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Abstract
Chemotherapy is the preferred treatment for advanced stage gastric cancer (GC) patients, and developing chemoresistance is a 
tremendous challenge to efficacy of GC treatment. The treatments of anti-tumor chemo-agents recruit more tumor-associated 
macrophages (TAMs) which are highly implicated in the chemoresistance development, but the underlying molecular mecha-
nism is unclear. Here, we demonstrate that hypoxia-inducible factor 1α (HIF1α) in GC cells is activated upon 5-fluorouracil 
(5-FU) treatment and results in much more accumulation of M2-type TAMs which protect tumor cells from chemo-agents. 
Mechanistically, in the GC cells under the 5-FU treatment, reactive oxygen species is accumulated and then induces the 
activation of HIF1α signaling to drive the expression of high-mobility group box 1, which leads to more macrophage’s 
infiltration into GC tumor. In turn, the recruited TAMs exhibit tumor-protected M2-type phenotype and promote the chem-
oresistance of GC cells via producing growth differentiation factor 15 (GDF15) to exacerbate the fatty acid β-oxidation in 
tumor cells. Blocking GDF15 using antibody or inhibiting FAO of tumor cells by etomoxir efficiently gave rise to the tumor 
cell sensitivity to 5-FU. Therefore, our study demonstrates a novel insight in understanding the cross talking between tumor 
cells and immune microenvironment and provides new therapeutic targets for clinic treatments of gastric cancer.

Keywords  Gastric cancer · Chemoresistance · HIF1α · HMGB1 · Tumor-associated macrophages · GDF15

Introduction

Gastric cancer (GC) is the second common cause of cancer-
related death globally and causes a growing heavy health 
burden in China [1]. For chemotherapy to GC patients in 
advanced stage, 5-fluorouracil (5-FU)-based treatments are 

well preferred as the first-line therapy worldwide [2, 3]. 
However, the development of intrinsic or acquired chem-
oresistance is a tremendous challenge to efficacy of GC 
treatment.

The mechanism of chemoresistance developed in GC is 
definitely complicated and not well elucidated. Many genetic 
or microenvironmental factors contribute to the development 
of chemoresistance in GC [4]. In response to the hypoxic 
environment inside many solid tumors, HIF1α translocates 
to the nucleus under hypoxia to form a functional heterodi-
mer with HIF1β and transactivates a series of genes involved 
in angiogenesis, invasion, energy metabolism, tumor growth 
and poor prognosis of gastric cancer [5]. Accumulative clini-
cal studies reveal the significant association between HIF1α 
expression and prognosis of gastric cancer [6–8]. HIF1α is 
closely correlated to both overall and disease-free surviv-
als in GC after gastrectomy [9], and higher expression of 
HIF1α is considered as a promising independent prognos-
tic biomarker [10]. It is interesting to note that OXPHOS 
damage leading to elevated ROS could enhance the stabil-
ity of HIF1α even in normoxia via blocking the activity of 
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prolyl hydroxylase domain protein (PHD), which hydroxy-
lates HIF1α to promote its proteasomal degradation [11]. 
Meanwhile, the activation of HIF1α signaling in tumor cells 
displays the high correlation with the infiltration of TAMs, 
which play an important role in aggressive behavior and 
chemoresistance of gastric cancer [12–14], but the molecular 
mechanism still remains unclear.

As the most abundant immune cells in the microenvi-
ronment of solid tumors, TAMs preferentially accumulate 
in hypoxic area and polarize into two specific cell types, 
resembling as classically activated macrophages (M1 type) 
and alternatively activated macrophages (M2 type) [15]. 
In contrast to anti-tumor M1-type macrophages, M2-type 
macrophages exert a tumor-supporting role by producing 
anti-inflammatory substrates, cytokines and growth factors 
to suppress the host immune response and engage in the 
activation of growth enhancing signaling pathways in tumor 
cells [16].

Accumulative studies report that the treatments of anti-
tumor chemo-agents (i.e., 5-FU) lead to the recruitment of 
circulating monocytes to the tumor sites and the tumor-infil-
trating macrophages [17, 18]. It remains obscure how tumor 
cells under anti-tumor therapies cross talk with TAMs, how-
ever. In the present study, we report that HIF1α signaling 
activated by 5-FU drives the expression of damage-associ-
ated molecular patterns (DAMPs) HMGB1, which induce 
more macrophages infiltration in gastric cancer tumor. 
Infiltrated macrophages display tumor-protective M2-type 
phenotype and secret high levels of GDF15 to enhance the 
chemoresistance of tumor cell by promoting fatty acids 
β-oxidation. Overall, our current study demonstrates a novel 
insight in understanding the cross talking between gastric 
tumor cells and macrophages and provides new therapeutic 
targets for clinic treatments of gastric cancer.

Materials and methods

Cell assays

Cell culture

Human gastric cancer cell line AGS cells were obtained 
from ATCC (#ATCC​® CRL-1739™). Cells were cultured 
in Ham’s F-12 K (Kaighn’s) medium (#21127022, Thermo 
Fisher Scientific) supplemented with 10% v/v fetal bovine 
serum (Gibico, Thermo Fisher) and maintained at 37 °C in a 
humidified atmosphere of 5% CO2. 5-FU and VCR were pur-
chased from Shanghai Xudong Haipu Pharmaceutical Co. 
Ltd. (Shanghai, China). For cell treatments, 5-FU or VCR 
was added into medium at the concentrations of 0.1 mg/ml 
or 0.1 nmol/l, respectively.

For derivation of stably HIF1a mutant overexpression 
cell lines, lentiviruses expressing human HIF1a mutants 
(HIF1a-ΔODD, HIF1a-R27G) were prepared based on the 
constructs of pLenti-HIF1a-ΔODD-CMV-MCs-SV-puro, 
pLenti-HIF1a-R27G-CMV-MCs-SV-puro or blank vector. 
AGS cells were infected with the indicated lentivirus by 
applying 4–6 cfu/cell of virus in a total of 5 ml of culture 
medium containing 4 μg/ml of polybrene for 48 h. Then, 
the cells were maintained in the medium with 2 μg/ml puro-
mycin and stable clones were isolated by the puromycin 
selection.

