPBMC humanized mouse model 
(Fig. 5g, h), suggesting that neutralizing IL-8 or inhibiting 
binding to the CXCR2 receptor could reverse the antitu-
mor capacity of anti-PD-1 antibody to a certain extent in 
the presence of GCMSC-CM. Taken together, these results 
indicated that GCMSC-derived IL-8 signaling was essential 
for GCMSC-CM-mediated attenuation of antitumor immu-
nity. Blocking GCMSC-derived IL-8 signaling by CXCR1/2 
depletion could effectively maintain the antitumor effect of 
anti-PD-1 antibody, thereby inhibiting tumor growth.

High serum IL‑8 levels are associated with worse 
clinical outcomes of patients treated with PD‑1 
antibody

Then, we aimed to investigate the relationship between 
serum IL-8 level and the efficacy of PD-1 antibody therapy 
in 39 GC patients who received combination treatment with 
chemotherapy (Supplementary Data Table 1). Patients were 
stratified into two groups based on the median serum IL-8 
level (26.6 pg/mL). We observed the patients with elevated 
serum IL-8 level was dramatically associated with a lower 
objective response rate (ORR) (Fig. 6a, b). Meanwhile, 
patients with partial response (PR) were observed to have 
lower serum IL-8 level after one course of immunotherapy 
plus chemotherapy (Fig. 6c). Here, we reported two patients 
with advanced gastric adenocarcinoma who had previously 
failed in the chemotherapy alone, but later showed a remark-
able different clinical response after treatment with an anti-
PD-1 antibody in combination with chemotherapy (Fig. 6d). 
A higher expression of IL-8 in GC tissue was significantly 
associated with worse overall survival (OS) in patients. In 
patients with lower MSCs gene set expression, no signifi-
cant correlation was observed between IL-8 expression and 
the overall survival in patients (Fig. 6e). In addition, we 
found no significant correlation between CXCL8 mRNA 
level and the prognosis of patients with stage III or IV gas-
tric cancer, with the majority population administered anti-
PD-1-based immunotherapy combined with chemotherapy 
(Supplementary Fig. S5A). However, in GC patients with 
enriched MSCs gene set expression, high IL-8 expression 

was significantly associated with worse OS (Fig. 6f). Taken 
together, our findings indicate that GCMSC is closely related 
to the prognosis of receiving PD-1 antibody therapy in the 
 CXCL8high group of GC patients.

Discussion

PD-1/PD-L1 antibodies provide new hope for tumor patients. 
Recent long-term follow-up results showed that nivolumab 
(anti-PD-1) plus chemotherapy demonstrated improvement 
in overall survival versus chemotherapy alone for advanced 
gastro-oesophageal adenocarcinoma [16]. For the fore-
seeable future, nivolumab plus chemotherapy will be an 
important treatment strategy for unresectable GC patients. 
However, there are still obstacles to be overcome in immu-
nosuppressive therapy. Here, we raise a presumption that the 
“IL-8−CXCR2–HK2–HIF1α–PD-L1” dual inhibition path-
way could play a critical role in antitumor immunity (Fig. 7).

One of the most significant characteristics of the tumor 
microenvironment (TME) is hypoxia. HIF-1α is initially 
identified as an important factor in response to hypoxic 
conditions, and HIF-1α and c-Myc are two critical tran-
scriptional factors that maintain high glycolytic activity in 
cancer cells [17], resulting in upregulating lactate produc-
tion through multiple mechanisms, including but not lim-
ited to promoting the expression of glycolysis key enzymes 
hexokinase 2 (HK2) and lactate dehydrogenase (LDH) and 
suppressing pyruvate kinase 2 (PKM2) activity to limit 
pyruvate into mitochondrial metabolism [18]. The classical 
physiological roles of these proteins are well established. 
However, the non-canonical function for metabolic enzymes 
have aroused the interest of researchers [19, 20]. The bio-
chemical discovery of HK2–HIF-1α interaction was inspired 
by dimeric/monomeric PKM2-regulated HIF-1α activity via 
forming a complex with HIF-1α.

In the tumor microenvironment, elevated lactate sup-
presses the antitumor activity of T cells by increasing the 
accumulation of  H+ and maintaining low pH in the TME. 
Neutralization of acidic TME and proton-pump inhibitors 
enable reversing the suppression of antitumor immunity 
and improve immunotherapy [21]. Mechanistically, lactic 
acidosis can impair the IFN-γ production of CTLs. Further-
more, lactate can modulate  CD4+ T cell polarization and 
reduce the percentage of the antitumoral T-helper 1 subset 
by inducing SIRT1-mediated deacetylation/degradation of 
T-bet transcription factor. Additionally, MCT1-mediated lac-
tate influx and intracellular lactate metabolism are important 
for tumor-infiltrating Treg cells to sustain their suppressive 
activity [22]. In addition, a novel post-transcriptional modi-
fication driven by lactic acid, lactylation, plays a vital role 
in cancer, inflammation, and regeneration [23].
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According to  NPGCD34+ humanized mouse model,  CD8+ 
T cells were recruited around the tumor tissue, but failed to 
infiltrate into the tumor tissue in the GCMSC-CM treatment 
group. We hypothesized that other factors might decrease 
the antitumor ability of T cells. Glycolysis reprogramming 

would be an important reason for this phenomenon based 
on our previously study [15]. Therefore, we detected the 
lactate level in the GCMSC-CM treatment group or GC tis-
sues. Interestingly, in the presence of GCMSC-CM, lactate 
levels were significantly elevated accompanied by increased 
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HK2 protein expression. Whether it the increase in the total 
amount of HK2 or the increased activity that leads to excess 
lactate production remains to be further investigated.

