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Abstract
Background: The efficacy of anti-programmed cell death protein 1 (PD-1)
immunotherapy in various cancers, including gastric cancer (GC), needs to be
potentiated by more effective targeting to enhance therapeutic efficacy or iden-
tifying accurate biomarkers to predict clinical responses. Here, we attempted to
identify molecules predicting or/and promoting anti-PD-1 therapeutic response
in advanced GC (AGC).
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chemiluminescence; ELISA, enzyme-linked immunosorbent assay; EP2, prostaglandin E receptor 2; EP4, prostaglandin E receptor 4; FACS,
fluorescence-activated cell sorting; FBS, fetal bovine serum; FPKM, fragments per kilobase of transcript per million fragments mapped; FDR, false
discovery rate; GC, gastric cancer; ICB, immune checkpoint blockade; IL10, interleukin 10; IHC, immunohistochemistry; IFNγ, interferon gamma;
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Methods: The transcriptome of AGC tissues from patients with different clini-
cal responses to anti-PD-1 immunotherapy and GC cells was analyzed by RNA
sequencing. The protein and mRNA levels of the major facilitator superfamily
domain containing 2A (MFSD2A) in GC cells were assessed via quantitative real-
time polymerase chain reaction, Western blotting, and immunohistochemistry.
Additionally, the regulation of anti-PD-1 response by MFSD2A was studied in
tumor-bearingmice. Cytometry by Time-of-Flight, multiple immunohistochem-
istry, and flow cytometry assays were used to explore immunological responses.
The effects of MFSD2A on lipid metabolism in mice cancer tissue and GC cells
was detected by metabolomics.
Results: Higher expression of MFSD2A in tumor tissues of AGC patients
was associated with better response to anti-PD-1 immunotherapy. Moreover,
MFSD2A expression was lower in GC tissues compared to adjacent nor-
mal tissues, and its expression was inversely correlated with GC stage. The
overexpression of MFSD2A in GC cells enhanced the efficacy of anti-PD-1
immunotherapy in vivo by reprogramming the tumormicroenvironment (TME),
characterized by increased CD8+ T cell activation and reduced its exhaustion.
MFSD2A inhibited transforming growth factor β1 (TGFβ1) release from GC
cells by suppressing cyclooxygenase 2 (COX2)-prostaglandin synthesis, which
consequently reprogrammed TME to promote anti-tumor T cell activation.
Conclusions: MFSD2A potentially serves as a predictive biomarker for anti-
PD-1 immunotherapy response in AGC patients. MFSD2A may be a promising
therapeutic target to potentiate the efficacy of anti-PD-1 immunotherapy by
reprogramming the TME to promote T cells activation.
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MFSD2A, immunotherapy, anti-PD-1, gastric cancer, TME, T cell activation, TGFβ1

1 BACKGROUND

Immunotherapy, including the use of immune checkpoint
blockade (ICB) [1], adoptive cell transfer therapy [2], and
therapeutic cancer vaccines [3] and antibodies [4], has
emerged as the forefront of cancer therapy with robust
effectiveness in recent decades. Among immune check-
point inhibitors, programmed cell death protein 1 (PD-1)
antibodies have demonstrated promising efficacies in the
treatment of multiple hematological and solid cancers [5,
6]. Despite its clinical success, PD-1 blockade responses
are often observed in only a proportion of patients, making
it important to identify accurate biomarkers for predicting
treatment response and patient selection. Increasing
evidence has demonstrated positive correlations between
patients’ response to anti-PD-1 immunotherapy and high
tumor mutation burden (TMB), deficient DNA mismatch
repair (MMR), high programmed death-ligand 1 (PD-L1)
expression and DNA polymerase epsilon and delta 1

mutations in tumor cells [5, 7–10]. However, not all
patients whose tumors have those biomarkers respond
well to anti-PD-1 immunotherapy [11, 12]. For instance,
only 40%-70% of patients with MMR-deficient tumors
respond to the PD-1 inhibitor pembrolizumab [5]. Besides,
only 44.8%of non-small-cell lung cancer patientswith high
PD-L1 expression in tumors respond to pembrolizumab
[13]. Therefore, this urges the need to identify more
accurate biomarkers for predicting clinical responsiveness
to anti-PD-1 immunotherapy.
Gastric cancer (GC) is the fifth most common can-