For GDF15 treatment, murine recombinant GDF15 pro-
teins (#8944-GD-025, R&D Systems) were added into the 
culture medium of AGS cells at a concentration of 100 ng/
ml for indicated time. For blocking intracellular fatty acid 
oxidation, etomoxir (#ab144763, Abcam) was added into the 
cell medium at a concentration of 1 μmol/l.

Murine BMDM preparation

Murine bone marrow-derived macrophages (BMDMs) 
were prepared as previously described [19]. In brief, bone 
marrow cells were isolated from the femurs and tibias of 
8-week-old male C57BL/6J mice. Subsequently, the isolated 
cells were maintained in L929-cell-derived differentiation 
medium for 7 days to be induced to differentiate into mature 
macrophages.

Conditional media preparation and transwell assay

For the preparation of conditional media, control AGS cells 
or cells stably expressing HIF1a mutants were treated with 
0.1 mg/ml 5-FU for 6 h and then washed with PBS for three 
times before the addition of fresh serum-free medium. Fol-
lowing another 24-h culture, the culture media were col-
lected and centrifuged at a speed of 3000g for 20 min to get 
rid of the debris.

Infiltration ability of macrophages was evaluated by tran-
swell assays which were performed by the using of transwell 
plate (#CLS3422, Corning) according to the manufacturer’s 
protocol. Briefly, 5 × 103 BMDMs suspended in serum-free 
medium were added to the top chamber and condition media 
(CM) as indicated were added to the bottom chamber. After 
2-h coculture, the infiltrated macrophages were subsequently 
fixed by methanol and then subjected to nuclear staining by 
DAPI. For quantification, the cells were counted under a 
microscope in randomly selected five predetermined fields.

Colony formation

Sensitivity of cells to 5-FU was assessed by colony-for-
mation assay as previously described [20]. In brief, 5 × 102 
single-cell suspended AGS cells were seeded into each well 
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of 6-well plates (Corning) together with or without 100 
TAMs freshly isolated from xenograft tumors of control 
group. Subsequently, the cells were treated with vehicle or 
5-FU (0.1 mg/ml) for 24 h. After the drug removed, the cells 
were washed with PBS and then cultured in fresh medium 
with the addition of 360 ng anti-GDF15 neutralizing anti-
bodies [21] (#AF957, R&D Systems, Minneapolis, MN) for 
another 14 days, during which the cell medium was replaced 
every 4 days. The colonies were then fixed with 4% PFA for 
30 min followed with 0.1% crystal violet staining.

Animal experiments

Male BALB/C nude mice (4-week old) were purchased 
from Shanghai Laboratory Animal Center (SLAC, Shang-
hai, China). The mice were maintained on a 12-h light/dark 
cycle in a temperature-controlled environment (~ 22 °C) and 
given free access to water and food. The mice were ran-
domly assigned into different groups for indicated assays.

For xenograft tumor implantation, AGS cells suspensions 
(5 × 105 cells) were subcutaneously injected into the dorsal 
flank of per male athymic nude mouse (~ 5 weeks old) in a 
laminar flow cabinet via 22-gauge needle. Tumor volume in 
nude mice was measured by touch and digital calipers every 
other day. As soon as the mean tumor size reaches 10 mm, 
the mice carrying xenograft tumor were administered intra-
venously with vehicle or 5-FU solution (200 μl; 0.18 mg/
dose solved in 25% cremophor; 25 mg/kg/week; Shanghai 
Xudong Haipu Pharmaceutical), or 5-FU in combination 
with anti-HMGB1 Ab (#CABT-B8909, CD Creative Diag-
nostics; 2 mg/kg/mouse per time) three times a week. All 
experiments in this study were performed in accordance with 
protocols approved by the Institutional Animal Care and Use 
Committee of Fudan University.

The isolation of tumor‑associated macrophages 
from xenograft tumors

TAMs were isolated about 3 weeks after tumor implanta-
tion as previously described [22]. In brief, dissected solid 
tumors were disaggregated by stirring in HBSS contain-
ing 1 mg/ml collagenase A (#10103578001, Sigma) and 
0.1 mg/ml DNase I (#03724751103, Roche Diagnostics) in 
37 °C water bath for 1 h. Then, the digestion suspension 
was filtered through a 100-µm cell strainer (BD FalconTM, 
Singapore) into a 50 ml falcon tube. After centrifuged and 
incubated with RBC lysis buffer (#00430054, eBiosci-
ence), cells were then filtered with 40-mm cell strainer and 
then washed twice with flow buffer (Dulbecco’s phosphate 
buffered saline [#D8537, Sigma] containing 2% FBS). For 
macrophages sorting, primary antibodies were added to the 
cells after incubation with blocking buffer containing anti-
mouse CD16/CD32 Fc Block 1:200 for 15 min at 4 °C. The 

cells were then washed once and resuspended in flow buffer 
before sorted by a BD Biosciences FACSAria cytometer. 
The primary antibodies and the working concentrations 
are as follows: CD45-PerCP/Cyanine5.5 1:400 (Biolegend, 
clone 30-F11, #103132), CD11b-Pacific Blue 1:200 (Biole-
gend, clone M1/70, #101224), F4/80-PE (Biolegend, clone 
BM8, #123110). For ROS detection, AGS cells were treated 
by 5-FU (1 mg/ml) or VCR1 (0.1 nmol/l) for 24 h and sub-
jected to DCFDA staining using DCFDA/H2DCFDA cel-
lular ROS assay kit (#ab113851, Abcam) according to the 
manufacturer’s instructions prior to flow cytometry analysis. 
All the flow cytometry results were analyzed, and plots were 
generated with FlowJo.

Quantitative real‑time PCR

qRT-PCR was performed as previously described [23]. 
Briefly, the samples of tissues or cells were fixed and lysed 
by TRizol reagent (#15596026, Invitrogen, Carlsbad, CA, 
USA) and then prepared for total RNA extraction accord-
ing to the manufacturer’s instructions. RNA contents were 
measured by Nano2000 and 2 μg of total RNA each sample 
was then used for cDNA synthesis by the using of M-MLV 
reverse transcriptase following the manufacturer’s instruc-
tions. Indicated mRNA levels were determined by quanti-
tatively real-time PCR using SYBR Premix Ex Taq (ABI) 
and RPS18 of human and mouse that were used as internal 
control, respectively.