However, the reason for the lack of increase in the propor-
tion of  CD3+CD8+ cells in the anti-PD-1 treatment alone 
group remains to be further investigated. Perhaps, as Haofei 
Liu et al. have suggested, anti-PD-1 administration alone 
could partially alleviate  CD8+ T cell exhaustion in vivo [24]. 
On the other hand, we believe that the quantity of infiltrat-
ing immune cells is a prerequisite for the effectiveness of 
anti-PD-1 therapy. A promising approach to enhancing the 
efficacy of anti-PD-1 treatment is to block the inhibitory 
effect driven by GCMSCs.

In our previous study, we have observed the proportion 
of Treg cells increased in GCMSC-CM-pretreated PBMCs 
[25]. Therefore, we performed flow cytometry to detect the 
surface markers of Treg cells in  CD34+ humanized mouse 
model tumor. The results revealed a significant upregulation 
of Treg cell proportion in the GCMSC-CM group, suggest-
ing that the immunosuppressive effect of GCMSCs partly 
depends on inducing the differentiation of Treg cells.

Furthermore, flow cytometry was limited in its ability to 
differentiate immune cell infiltration from the peritumoral or 
intratumoral areas. Therefore, systemically characterizing T 
cells would be more effective in investigating their anatomic 
distribution in tumors.

Tumor cells can reprogram intratumoral MSCs through 
multiple mechanisms, including enhancing proliferative and 
metastatic abilities, promoting cytokine production, and 
reprogramming metabolism [13], and these educated MSCs 
also provide feedback into tumor cells [12, 26, 27]. In the 
GC microenvironment, GCMSCs produce excess proinflam-
matory cytokines, such as IL-8, IL-6, and hepatocyte growth 
factor [11, 28]. At the same time, we noted in two clinical 

retrospective studies that tumor-associated or serum IL-8 
inhibits antitumor immunity, and that patient serum IL-8 
is related to reduced clinical benefit of immune-checkpoint 
inhibitors [9, 10]; however, they did not cover stomach can-
cer. Therefore, we focused on whether GCMSCs-derived 
IL-8 mediate immunosuppression in anti-PD-1 therapy. 
What is more, whether IL-8 high level is associated with 
poor prognosis in GC patients remains to be explored. How-
ever, it has been reported that high pretherapeutical serum 
IL-8 level in GC patients was associated with poor response 
to platinum-based therapy [29]. A population of gastric can-
cer patients who had received at least one chemotherapy 
showed no significant correlation between IL-8 expression 
and the overall survival (Supplementary Fig. S5B). There-
fore, the relationship between serum IL-8 and combined 
chemotherapy should be further explored in a large number 
of clinical samples.

Infiltration of immune cells in solid tumors also affects 
the therapeutic effect of PD-1 antibody. T cells in tumors, 
especially in responsive patients, are replenished with fresh, 
non-depleted replacement cells from the sites outside the 
tumor, suggesting that these patients have a continuously 
active tumor immunity cycle that accelerates the clinical 
response [30]. In the  NPGCD34+ humanized mouse model, 
we observed that  CD8+ T cells were recruited around the 
tumor tissue, but failed to infiltrate into tumor tissue in the 
GCMSC-CM treatment group, suggesting that we should 
pay more attention to the function and distribution of tumor-
infiltrating lymphocytes (TILs). However, for  NCGPBMC 
humanized mouse model,  CD8+ T cell subpopulation pro-
portion upregulation was not observed with GCMSC-CM. 
Perhaps, the difference comes from animal model, as no con-
tinuous lymphocyte replenishment is derived from hemat-
opoietic stem cells.

Due to the lack of IL-8 homologs in the mouse genome 
and the limited types of murine GC cell lines that differ from 
human GC cells, it has been difficult to study the mecha-
nism of IL-8 related immunotherapy resistance in preclinical 
models [31]. To solve these problems, we deployed human 
hematopoietic stem cells and human PBMCs to construct 
humanized immune system-engrafted mouse models to take 
advantage of both animal models. Together with human GC 
cell lines and GCMSCs isolated from human GC tissue, the 
mouse models deployed in this study are ideal for studying 
human tumor biology.