cer worldwide [14]. Despite recent advances in this field,
therapeutic options for advanced GC (AGC) cases remain
limited. The anti-PD-1 immunotherapy has been applied
to treat AGC patients [15–17]; however, most AGC patients
were found to respond poorly to single-agent PD-1 anti-
bodies with an objective response rate (ORR) to pem-
brolizumab andnivolumabof only 11.6% [18] and 11.2% [19],
respectively. Unsatisfactory overall clinical benefit made
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investigations of themechanismof anti-PD-1monotherapy
resistance a necessity.
Manipulation of effector T cells by cancer cells in the

tumor microenvironment (TME) is a major mechanism
of anti-PD-1 immunotherapy resistance [20]. In TME,
immunosuppressive cells, including regulatory T cells
(Tregs), tumor-infiltrating myeloid-derived suppressor
cells (MDSCs), and tumor-associatedmacrophages (TAM),
as well as certain suppressive cytokines produced by can-
cer cells, such as transforming growth factor β (TGFβ) and
interleukin 10 (IL10), suppress the activation and infiltra-
tion of tumor-infiltrating lymphocytes (TILs) and cannot
be abolished by anti-PD-1 immunotherapy [21–23]. More-
over, the dysregulated cancer cell metabolism, known to
promote tumor progression and confer suppression on
immune cells in TME, is considered a crucial hindrance to
anti-tumor immunotherapies [24, 25]. For instance, tumor
oxidative metabolism was reported to hamper PD-1 anti-
body treatment in melanoma and was associated with
increased T cell exhaustion and decreased immune activity
[26]. Although targeting metabolic pathways, such as gly-
colysis, amino acids, and lipidsmetabolism,may overcome
the limitations of immunotherapy by reprogrammingTME
[24, 27], it is unclear whether metabolism modulates the
efficacy of anti-PD-1 immunotherapy in GC. Therefore,
a thorough understanding of how cancer metabolism in
TMEaffects anti-PD-1 immunotherapy could help improve
the therapeutic response of AGC patients.
Major facilitator superfamily domain containing 2A

(MFSD2A) is a lipid metabolism-related protein that
plays a key role in maintaining the blood-brain barrier
[28, 29]. MFSD2A deficiency was shown to enhance
blood-brain barrier leakage and developmental brain
disorders [28, 30]. MFSD2A is considered a tumor
suppressor as it was reported to inhibit extracellular
matrix attachment, regulate the cell cycle of lung cancer
cells [31], and prevent brain cancer cell metastasis by
restoring intracellular docosahexaenoic acid transporta-
tion [32]. Besides, MFSD2A was shown to be essential
for maintaining memory T cells and reducing sec-
ondary response to repeated infections [33]. However,
the role of MFSD2A in anti-tumor immunity remains
unknown.
In this study, we screened potential biomarkers for pre-

dicting the efficacy of anti-PD-1 immunotherapy in AGC
patients. Then we explored how the candidate biomarker
functions during anti-PD-1 immunotherapy, providing the
promising predictive biomarker for determining anti-PD-1
therapy effect and mechanic insights into how cancer cell
metabolic reprogramming of TME reverses the immuno-
suppression to enhance the therapeutic effects of anti-PD-1
immunotherapy in AGC.

2 MATERIALS ANDMETHODS

2.1 Clinical cohort

Twenty-seven patients with evaluable response to anti-
PD-1 immunotherapy and RNA sequencing (RNA-seq)
data in a cohort of 58 refractory AGC patients treated
with PD-1 antibody toripalimab monotherapy (3mg/kg,
d1, Q2W; Junshi Biosciences, Shanghai, China) in a pre-
viously reported open-label multicenter phase Ib/II trial
(NCT02915432) [34] were included in this present study.
Tumor biopsies were obtained before toripalimab treat-
ment and subjected to RNA-seq as previously described
[35]. Gene expression was represented by transcripts per
million (TPM), and differentially expressed genes were
identified using Student’s or Welch’s t-test as well as FDR
corrections.

2.2 Cell lines

ThehumanGCcell lineMGC803was obtained fromAmer-
ican type culture collection (ATCC, Manassas, VA, USA),
and mouse GC cell line MFC from Kebai Biotechnology
Co., Ltd (Nanjing, Jiangsu, China). MGC803 cells were
mycoplasma free and cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco, Gaithersburg, MD, USA).
MFC cells were also mycoplasma free and cultured in 1640
Medium (Gibco, Gaithersburg, MD, USA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Gibco),
100U/mL penicillin G (Sangon Biotech, Shanghai, China),
and 100 μg/mL streptomycin (Sangon Biotech) under a
humidified atmosphere of 5% CO2 at 37◦C.