Immunoblotting

Immunoblotting was conducted as previously described [24]. 
Briefly, the samples of cells or tissues were homogenized 
for dissecting in RIPA lysis buffer before centrifuging. The 
supernatant was collected with the adding of SDS-PAGE 
loading buffer and then incubated in 100 °C for 10 min. The 
proteins in the gel were transferred to nitrocellulose mem-
brane after separated by the using of SDS-PAGE. Following 
the incubation of the membrane with 5% BSA for 1 h in 
room temperature, membranes were, respectively, subjected 
to an overnight incubation with the primary antibodies at 
4 °C and then incubated in horseradish peroxidase-conju-
gated secondary antibodies. The primary antibodies and the 
working concentrations are as follows: anti-HIF1α 1:500 
(#NB100-105, Novus Biologicals) and anti-β-actin 1:5000 
(#A1978, Sigma). Proteins were detected by enhanced 
chemiluminescence assay (Thermo Fisher Scientific).

Luciferase reporter assay

HRE luciferase reporter plasmid was obtained from Addgene 
(#26731). For generating HMGB1 promoter luciferase 
reporter, the pGL3 basic plasmid was constructed with the 
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insertion of the promoter of human HMGB1 gene, corre-
sponding to the region of − 2000 to + 100 with respect to 
the putative transcription start site (TSS, denoted nucleo-
tide + 1). The designed plasmids were transfected into AGS 
cells in combination with Renilla plasmids, and luciferase 
activities were measured using Dual-Luciferase Assay Kit 
(#E1910, Promega) according to the manufacturer’s instruc-
tions. Renilla activity was used as the internal control.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed as 
described [25]. AGS cells were transfected with plasmids 
and treated with vehicle or 5-FU as indicated. Subsequently, 
the cells were cross-linked with 1% formaldehyde in PBS 
for 10 min at 37 °C and quenched in 125 mM glycine in 
PBS for 5 min at 4 °C. The cells were then lysed in Farnham 
lysis buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP-40, 
1 mM DTT and protease inhibitor cocktail [Sigma, #P8340]) 
to obtain nuclear material. Nuclear pellets were collected 
by centrifugation and resuspended in lysis buffer (5 mM 
Tris–HCl pH 7.9, 1% SDS, 10 mM EDTA, 1 mM DTT and 
protease inhibitor cocktail [Sigma, #P8340]) and incubated 
on ice for 10 min. The chromatin fragmentation was per-
formed at 4 °C by ultrasonic to generate chromatin fragments 
of 100–1000 bp in length. The soluble chromatin fragments 
were pre-cleared using Protein G Sepharose 4 Fast Flow 
(#17-0618-01, GE Healthcare Bio-sciences) for 1 h at 4 °C. 
The pre-cleared samples were incubated with anti-HIF1α 
antibody ((#NB100-105, Novus Biologicals) at 4 °C for 
overnight before the addition of Protein G Sepharose 4 Fast 
Flow (#17-0618-01, GE Healthcare Bio-sciences) at 4 °C for 
2 h to capture the antibody–protein–DNA complexes. After 
eluted using elution buffer (100 mM NaHCO3, 1% SDS), 
the IP material was digested with RNase (#11119915001, 
Roche) and proteinase K (#EO0491, Thermo Fisher Sci-
entific) before the purification and concentration of the 
immunoprecipitated genomic DNA by ChIP DNA Clean & 
Concentrator kit (#D5201, Zymo Research). ChIP-isolated 
DNA was subjected to qPCR (ChIP-qPCR). The primers 
for the qPCR are as follows: for − 1623 to − 1505, for-
ward: 5′-ccggtggccgcgcggccgaggag, reverse: 5′-gagcct-
gacaaaatgggggcggc; for − 2478 to − 2313, forward: 5′-tga-
cattttgcctctcggcttct, 5′-ctactgtgttaaataaccagtactt.

Seahorse analysis

FAO assays were conducted by the using of Seahorse XF24e 
extracellular flux analyzer (Agilent Technologies, Santa 
Clara, CA, USA) according to the manufacture’s instruction. 
In brief, AGS cells were plated in XF cell culture micro-
plates and cultured in normal medium for 4 h which were 
then replaced with substrate-limited medium for 16 h more 

culture. FAO assay medium was added before the assay fol-
lowed with the addition of XF palmitate-BSA FAO sub-
strate (#102720-100, Agilent Technologies). The oxygen 
consumption rate (OCR) was detected by Mito stress tests 
protocols of Seahorse XF24e extracellular flux analyzer.

IC50 determination

Cell viability was determined by the using of the CellTi-
eter-Glo luminescent cell viability assay (#7570, Promega) 
according to the manufacturer’s instructions. In brief, AGS 
cells were grown in 96-well plates and then treated with 
5-FU at serial concentrations of 0, 0.5, 1, 5, 10, 50, 100, 200 
and 500 ug/ml for 48 h. After 48-h treatment, the cells were 
incubated with CellTiter-Glo reagent for 10 min at room 
temperature. The luminescence value was measured using 
luminometer. The 50% inhibitory concentration (IC50) for 
5-FU, which is defined as the 5-FU concentration which 
causes a 50% reduction in luminescence relative to the 
untreated control, is determined directly from semilogarith-
mic dose–response curves.

Statistical analysis

All experiments presented in this paper have been 
repeated more than three times. Data are presented as the 
mean ± standard error of means (SEM). Statistical analysis 
(Graphpad Prism 8.0) was performed using the two-tailed 
unpaired Student’s t test after a demonstration of homoge-
neity of variance with the F test or one-way or two-way 
ANOVA for more than two groups. Statistical significance 
was set as p < 0.05.