Moonlighting, the ability of a protein to perform two or 
more unrelated functions, has been demonstrated for many 
metabolic enzymes [32]. The non-canonical function of met-
abolic enzymes such as PKM2 and FBP1 can act as protein 
phosphatases to regulate gene transcription [33, 34]. The 
canonical metabolic function of HK2 is to bind to mitochon-
drial membrane in glycolysis occurs in the cytoplasm. Also, 
HK2 activity and localization are dynamically regulated by 

Fig. 5  Blocking GCMSC-CM-derived IL-8 signaling on GC cells 
restores the antitumor capacity of PD-1 antibody. a Schematic dia-
gram of HGC-27 tumors in the  NCGPBMC model. “Green” arrows 
show “administered GCMSC-CM (200uL) via subcutaneous injec-
tion peritumoral”, “red” arrows show “administered pembrolizumab 
(10 mg/kg) via intraperitoneal injection”. Mice were inoculated with 
wild type or CXCR1/2 knockout on day 0 (back, s.c.). Mice were 
administered GCMSC-CM every other day starting day 7 (green, 
s.c.). Mice were administered five doses of Keytruda every 3 days 
starting day 8 (red, 10 mg/kg i.p.). b Tumor volumes were measured 
every 2 days. c Tumors were collected and weighted. d Flow cytom-
etry analysis for  CD8+ cells infiltrating into tumor tissues. e Lactate 
levels in mouse tumor tissue samples. f HGC-27 tumors in  NCGPBMC 
mice model were administered with or without IL-8 neutralizing anti-
body every 2 days before GCMSC-CM treatment starting day 7, and 
tumor volumes were measured every 2 days. g IHC staining of IFN-γ 
and GZMB in HGC-27 xenograft tumor tissue samples. h MGC-803 
tumors in  NCGPBMC mice model were administered with or without 
CXCR2 receptor inhibitor AZD5069 every 2 days before GCMSC-
CM treatment starting day 7, and tumor volumes were measured 
every 2  days. Data are expressed as the mean ± SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001; n = 6. WT wild type; KO knockout

◂
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its phosphorylation. Geethu Emily Thomas et al. proposed 
that HK2 nuclear translocation occurs independently of its 
kinase activity [19]. AKT phosphorylates HK2 at Thr 473 to 
enable its docking to mitochondria [35], while phosphoryla-
tion of HK2 at T473 promotes tumorigenesis and metastasis 
in colon cancer cells [36]. Therefore, we hypothesized that 
HK2 dissociates from mitochondria and is involved in tumor 
progression as a protein kinase. Our findings demonstrate 
that phosphorylation is essential for HK2 nuclear localiza-
tion, and knockdown of HK2 or inhibition of AKT phos-
phorylation reduces the transcriptional activity of HIF-1α. 
However, the evidence for the interaction between HK2 and 

HIF-1α is not strong enough, and it is unclear whether they 
bind in the cytoplasm or nucleus, whether HK2–HIF-1α 
complex formation inhibits HIF-1α degradation in the 
cytoplasm or increases HIF-1α transcriptional activity in 
the nucleus directly, or whether both exist simultaneously. 
To address these questions, we propose employing phospho-
rylated proteomics to identify the phosphorylation site(s) 
of HK2 and develop site-specific antibodies or site-mutated 
proteins to confirm that HIF-1α promotes PD-L1 transcrip-
tion in a p-HK2-dependent manner in the following study.

Prediction of patient response is important in anti-PD-1 
therapy. PD-L1 score [37], microsatellite stability, and tumor 

Fig. 6  The association of serum IL-8 levels with clinical outcomes 
in GC patients. a Clinical outcome assessments of the cohort of 39 
unresectable GC patients treated with anti-PD-1-based immuno-
therapy combined with chemotherapy. PR (20/39), SD (17/39), PD 
(2/39). Best change from baseline in the tumor burden per patient 
referring to the RECIST guidelines. b Correlation of serum IL-8 lev-
els and patient responses to PD-1 antibody treatment in gastric can-
cer. c Serum IL-8 concentration in paired samples after one course of 
treatment. d Two representative patients with unresectable GC who 

were chemorefractory and then treated with PD-1 blockade combined 
with chemotherapy. e, f Kaplan–Meier analysis of the correlation of 
IL-8 mRNA expression with the overall survival of gastric cancer 
patients, gastric cancer patients with decreased mesenchymal stem 
cells (e), or with enriched mesenchymal stem cells (f). The data were 
obtained from the Kaplan–Meier plot http:// kmplot. com/. PR partial 
response; SD stable disease; PD progressive disease, MSCs mesen-
chymal stem cells

http://kmplot.com/
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mutation burden have been implicated in patient response 
to anti-PD-1 therapy [38]. There is still a lack of guidance 
for GC patient selection. In this study, we observed that 
high serum and tumoral IL-8 levels were associated with 
worse clinical outcomes of patients treated with PD-1 anti-
body. However, patients suffering from advanced GC are 
rarely treated with anti-PD-1 alone; therefore, the patient 
serum sample we collected to assay the clinical outcome 
was treated with anti-PD-1-based immunotherapy combined 
with chemotherapy. In summary, our data suggest that IL-8 
may serve as a potential predictive factor for patient response 
to anti-PD-1 therapy.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10120- 023- 01405-1.
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