2.3 Immunohistochemistry (IHC)

The human tissue arrays containing 75 GC and 74 normal
adjacent gastric tissues (Xinchao Biotechnology Co., Ltd.,
Shanghai, China), and paraffin sections of mouse tumor
tissues were fixed with formalin, embedded with paraffin
and immuno-stained for MFSD2A or TGFβ1 using stan-
dard IHC protocol as previously described [36]. Briefly, the
slides were deparaffinized in xylene, rehydrated through
graded ethanol, quenched for endogenous peroxidase
activity in 3% hydrogen peroxide (Abcam, MA, USA), and
processed for antigen retrieval by microwave heating for 7
min in citrate buffer (pH 6.0; Abcam). The primary anti-
MFSD2A (1:500, ab117618, Abcam, MA, USA), anti-TGFβ1
(1:400, ab215715, Abcam) were diluted in PBS contain-
ing 1% bovine serum albumin (BSA) and incubated at
4◦C, followed by the incubation with secondary antibody
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(Dako, Carpinteria, CA, USA) for 60 min at room tem-
perature and stained with (3,3′-diaminobenzidine, DAB;
Dako) solution. The IHC results for MFSD2A or TGFβ1
were determined by adding the scores for staining inten-
sity (no staining, 0; light yellow, 1; yellow, 2; brown, 3) and
positive cell percentage (≤ 10%, 1; 11%-50%, 2; 51%-75%, 3;>
75%, 4).

2.4 Cell transfection

pcDNA3.1-puromycin-flag-MFSD2A cDNA (mouse
or human origin, pMFSD2A) or control pcDNA3.1-
puromycin-flag vector (mock) was constructed by
homologous recombinase (Vazyme, Nanjing, China).
MFC or MGC803 cells were transfected with pMFSD2A or
mock vectors using JetPEI (Polyplus-transfection, Illkirch,
France) for 48 h and screened under puromycin (Gibco)
for 2 weeks. Stable overexpression efficacy was confirmed
by Western blotting.
The MFSD2A shRNA (sh-MFSD2A#1, 5′-AGCCGGA

ACGTGTCAAGTTTA-3′; sh-MFSD2A#2, 5′-CACGGCCC
ATACATCAAACTT-3′; sh-MFSD2A#3, 5′-CACGGCCC
ATACATCAAACTT-3′) or control shRNA (sh-Non, 5′-
CCTAAGGTTAAGTCGCCCTCG-3′) were cloned into
lentivirus vector pSLenti-U6 -CMV-EGFP-F2A-Puro-
WPRE (Obio Technology, Shanghai, China) and packed
into lentivirus. MGC803 cells were infected with lentivirus
sh-MFSD2A or sh-Non for 48 h and selected by puromycin
for two weeks. Stable inference efficacy was confirmed by
Western blotting.
The MFSD2A siRNAs (si-MFSD2A#1, 5′-AAUA

GGUCUGGCCGUGUGGTT-3′; si-MFSD2A#2, 5′-UUG
AUGUAUGGGCCGUGGCTT-3′; si-MFSD2A#3, 5′-AAGC
CCAAGGUGUAGGUGCTT-3′) and control siRNA (si-
Non, 5′-AUCUUAGGCAGAUCGUCGCdTdT-3′) were
synthesized by GenePharma Biotechnology (Shanghai,
China). siRNA was delivered into MGC803 cells using
INTEFERin (Polyplus-transfection).