Results

Elevated ROS accumulation activates 
HIF1α signaling in gastric cancer cells 
upon chemotherapeutic agent treatment

5-FU, as one of the main chemotherapeutic drugs against 
cancer, can block the synthesis of the pyrimidine thymi-
dine to cause cellular damages to tumor cells [26]. We 
hypothesized that 5-FU treatments could cause the pro-
duction of reactive oxygen species (ROS). To this end, 
2′,7′-dichlorofluorescin diacetate (DCFDA) was applied to 
stain the cells which have intracellular ROS accumulation. 
Utilizing flow cytometry to determine DCFDA signal, we 
found that the addition of 5-FU robustly gives rise to the 
frequency of ROS-positive cells in gastric cancer cell 
line AGS cells (Fig. 1a). Additionally, vincristine (VCR), 
another chemotherapy agent, also increases the percent-
age of AGS cells which carries high ROS levels (Fig. 1a). 
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Fig. 1   Chemo-agents activate HIF1α signaling via inducing ROS 
accumulation in gastric cancer cells. a Representative images of flow 
cytometry analysis of intracellular ROS. AGS cells were treated by 
0.1  mg/ml 5-FU or 0.1  nmol/l VCR for 24  h and then stained with 
DCFDA for the ROS analysis by flow cytometry. ROS-positive 
cells were quantified. n = 5 for each group. b Representative images 
of immunoblotting of HIF1α and β-actin (internal control) in the 
cell extracts of AGS cells 24 h after treatments by VCR or 5-FU. c 
Luciferase activities were determined in AGS cells treated by 5-FU 
or VCR for indicated time. d Luciferase activities were determined 

in AGS cells treated with vehicle, 5-FU, 5-FU combined with NAC, 
VCR, or VCR combined with NAC, respectively. For c, d AGS cells 
were transfected with reporter constructs within which luciferase 
expression is driven by the activated HRE element. The expression 
of luciferase is driven by the HRE element. Luciferase activity is 
presented as fold change after normalizing values of Luc to Renilla 
(RLU). The values of vehicle control group were set as “1”. All data 
are shown as mean ± SEM. *p < 0.05; **p < 0.01; or ***p < 0.001 by 
one-way ANOVA
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It is well appreciated that high levels of ROS are linked 
to the accumulation of HIF1α proteins [11, 27]. Consist-
ently, the HIF1α protein levels appear to be much higher 
when the AGS cells are treated by 5-FU or VCR (Fig. 1b). 
To determine whether HIF1α signaling is activated by the 
chemo-agents’ treatments, luciferase reporter assays were 
conducted to evaluate the transcriptional activity of HIF1α 
protein. Intriguingly, the addition of both 5-FU and VCR 
dramatically exacerbates the transcriptional activity of 
hypoxia response element (HRE), which is main binding 
site for HIF1α (Fig. 1c). It is worthy to notice that the tran-
scriptional activities of HRE induced by 5-FU or VCR dis-
play in a time-dependent manner, strongly suggesting that 
the activation of HIF1α signaling is not directly caused by 
chemo-treatment (Fig. 1c).

To test whether ROS is required for the activation of 
HIF1α signaling during 5-FU and VCR treatment, we 
introduced N-acetyl-l-cysteine (NAC) to block ROS accu-
mulation in GC cells. Impressively, the addition of NAC 
efficiently impairs the activation of HIF1α in AGS cells 
upon the 5-FU and VCR treatment, respectively (Fig. 1d). 
Together, these data reveal that the production of ROS 
during chemotherapy treatments results in a pseudo-
hypoxia in gastric tumor cells and then activates the HIF1α 
signaling.

HIF1α‑driven HMGB1 exacerbates the macrophage 
accumulation

Anticancer agents (i.e., 5-FU) treatment was reported to 
amplify the recruitment of tumor-associated macrophages 
(TAMs) [17, 18]. Linking to the cellular damages caused 
by therapeutic agents, we hypothesized that the damage-
associated molecular patterns (DAMPs) released by injured 
tumor cells induce the macrophages infiltration into tumors. 
To this end, we tested the expression levels of HMGB1, one 
of the major DAMPs, in gastric tumor cells. The expres-
sion levels of HMGB1 mRNA were robustly amplified after 
the adding of VCR (~ 16-fold) or 5-FU (~ 35-fold, Fig. 2a). 
To determine whether HIF1α signaling is involved in regu-
lating HMGB1 in the setting of 5-FU treatment, we intro-
duced siRNA to abrogate endogenous HIF1a, or two HIF1a 
mutants to modulate HIF1α signaling: (1) HIF1a-ΔODD, the 
truncation without oxygen-dependent degradation (ODD) 
domain renders the stability of HIF1α and enables its tran-
scription activity even in normoxia; and (2) HIF1a-R27G, 
the point mutation with replacing Arg-27 with glycine to 
impair its DNA binding capacity [28]. Intriguingly, the abro-
gation of HIF1a dramatically represses the expression of 
HMGB1 which is increased upon 5-FU treatment (Fig. 2b). 
Even with the presence of 5-FU, enforced expression of 
HIF1a-ΔODD mutant still upregulates HMGB1 mRNA lev-
els, indicating that HIF1α is sufficient to activate HMGB1 
transcription in AGS cells (Fig. 2c). Consistently, blocking 
DNA binding of HIF1α by overexpressing HIF1a-R27G effi-
ciently impairs HMGB1 expression which is activated by 
5-FU treatment (Fig. 2c), supporting that HIF1α signaling 
is required in regulating HMGB1 expression during 5-FU 
treatment. To confirm that the upregulated HMGB1 could 
be secreted by AGS cells, we used ELISA to determine the 
content of extracellular HMGB1 proteins. In agreement with 
mRNA changes, 5-FU robustly increases the HMGB1 con-
tents in cell culture (Fig. 2d). Moreover, in the presence of 
5-FU treatment, ectopic HIF1a-R27G significantly reduces 
the HMGB1 production, while HIF1a-ΔODD overexpres-
sion obviously raises HMGB1 contents in AGS cell culture 
(Fig. 2d).