2.5 Animal experiments

All animal experiments were performed following the
National Institute of Health Guide for the Care and Use
of Laboratory Animals, with the approval of Suzhou Insti-
tute of SystemsMedicine, Animal Science Center, Jiangsu,
China. Mice were housed in a virus-free facility and main-
tained in a standard temperature- and light-controlled
animal facility, mice had free access to food and water
during the experimental period.
A total of 66 mice were used for this study. Syngeneic

mice model was conducted on 6-week old female 615 mice
obtained from the Blood Institute of the Chinese Academy

of Medical Sciences (Tianjin, China) to evaluate the effects
of MFSD2A on the efficacy of anti-PD-1 immunotherapy
in vivo. Briefly, MFSD2A-overexpressed or control MFC
cells (5 × 105 cells in 100 μL PBS) were implanted sub-
cutaneously in the right flanks of the mice. After 9 days,
when the tumor grew to 100mm3, themice were intraperi-
toneally injectedwith PD-1 antibody (3mg/kg, BE0273, Bio
X Cell,West Lebanon, NH, USA) and control IgG (BE0089,
Bio X Cell) every 3 days. Tumor volume was monitored
every 3 days using a digital caliper according to the for-
mula: Tumor volume (mm3)= 0.5× length×width2. After
27 days, the mice were euthanized, and the tumors were
isolated and weighed, and the tumor immune microen-
vironment was analyzed by Cytometry by Time-of-Flight
(CyTOF). For survival study, after the tumor-bearing mice
models were established and the antibodies were injected
according to the above method, the survival of the mice
was observed. The evaluation criteria for mouse death are
"natural mice death" or "mice tumor volume exceeding
2000mm3". Mice survival status were assessed every day.
In vivo depletion of CD8+ T cells was performed as

previously described [37]. Briefly, 615 mice were intraperi-
toneal administration with 200 μg of CD8α antibody
(BE0061, Bio X Cell) or control IgG. After 3 days of primary
administration, the mice were subcutaneously bearing
MFSD2A-overexpressed or control MFC cells (as day 0),
followed by administration on day 0, 3, 8, 13, 18, 23. Tumor
volume was monitored every 3 days. After 30 days, the
mice were euthanized, and the tumors were isolated and
tumor infiltrating immune cells were selected by CD45
magnetic beads (130-110-618, Miltenyi, Bergisch Gladbach,
Germany), and then labeled by CD3 antibody (1:50; 553063,
BD Biosciences, San Jose, CA, USA) and CD8α anti-
body (1:50; 553030, BD Biosciences). The proportion of
tumor infiltrating CD8+ T cells was analyzed by flow
cytometry.

2.6 T cell function assay

Tumors were dissected from tumor-bearing 615 mice and
disassociated into single-cell suspensions in PBS on ice, as
previously described [38]. The cells were washedwith PBS,
centrifuged at 500 g and 4◦C, then sorted by CD8magnetic
beads (130-116-478, Miltenyi, Cologne, Germany). CD8+ T
cells derived from the mice were co-cultured with 5 × 104
MFSD2A-overexpressed or control MFC cells at an E:T
ratio of 10:1 in a 24-well plate for 24 h. T cell function
was assayed as previously described [39]. CD8+ T cells
were resuspended in 100 μL of PBS containing 2% FBS and
stained with CD8 (100750, Biolegend, California, USA),
Granzyme B (372208, Biolegend) and interferon γ (IFNγ;
557735, BD Biosciences) flow antibody for 15 min. CD8+
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T cell viability was detected by flow cytometry (C6 plus
Flow Cytometer, BD Biosciences) analysis.
Human peripheral blood mononuclear cells (PBMCs)

were obtained from ORIBIOTECH (Shanghai, China).
CD8+ T cells from PBMCs were isolated by magnetic-
activated cell sorting, then co-incubated with MFSD2A-
silenced or MFSD2A-overexpressed MGC803 cells and
control cells at an E:T ratio of 10:1 in a 24-well plate with
or without 10 μmol/LDisitertide (P144,MedChemExpress,
Monmouth Junction, NJ, USA), or 50 μmol/L Celecoxib
(S1261, Selleck, Houston, TX, USA) treatment. T cell func-
tion was assayed after 24 h, as previously described [40,
41]. CD8+ T cells were resuspended in 100 μL of PBS con-
taining 2% FBS and stained with CD8 (1:50, 557085, BD
Biosciences), Granzyme B (1:50, 372204, Biolegend) and
IFNγ (1:50, 502509, Biolegend) flow antibody for 15 min.
CD8+ T cell viability was detected by flow cytometry (C6
plus Flow Cytometer, BD Biosciences) analysis.

2.7 In vitro cytotoxicity assay

After MFSD2A-overexpressed or MFSD2A-silenced
MGC803 cells were co-cultured with CD8+ T cells from
human PBMC for 24 h, or MFSD2A-overexpressed MFC
cells were co-cultured with CD8+ T cells derived from
tumor tissues for 24 h, 50 μL of the supernatant was
extracted for cytotoxicity assessment. Cytotoxicity was
measured using the CytoTox 96 Non-Radioactive Cytotox-
icity Assay (G1781, Promega, Madison, WI, USA) using
an Infinite F50 reader (Tecan Group LTD, Männedorf,
Switzerland) at 490 nm according to the manufacturer’s
instructions.

2.8 Multiplex immunohistochemistry
(mIHC)

The tissue microarray slide containing human 96 GC tis-
sues (Xinchao Biotechnology Co., Ltd.) was performed
withmIHC.A total of 4 antibodies including anti-MFSD2A
(1:500, ab117618, Abcam), anti-TGFβ1 (1:400, ab215715,
Abcam), anti-CD8 (1:600, 85336S, Cell Signaling Tech-
nology, Beverly, MA, USA) and anti-Ki67 (1:600, 9449S,
Cell Signaling Technology) were used. Briefly, the tis-
sue microarray slide was dewaxed and hydrated and
endoperoxidase activity was eliminated with 3% H2O2.
After the blockade, the slide was incubated for 30 min
with the primary antibody and was treated with HRP-
labeled secondary antibody (Perkin Elmer, MA, USA) for
10min. The staining process was repeated sequentially for
each primary antibody. After the final staining round,
1 × 4′,6-diamidino-2-phenylindole (DAPI; PerkinElmer)
working solution was added dropwise on the glass slide,

incubated for 5 min at room temperature, dipped with
1 × TBST (Sangon Biotech), and cover slipped with
anti-fluorescence quenching mounting medium (Sangon
Biotech). MFSD2A, TGFβ1, and CD8 positive cell propor-
tion scores were calculated by HALO v3.3.2541.301 (Indica
Lab, Albuquerque, USA).

2.9 Transcriptome analysis of MGC803
cells

The RNA of MFSD2A-silenced MGC803 cells or control
cells was extracted. Strand-specific libraries were con-
structed using the Stranded mRNA-seq (NR602; Vazyme),
and sequencing was conducted using the Illumina
Novaseq 6000 instruments (San Diego, CA, USA) by Neo-
Biotecnology Co., Ltd (Shanghai, China). The number of
transcripts in each sample was calculated based on the
number of fragments per kilobase of transcript per million
fragments mapped (FPKM). The Cuffnorm software was
used to calculate the FPKM value of each sample, and the
values were log2 transformed. The DESeq software was
used to calculate the differential gene transcripts between
different samples. For KEGG pathway analysis, the entire
set of transcripts was used as the background list, the
differential transcripts were used as the candidate list, and
P was calculated.

2.10 Western blotting

Western blotting was performed as previously described
[42]. Briefly, the extracted proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred onto nitrocellulose membranes. The
membrane was blocked with 5% non-fat milk and incu-
bated with primary antibodies for anti-MFSD2A (1:2000,
ab117618, Abcam), anti-cyclooxygenase 2 (COX2; 1:2000,
ab179800, Abcam), and anti-β-actin (1:3000, 4967S, Cell
Signaling Technology), followed by incubation with anti-
rabbit secondary antibodies (1:5000, 7074S, Cell Signaling
Technology). The blots were visualized using enhanced
chemiluminescence (ECL) detection reagents (Thermo
Fisher Scientific, Waltham, MA, USA).

2.11 Quantitative real-time polymerase
chain reaction (qRT-PCR)

qRT-PCR was performed as previously described [43].
Briefly, total RNA was extracted from cells by Trizol
(Invitrogen), and the cDNA was generated by reverse
transcription using the RevertAid TM First Strand cDNA
Synthesis Kit (TOYOBO, Kita-ku, Osaka, Japan). Primer
sequences for MFSD2A, TGFβ1, and COX2 are listed in
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Supplemental Table S1. qRT-PCR was conducted using a
LightCycler480 II Real-Time PCR system (Roche, Indi-
anapolis, IN, USA) with the SYBR-Green-based method
according to the manufacturer’s instructions. The PCR
reaction consisted of an initial denaturation at 94◦C for
10 min, followed by denaturation at 94◦C for 30 seconds,
annealing at 60◦C for 30 seconds, and extension at 72◦C
for 30 seconds in each PCR cycle for a total of 45 cycles.
Relative expression levels of MFSD2A, TGFβ1, and COX2
mRNA were analyzed by the 2−△△CT method, following
normalization to β-actin.