Based on these findings, we hypothesized that HIF1α 
directly activates the transcription of HMGB1 in gastric 
cancer cells. After searching the genomic sequence in the 
upstream of human HMGB1 transcription starting site 
(TSS), we found the hypoxic response elements (HRE) 
“ACG​TGC​” in HMGB1 promoter region [29], suggesting 
the DNA binding site for HIF1α (Fig. 2e). To test whether 
HIF1α could directly drive the transcriptional activ-
ity of HMGB1 promoter, we cloned the 2 kB upstream 
sequence of human HMGB1 TSS and constructed a lucif-
erase reporter driven by HMGB1 promoter (Fig.  2e). 
Compared to vehicle, the addition of 5-FU highly elevates 

Fig. 2   HIF1α drives HMGB1 expression in 5-FU-treated gastric can-
cer cells to exacerbate macrophage infiltration. a qRT-PCR analy-
sis of HMGB1 mRNA levels of AGS cells in the presence of 5-FU 
(0.1  mg/ml), VCR (0.1  nmol/l) or vehicle control for 24  h. b qRT-
PCR analysis of HMGB1 mRNA levels of AGSs in the presence of 
5-FU or vehicle. The AGS cells were transfected with siRNA targeted 
at HIF1a (siHIF1a) or negative control (NC) prior to 5-FU or vehicle 
treatment. c, d, AGS cells were transfected with empty vector (con-
trol) or constructs expressing human HIF1a mutants HIF1a-ΔODD 
or HIF1a-R27G. (c) qRT-PCR analysis of HMGB1 mRNA levels of 
5-FU-treated cells and d ELISA determined the HMGB1 protein lev-
els in the cell culture of AGS cells after treated by vehicle or 5-FU. 
e AGS cells were transfected with reporter constructs within which 
luciferase expression is driven under HMGB1 full-length promoter 
(2000  bp upstream of TSS) or HRE-truncated promoter in combi-
nation with empty vector (control) or constructs expressing HIF1a-
ΔODD or HIF1a-R27G, respectively. Luciferase activity is pre-
sented as fold change after normalizing Luc values to Renilla activity 
(RLU). The values of vehicle control group were set as “1”. f ChIP 
assays were conducted by the using of IgG or anti-HIF1α antibody 
in cell lysis from AGS cells which were transfected with control vec-
tor or constructs expressing HIF1a-ΔODD or HIF1a-R27G followed 
with treatments of 0.1 mg/ml 5-FU or vehicle. qRT-PCR analyses of 
immunoprecipitated DNA were performed using the primers which 
were designed to amplify the indicated region of the HMGB1 pro-
moter. g Representative images of transmembraned macrophages 
counterstained with DAPI. Transwell assays of macrophages were 
conducted in the presence of conditioned media derived from the cell 
culture of AGS cells which were previously subjected to indicated 
treatments. All data are shown as mean ± SEM. *p < 0.05; **p < 0.01; 
or ***p < 0.001 by unpaired two-tailed Student’s t test or one-way 
ANOVA

◂
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the luciferase activity in AGS cells (Fig. 2e). Inconsist-
ent with the above results (Fig. 2c, d), enforced expres-
sion of HIF1a-ΔODD mutant apparently gives rise to 

the transcriptional activity of HMGB1 promoter, while 
overexpressed HIF1a-R27G impairs the effects caused 
by 5-FU (Fig. 2e). To confirm that HRE is required for 
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HIF1α-regulated HMGB1 promoter activity, we generated 
a truncated HMGB1 promoter luciferase reporter construct 
within which HRE is deleted. Impressively, the deletion of 
HRE in HMGB1 promoter almost abolishes the upregula-
tion of luciferase activity induced by 5-FU treatment or 
HIF1a-ΔODD overexpression (Fig. 2e). To further inves-
tigate whether HIF1α directly binds to HMGB1 promoter, 
we conducted chromatin immunoprecipitation (ChIP) in 
the cell extracts of AGS cells by the using of anti-HIF1α 
antibodies. Impressively, 5-FU treatment or HIF1a-ΔODD 
overexpression dramatically enhances the capacity of anti-
HIF1α Ab in precipitating the genomic region from -1623 
to -1505 in the upstream of HMGB1 TSS, within which 
HRE is included (Fig. 2f). In contrast to these, either 5-FU 
treatment or HIF1a-ΔODD overexpression does not alter 
the anti-HIF1α Ab precipitating capacity to the promoter 
region of − 2478 to − 2313 in the upstream of HMGB1 
TSS (Fig. 2f). Together, these data strongly support our 
hypothesis that activated HIF1α drives the transcription of 
HMGB1 in AGS cells upon 5-FU treatment.

To explore the physiological function of HMGB1 derived 
from gastric tumor cell, we applied a transwell system to 
evaluate macrophage infiltration (Fig. 2g). Intriguingly, the 
conditioned media derived from 5-FU-treated AGS cells, 
which are transfected with control vector or HIF1a-ΔODD 
mutant, induces much more macrophages infiltration relative 
to that of vehicle-treated AGS cells (Fig. 2g). In contrast to 
these, blocking HIF1α signaling by HIF1a-R27G overex-
pression in tumor cells obviously attenuates macrophages 
infiltration capacity upon conditioned media (Fig. 2g). To 
determine that HMGB1 is required for the macrophage infil-
tration induced by conditioned media, we utilized antibod-
ies to neutralize the HMGB1 protein in conditioned media 
and siRNA to silence endogenous HMGB1 mRNA. Much 
less macrophage infiltration was observed when conditioned 
media were previously incubated with anti-HMGB1 Ab or 
derived from siHMGB1-transfected AGS cells (Fig. 2f).