2.12 CyTOF analysis

Single-cell suspensions derived from freshly isolated
tumors were prepared by mechanical dissociation and
enzymatic digestion with collagenase I (V900891, Vetec,
St. Louis, MO, USA), collagenase IV (V900893, Vetec) and
DNase I (60852700, Roche, Basel, Switzerland). CD45+
immune cells were separated by magnetic beads (130-110-
618, Miltenyi). The CyTOF staining panels are detailed in
Supplemental Table S2. Surface and intracellular staining
cocktail master mixes (Fluidigm, San Francisco, CA, USA)
were prepared prior to each experiment. Briefly, 3 × 106
cells per sample were incubated with Cell-ID Cisplatin
(Fluidigm, San francisco, CA, USA) at 0.5μmol/L for 2min
for viability staining, followed by washing, fixation using
1.6% polyformaldehyde and permeabilized, and incuba-
tion with Palladium barcodes (Fluidigm) for 30 min. The
samples were subsequently washed and pooled together,
resuspendedwith Fc receptor block (BioLegend) for 10min
and stained with a cocktail of surface staining antibodies
for 15 min. They were then washed, fixed and permeabi-
lized for 30min. The cells were stained with a cocktail
of intracellular staining antibodies for 1 h, washed twice
with MaxPar Cell Staining Buffer (Fluidigm), and fixed
with MaxPar Fix and Perm Buffer (Fluidigm) contain-
ing 0.125 μmol/L Cell-ID Intercalator-Ir (Fluidigm) for 15
min to stain the nuclei. The samples were acquired on
CyTOF2 Helios (Fluidigm) equipped with a SuperSampler
fluidics system (Victorian Airships) at an event rate of <
500 events/second. Gating analysis was performed using
Cytobank (Mountain View, CA, USA). Data analysis was
performed using FlowJo (BD Biosciences, La Jolla, CA,
USA).

2.13 Multicolor flow cytometry analysis

Single-cell suspensions derived from freshly isolated
tumors were prepared by mechanical dissociation and
enzymatic digestion with collagenase I (V900891, Vetec),

collagenase IV (V900893, Vetec) and DNase I (60852700,
Roche). CD45+ immune cells were separated by mag-
netic beads (130-110-618, Miltenyi). Cell suspensions were
stained using fluorochrome-conjugated antibodies specific
for mouse CD4, CD8, CD11b, CD25, and Gr-1 (eBioscience,
San Diego, CA, USA). The samples were analyzed on a
FACSCalibur (BDBioscience), and the data were analyzed
using FlowJo.

2.14 Enzyme-linked immunosorbent
assay (ELISA)

MFSD2A-overexpressed MGC803 cells or MFSD2A-
silenceing MGC803 cells and control cells were
treated with a complete medium containing 20 μmol/L
prostaglandin E2 (MedChemExpress) or arachidonic acid
(ARA; MedChemExpress), COX2 inhibitor (Ibuprofen,
MedChemExpress) or 10 μmol/L lipoprotein-associated
phospholipase A2 (Lp-PLA2) inhibitor (Darapladib,
MedChemExpress) for 48 h. The content of TGFβ1 in
the cell culture supernatant was detected using ELISA
Kits (Dakewe, Shanghai, China) as described previously
[44]. In addition, 1 × 105 MFSD2A-silenced GC cells were
treated with a medium containing Disitertide for 48 h.
The level of TGFβ1 in the cell culture supernatant was
analyzed according to the manufacturer’s protocol. All
samples were measured in triplicate, and three inde-
pendent experiments were performed for each platelet
concentrate.

2.15 Metabonomic analysis

MFSD2A-overexpressed or MFSD2A-silenced MGC803
cells or tumor tissues from tumor-bearing mice were
washed with pre-cooled PBS. A total of 1 × 107 of tumor
cells or 50 mg tumor tissue are rapidly frozen in liq-
uid nitrogen for 10 min. Fatty acid metabolites were
detected by MetWare (http://www.metware.cn/) based on
the Agilent 8890-5977B GC-MS platform.

2.16 Statistical analysis

The data in this study are shown as the mean ± standard
error of the mean (SEM) of three independent exper-
iments. Differences between groups were assessed by
paired t-test or one-way analysis of variance (ANOVA)
using the GraphPad Prism v8.0 software (Graphpad Soft-
ware, La Jolla, CA, USA). The CyTOF data were analyzed
by theWilcoxon rank-sum test. Statistical significance was
indicated as * P < 0.05, ** P < 0.01, and *** P < 0.001.
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ZHANG et al. 7

TABLE 1 Baseline demographics and clinical characteristics of
27 GC patients.

Characteristic Case (%)
Age

≥ 65 years 6 (22.2)
< 65 years 21 (77.8)

Sex
Male 21 (77.8)
Female 6 (22.2)

MSI status
MSS/MSI-L 26 (96.3)
MSI-H 1 (3.7)

PD-L1 status
Negative 21 (77.8)
Positive 5 (18.5)
N/A 1 (3.7)

EBV status
Negative 16 (59.3)
Positive 3 (11.1)
N/A 8 (29.6)

Lauren classification
Diffuse 1 (3.7)
Intestinal 4 (14.8)
Mixed 3 (11.1)
N/A 19 (70.4)

Liver metastasis
No 19 (70.4)
Yes 8 (29.6)

ECOG performance status
0 12 (44.4)
1 15 (55.6)

Baseline LDH
Normal 19 (70.4)
Abnormal 6 (22.2)
N/A 2 (7.4)

Tumor burdena

≤ 100 mm 18 (66.7)
> 100 mm 9 (33.3)

Prior Lines of treatment
1 7 (25.9)
2 8 (29.6)
≥ 3 12 (44.4)

TMB status
≥ 12 Muts/Mb 8 (29.6)
< 12 Muts/Mb 19 (70.4)

(Continues)

TABLE 1 (Continued)

Characteristic Case (%)
Best Response
PR 7 (25.9)
SD 11 (40.7)
PD 9 (33.3)

aIndicated as the sum of the longest diameter of the target lesions at baseline.
Abbreviations: MSI, microsatellite instability; PD-L1, programmed death-
ligand 1; EBV, Epstein-Barr virus; ECOG, electrocorticography; LDH, lactate
dehydrogenase; TMB, tumor mutation burden; PD, progressive disease; SD,
stable disease; PR, partial response; GC, gastric cancer; N/A, not available.

For mouse survival analysis, Kaplan-Meier survival curves
were generated and analyzed using the GraphPad Prism
v8.0 software.

3 RESULTS

3.1 Higher MFSD2A expression in GC
correlates with better clinical response to
anti-PD-1 immunotherapy

Our clinical cohort comprising 27 patients was divided into
3 groups according to their best overall response (progres-
sive disease [PD], stable disease [SD], or partial response
[PR]) to toripalimab. The baseline patient demographics,
clinical characteristics, and evaluable response are pre-
sented in Table 1. All of them had advanced-stage disease,
and the majority were heavily pretreated, with 20 out of
27 (74.1%) patients having at least 2 prior lines of systemic
treatment. 5 out of 27 (18.5%) patients had positive PD-
L1 expression, and 8 out of 27 (29.6%) patients had high
TMB, whereas only 1 (3.7%) patient had high microsatel-
lite instability (MSI-H) GC. 7 (25.9%) patients obtained PR
from anti-PD-1 immunotherapy, while 9 (33.3%) were pri-
marily resistant to PD-1 antibodies as they demonstrated
PD at first evaluation. Therefore, it was of great inter-
est to compare the transcriptomic profile of PR and PD
tumors to determine the underlyingmolecularmechanism
associated with anti-PD-1 immunotherapy sensitivity in
GC.
By performing KEGG pathway analysis of the differ-

entially up-regulated genes of AGC tissues from patients
before receiving toripalimab between the PR group and
PD group, we found that these genes were signifi-
cantly enriched in certain metabolic pathways (Sup-
plemental Figure S1A), implying the involvement of
metabolic molecules in regulating the efficacy of anti-PD-
1 immunotherapy. Among those metabolic-related genes,
the expression of MFSD2A was the most significantly
increased in AGC patients of the PR group compared
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8 ZHANG et al.