HIF1α is required for macrophage accumulation 
of gastric cancer

To explore the role of HIF1α signaling in regulat-
ing tumor-associated macrophages (TAMs) in vivo, we 
used xenograft tumor mouse model in which AGS cells 
are subcutaneously implanted in nude mice. Relative to 
the vehicle-treated control group, the treatment of 5-FU 
apparently exacerbates the number of F4/80-positive mac-
rophages (Fig. 3a), as well as the ratio of CD11b+F4/80+ 
macrophages in CD45+ immune cells (Fig. 3b, c) in the 
xenograft tumor. Meanwhile, the amounts of both CD68+ 
cells and CD11b+F4/80+ macrophages are increased in the 
HIF1a-ΔODD-expressing tumor in which HIF1α signaling 
of tumor cells is constitutively activated (Fig. 3a–c). Con-
sistently, the tumor derived from HIF1α-R27G-expressing 
AGS cells displays obviously reduced contents of both 
F4/80+ macrophages and CD45+CD11b+F4/80+ immune 
cells (Fig. 3a–c). Next, we analyzed the genes expression 
levels in the tumors to assess the phenotype of TAMs. 
Compared to vehicle group, tumors derived from either 
wild type or HIF1a-ΔODD-expressing AGS cells display 
much higher mRNA levels of HMGB1 during the 5-FU 
treatment (Fig. 3d). Moreover, HMGB1 expression levels 
is relatively lower in the HIF1a-R27G-expressing tumors 
(Fig. 3d). In agreement with our ex vivo results, mRNA 
levels of pan-macrophage markers genes ANGRE1 (cod-
ing F4/80 protein) and CD68 change in the same pattern 
as HMGB1 in tumors, indicating the closely correlation 
of HMGB1 expression and macrophages accumulation 
(Fig. 3d). According to the critical role of alternatively 
activated macrophages in promoting the tumor progression 
[16], we also assessed the marker genes expression for 
macrophage alternative activation in tumors. Intriguingly, 
with the increased macrophages contents, these alternative 
activation marker genes (IL-10, CCL17, CCL18, CCL22, 
MRC1, ARG1) expression levels are robustly increased 
in the 5-FU-treated tumors of control and HIF1a-ΔODD 
groups, but not in the tumors of HIF1a-R27G group 
(Fig. 3e). To explore the function of HMGB1 in regulat-
ing TAMs infiltration in response to 5-FU treatment, we 
administered the mice with anti-HMGB1 Ab to neutral-
ize the HMGB1 proteins in the body. Without impacting 
the expression of HMGB1, the treatment of anti-HMGB1 
Ab results in dramatic reductions of 5-FU-promoted mac-
rophages contents (Fig. 3a–d) and impairs the expression 
levels of genes involved in macrophage alternative activa-
tion (Fig. 3e). As expected, the treatment of 5-FU causes 
obviously smaller tumors which derived from control or 
HIF1a-ΔODD-expressing AGS cells (Fig. 3f). Impres-
sively, relative to control tumors, the tumors derived from 
HIF1a-R27G-expressing cells or treated by anti-HMGB1 
Ab exhibit much less in size after the chemotherapy of 

Fig. 3   HIF1α signaling is required for recruiting and activating 
TAMs by 5-FU-treated GC. AGS cells were transfected with lenti-
virus to derive new cell lines which stably express GFP (control) or 
HIF1α mutants (HIF1a-ΔODD or HIF1a-R27G), respectively. 5 × 106 
cells per cell line were implanted into nude mice at flank to induce 
tumor formation (n = 6 per group). The mice were subsequently i.p. 
administered with vehicle or 5-FU, or 5-FU in combination with 
anti-HMGB1 Ab as indicated. a Representative images of immu-
nostaining of the xenograft tumors sections for F4/80. b Representa-
tive images of flow cytometry analysis of macrophages in xenograft 
tumor using anti-CD45, anti-F4/80 and anti-CD11b flow antibodies. 
TAMs were gated as CD45+CD11b+F4/80+ cells. c The frequen-
cies of TAMs in CD45+ cells of each group were quantified. d qRT-
PCR analysis of mRNA levels of HMGB1 and macrophage markers 
(ANGRE1 and CD68) in xenograft tumor. e qRT-PCR analysis of 
mRNA levels of indicated genes in xenograft tumor. f Tumor sizes 
of each group. All the data are shown as mean ± SEM. *p < 0.05; 
**p < 0.01; or ***p < 0.001 by one-way ANOVA

◂
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5-FU (Fig. 3f), suggesting that the insensitivity of tumor 
to 5-FU is dependent on HIF1α activity and HMGB1 
secretion.

TAMs enhance the chemoresistance of GC 
via secreting GDF15

High TAMs content is reported to be closely correlated 
with the chemoresistance of GC [30]. To investigate the 
role of TAMs in regulating the tumor cell chemoresistance, 
we applied a cells coculture system in which AGS cells are 
cultured together with freshly sorted TAMs from xenograft 
tumors (Fig. 4a). Relative to vehicle group, the AGS cells 
display much more chemoresistance when cultured with 
TAMs from 5-FU-treated tumors of control and HIF1a-
ΔODD groups (Fig. 4a). In contrast to these, TAMs from 
5-FU-treated tumors of HIF1a-R27G or anti-HMGB1 group 
do not show any impacts on the sensitivity in response to 
5-FU (Fig. 4a). GDF15 has been implicated in the resistance 
to chemotherapeutic drugs in many types of cancers, includ-
ing gastric, lung, prostate, colon, ovarian and breast cancer 
[31, 32]. Particularly, increased GDF15 expression is found 
in gastric cancer and it is worth to note that GDF15 levels 
are even higher in non-improvement patients when com-
pared to that of improvement patients, reflecting the closed 
correlation between chemoresistance of GC and GDF15 
[33]. Various cell types within tumors could express GDF15, 
including tumor cells, macrophages and fibroblast stromal 
cells [34]. Interestingly, we found apparently heightened 
Gdf15 expression in infiltrated TAMs sorted from 5-FU-
treated tumors of control group and HIF1a-ΔODD group 
(Fig. 5b), while 5-FU treatment does not impact the GDF15 
expression in AGS cells (Fig. S1a), suggesting that TAMs 
produce GDF15 to confer to chemoresistance of GC cells. 
To this end, we treated AGS cells with recombinant GDF15 
and found that the addition of GDF15 robustly gives rise 
to the chemoresistance of GC cells in response to 5-FU 
(Fig. 4c). Furthermore, the coculture with TAMs does not 
lead to any obvious impacts on the colony-formation ability 
of AGS cells (Fig. 4d). Surprisingly, the treatment of 5-FU 
loses its effects on suppressing the colony-formation ability 
of AGS cells when TAMs are present (Fig. 4d). Neutraliz-
ing GDF15 proteins by anti-GDF15 Ab significantly impairs 
the colony-formation ability of TAMs-cocultured AGS cells 
(Fig. 4d), indicating that GDF15 is essential for the mac-
rophage-promoted chemoresistance of GC cells. To test this, 
we used anti-GDF15 Ab to neutralize the proteins in the 
conditioned media derived from sorted TAMs. Impressively, 
the addition of Ab efficiently attenuates the chemoresistance 
to 5-FU of AGCs which are culturing in conditional media 
derived from TAMs of 5-FU-treated tumors of control or 
HIF1a-ΔODD groups (Fig. 4e).

The FAO enhanced by GDF15 promotes GC 
chemoresistance and sustains ROS production

Given that fatty acid oxidation (FAO) elevates the chemore-
sistance of gastric cancer cells [20], we explored whether 
the GDF15 could enhance the β-oxidation of fatty acids in 
GCs. To this end, we utilized Seahorse assays to determine 
the intracellular oxidative phosphorylation activity in GCs. 
The addition of recombinant GDF15 obviously upregulates 
the mitochondria oxidative phosphorylation levels of GC 
indicated by oxygen consumption rate (OCR), strongly sug-
gesting the enhanced FAO after GDF15 treated (Fig. 5a, 
b). In support of this, we also found that GDF15 signifi-
cantly heightens the expression levels of FAO-associated 
genes, including CD36, ACSL1, PGC1a, CPT1a, CPT1b 
and CPT2 (Fig. 5c). Additionally, we utilized siRNA and 
chemical inhibitors to block AKT and ERK pathways to 
explore whether GDF15 exerts its functions via AKT and 
ERK pathways. Interestingly, the impacts of GDF15 on 
FAO-associated genes expression or chemoresistance of 
tumor cells are not altered with the abrogation of AKT and 
ERK by siRNA (Fig. S2a-b) or the adding of LY2780301 
(AKT inhibitor) and FR180204 (ERK inhibitor) (Fig. S2c-
d), respectively. To test whether the FAO activity promoted 
by GDF15 is essential for the chemoresistance in response 
to 5-FU, we used CPT1α inhibitor etomoxir (ETO) to block 
mitochondria FAO. The ETO addition apparently lowers the 
IC50 of 5-FU in AGS cells which is robustly elevated by 
GDF15 treatment (Fig. 5d).

The TCA cycle along with the electron transport chain 
(ETC) increases ROS production in mitochondria and fur-
ther contributes to HIF1a stabilization [35]. Interestingly, 
while promoting mitochondria FAO, GDF15 also exacer-
bates ROS generation in AGS cells (Fig. 5e) and subse-
quently the activation of HIF1α signaling (Fig. 5f). Mean-
while, blocking FAO by ETO sufficiently attenuates the ratio 
of ROS-positive cells (Fig. 5e) as well as HIF1α activity 
(Fig. 5f). These data indicate the positive feedback from 
TAMs via secreting GDF15 to enhance the ROS production 
and sustain HIF1α signaling activation.

Discussion

Enhancing the efficiency of anti-tumor therapy is the most 
challenge in clinical oncology. In the clinical treatments for 
gastric tumor, drug resistance in surviving cancer cells is a 
major challenge to efficacy. The mechanism of GC develop-
ing chemotherapy resistance is complicated and not well 
understood. It is well appreciated that the therapeutic sen-
sitivity of tumors is significantly impacted by the complex 
interaction of cancer cells with different components of the 
tumor microenvironment, particularly with immune cells 
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[30]. In our present study, we demonstrate a novel cross 
talking between tumor cells and tumor-associated mac-
rophages which promotes chemoresistance of gastric can-
cer cells. In response to chemotherapeutic agents, HIF1α 
signaling is dramatically activated by the accumulation of 
ROS and subsequently drives the production of HMGB1. 

Tumor cell-derived HMGB1 exacerbates the infiltration 
of macrophages and gives rise to the contents of M2-type 
macrophages. In turn, accumulative TAMs produce GDF15 
to promote the fatty acid β-oxidation of tumor cells and 
enhance the gastric tumor cells chemoresistance in response 
to 5-FU (Fig. 5g).

Fig. 4   Accumulated TAMs elevate the chemoresistance of GC cells 
via secreting GDF15. a IC50 of 5-FU was determined in AGS cells 
which were cocultured with TAMs isolated from xenograft tumors 
as indicated. The tumors were derived from AGS cell lines express-
ing GFP (control) or HIF1α mutants, and then, the mice were treated 
with vehicle or 5-FU, or 5-FU in combination with anti-HMGB1 Ab 
prior to the sorting of macrophages. The sorted TAMs were cocul-
tured with AGS cells in the transwell plates as indicated. b Colony-
formation assays were performed using AGS cells with or without the 
presence of sorted TAMs followed the treatments of vehicle, 5-FU 

or 5-FU in combination with anti-GDF15 Ab. c IC50 of 5-FU was 
determined in AGS cells treated with vehicle or recombinant murine 
GDF15. d qRT-PCR analysis of mRNA levels of Gdf15 in TAMs 
isolated from the xenograft tumors as indicated. e IC50 of 5-FU was 
determined in AGS cells which were maintained in indicated condi-
tioned media. Conditioned media were derived from TAMs which 
were isolated from indicated xenograft tumors and then incubated 
with IgG or anti-GDF15 Ab. All the data are shown as mean ± SEM. 
*p < 0.05; **p < 0.01; or ***p < 0.001 by unpaired two-tailed Stu-
dent’s t test or one-way ANOVA
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Fig. 5   GDF15 enhances the FAO of tumor cells to reduce chemo-
sensitivity as well as promote ROS production. a, b Analysis of mito-
chondrial FAO in vehicle- or 100 ng/ml GDF15-treated AGS cells by 
the using of the Seahorse Bioscience XF24e extracellular flux ana-
lyzer. c qRT-PCR analysis of FAO-associated genes expression in 
AGS cells treated with vehicle or 100 ng/ml GDF15. d–f AGS cells 
were treated with vehicle, 100 ng/ml GDF15 or 100 ng/ml GDF15 in 
combination with FAO inhibitor etomoxir (ETO, 1  μmol/l). d IC50 
of 5-FU was determined in AGS cells. e ROS-positive AGS cells 

were analyzed using flow cytometry. f Luciferase activity using HRE 
reporter was determined in AGS cells. g Schematic model. Upon the 
chemotherapy of 5-FU, ROS is accumulated and activates HIF1α 
signaling to drive HMGB1 transcription in AGS cells. The increased 
HMGB1 exacerbates the infiltration of M2-type TAMs, which in turn 
secret GDF15 to enhance FAO and reduce chemo-sensitivity of 5-FU 
in gastric tumor cells. All data are shown as mean ± SEM. *p < 0.05; 
**p < 0.01; ***p < 0.001 by unpaired two-tailed Student’s t test or 
one-way ANOVA
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It is well appreciated that increasing ROS is implicated 
in more HIF1a proteins and higher transcriptional activity 
via repressing PHDs [36]. Linking to the raised cellular 
oxygenation level for their maximal efficacy, some chem-
otherapeutic agents (i.e., 5-FU and VCR) could induce 
HIF1α expression and transcriptional activity under non-
hypoxic conditions, strongly suggesting that the production 
of ROS contributes to the activation of HIF1α signaling in 
tumor cells under the context of chemotherapy [37, 38]. 
According to this, it is not surprising to see that high levels 
of stabilized and functional HIF1α proteins are observed 
in AGS cells even without any hypoxia (Fig. 1). Though 
other contributors cannot be excluded in current study, our 
data indicate that ROS accumulation is required for HIF1α 
signaling activation in GC cells in response to 5-FU in the 
normoxia setting (Fig. 1). It is reported by Liu et al. [39] 
that chemo-agent-resistant VCR-treated gastric cell line 
SGC7901 cells display a high level of HIF1α protein under 
nonhypoxic condition. Mechanistically, Liu et al. found that 
MGr1-Ag/37LRP is implicated in VCR-inducing transcrip-
tion HIF1α, which plays a key role in chemoresistance of 
gastric tumor cells. Further studies are needed to clarify 
the molecular mechanisms underlying in (1) how chemo-
therapeutic agents cause the generation of ROS; (2) which 
molecule(s) mediate(s) the function of ROS on HIF1α sign-
aling (MGr1-Ag/37LRP or PHDs?).

Macrophages accompanied with other myeloid cells 
generally accumulate in tumors sites under chemotherapy 
where chemotherapy-damaged cells are localized and the 
tumor-protective function of TAMs is found in a growing 
number of studies in vivo and in vitro for some anti-tumor 
agents, including doxorubicin, platinum compounds, 5-FU, 
gemcitabine and paclitaxel [17, 18]. Notably, HIF1α is also 
well appreciated in regulating the biological behaviors of 
both tumor cells and infiltrated immune cells, including 
polarization of tumor-associated macrophages (TAMs) [4]. 
In current study, we found that the activated HIF1α in 5-FU-
treated tumor cells drives the expression of HMGB1, which 
promotes the infiltration of macrophages in vitro and in vivo 
(Figs. 2, 3). Interestingly, 5-FU treatment was reported to 
give rise to HMGB1 expression in colon carcinoma cells to 
induce a striking attraction of leukocytes in an orthotropic 
model of colon carcinomatosis in vivo and in monocyte 
migration assays in vitro [40], supporting our study that 
HMGB1 expression upregulated by 5-FU is required for 
TAMs accumulation in gastric cancer under chemotherapy.

M2-type macrophages are known to have strong tumor-
supporting functions and mediate chemoresistance via 
secreting growth factors, establishing a local immunosup-
pressive microenvironment as well as regulating the bio-
logical behavior of tumor cells to protect them from the 
cytotoxic effects of chemotherapy [18, 30, 41]. Notably, 
we found that the infiltrated TAMs upon 5-FU treatment 

exhibit a phenotype of tumor-supportive M2-type mac-
rophage which efficiently lower the sensitivity of AGS cells 
to 5-FU and are essential for chemoresistance of gastric can-
cer (Fig. 4). It is interesting that the infiltrated macrophages 
in tumor upon tumor cell-derived HMGB1 exhibit protu-
moral M2-type macrophages (alternatively activated mac-
rophage) (Fig. 3). Although HMGB1 is usually considered 
as an alarming factor and causes inflammatory responses, 
its roles in macrophage activation are controversial, espe-
cially in the context of tumor microenvironment. Rojas et al. 
[42] reported that HMGB1 heightens the M2 activation of 
macrophages and enhances their protumoral activities via 
a RAGE-dependent mechanism, indicating that HMGB1 
may play a role in promoting macrophage alternative activa-
tion within tumor. Alternatively, other factors derived from 
tumor cells may contribute to M2 activation of macrophage 
upon 5-FU treatment. For instance, it was reported that 
tumor cells under chemotherapy also produce high levels of 
prostaglandin E2 (PGE2) and IL-6, which skew the differen-
tiation of monocytes toward M2-like macrophages and lead 
to chemoresistance [17]. In the future, many more studies 
are needed to clarify the molecular mechanisms underlying 
the macrophage activation in gastric tumors under chemo-
therapy. In mechanisms, we discovered that TAMs inside the 
tumors release high levels of GDF15 which confer to the less 
sensitivity of tumor cells in response to 5-FU via exacerbat-
ing the levels of fatty acid β-oxidation in gastric cancer cells 
(Figs. 4, 5). As a member of the transforming growth factor 
beta (TGFβ) family, GDF15 is a stress response cytokine 
expressed by a variety of tissues and cells, including liver, 
lung, kidney, placental trophoblasts and macrophages [43, 
44]. GDF15 expression and serum levels are elevated in anti-
cancer therapies including chemotherapy and ionizing irra-
diation [43]. The roles played by GDF15 in cancer, however, 
are limited and controversial. Some data suggest that GDF15 
has tumor promoting activity, while other results suggest the 
opposite [45]. In our current study, we reveal that GDF15 
derived from macrophages could impair the chemo-sensi-
tivity of GC cells to 5-FU in a paracrine manner, support-
ing the tumor-protective role for GDF15 in gastric cancer 
under chemotherapy. According to the physiological func-
tion of GDF15 in regulating cellular metabolism, we found 
that after the treatment of GDF15, GC cells undergo meta-
bolic reprogramming and shifts to using more fatty acids as 
fuel (Fig. 5). Compared to carbohydrate, the oxidation of 
fatty acids in mitochondria provides 2.5-fold ATP for cells. 
Our data indicate that the 5-FU-enhanced FAO of GC cells 
is required for the development of chemoresistance since 
inhibiting FAO by adding etomoxir efficiently raises 5-FU 
sensitivity of tumor cells (Fig. 5).

In summary, our current study uncovers a novel mecha-
nism underlying the chemoresistance development in GC 
cells, which tumor cells cross talk with TAMs via secreting 
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factors. These results demonstrate a novel insight in under-
standing how immune microenvironment forms and the 
impacts of immune cells on tumor progression in the set-
ting of chemotherapy and provide new therapeutic targets 
for clinic treatments of gastric cancer.
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