to the PD group (Supplemental Figure S1B), suggesting
that MFSD2A might be a potential predictor for anti-PD-1
immunotherapy response.
To clarify whether MFSD2A expression was associated

with GC progression without anti-PD-1 immunotherapy,
we detected MFSD2A by performing IHC on 149 samples
of GC and adjacent normal tissues. The results showed that
the expression level of MFSD2A was significantly lower
in GC tissues than in adjacent normal tissues (Supple-
mental Figure S2A-B). Specifically, 29.3% (22/75) of GC
samples and 40.5% (30/74) of adjacent normal tissue sam-
ples were positive for MFSD2A staining. Moreover, we
found that MFSD2A expression was inversely correlated
with GC stage (Supplemental Figure S2C-D). Altogether,
these results suggested that the low MFSD2A expression
in GC tissues might be related to the immunosuppres-
sive condition in the TME, which is conducive to tumor
progression.

3.2 MFSD2A enhances the anti-PD-1
efficacy in GC-bearing mice

A syngeneic mouse GC model was used to evalu-
ate the effect of MFSD2A on the efficacy of anti-
PD-1 immunotherapy. After subcutaneously injecting
MFSD2A-overexpressed or control MFC cells (Supple-
mental Figure S3A) into syngeneic 615 mice for 9 days,
the mice were treated with an anti-PD-1 antibody or a
control IgG. The overexpression of MFSD2A was con-
firmed by IHC (Figure 1A). We observed that anti-PD-1
immunotherapy did not significantly inhibit the growth
of control tumors. Comparatively, MFSD2A overexpres-
sion significantly inhibited tumor growth, which, impor-
tantly, enhanced the efficacy of anti-PD-1 immunotherapy
(Figure 1B-C). Moreover, anti-PD-1 immunotherapy alone,
MFSD2A overexpression alone, and MFSD2A overexpres-
sion in combinationwith anti-PD-1 immunotherapy signif-
icantly prolonged the survival of mice compared to mice
inoculated with control GC cells and treated with con-
trol IgG (Figure 1D). Altogether, these findings suggested
that MFSD2A could enhance the efficacy of anti-PD-1
immunotherapy for GC.

3.3 MFSD2A overexpression in GC cells
reprograms TME to be immunogenic

To understand how MFSD2A enhanced the efficacy of
anti-PD-1 immunotherapy, we used CyTOF to profile
tumor-infiltrating immune cell populations in the TME of
the above tumors using antibodies in the myeloid panel
and the lymphoid panel against various lineage and func-

tional markers of immune cells (Supplemental Table S2).
Unsupervised clustering analysis of CD45+ immune cells
from tumors using the R software identified 25 major
immune cell populations, or clusters, using the myeloid
panel (Figure 2A, Supplemental Figure S3B). We deter-
mined the number of cell subsets in the TME according
to the expression of different markers (Figure 2B), includ-
ing T cells (CD3+ cells), B cells (CD19+ and B220+ cells),
natural killer cells (NK; NKp46+ cells), dendritic cells
(DC; CD11c+ and MHCII+ cells), macrophage (CD11b+
and F4/80+ cells), MDSC (CD11b+ and Ly6C+ cells), neu-
trophil cells (CD11b+ and Ly6G+ cells), and others (CD44+
and CD103+ cells). We evaluated the correlation between
MFSD2A level and the percentage of tumor-infiltrating
immune cell populations. The results showed the T cell
population was increased whereas the TAM population
was decreased in MFSD2A overexpression alone or com-
bination with anti-PD-1 immunotherapy TME compared
with control TME. However, the other cell populations
were not significantly affected byMFSD2A overexpression
(Figure 2C). We further classified immune cells according
to their expression of various markers (Figure 2B, Supple-
mental Figure S3C). T cells in cluster 22 (CD3+, CD8+,
Ly6C+, and CD86+ cells) were significantly enriched
whereas T cells in cluster 1 (CD3+, CD8+, and Ly6C-
cells), M2-like macrophages (cluster 17) (CD11b+, F4/80+,
CD206+, and CD163+ cells), and CD11b+, F4/80+, and PD-
L1+ macrophages (cluster 4) were significantly reduced in
MFSD2A-overexpressed tumor samples, alone or in com-
bination with anti-PD-1 immunotherapy (Figure 2D). To
further elucidate the reprogramming of T cells, we ana-
lyzed CyTOF data from the lymphoid panel, and identified
and extracted lymphoid cells (T cells, NK cells, and B
cells) for further clustering (Figure 2E). The clusters were
annotated using specific markers (Figure 2F). Exhausted
CD8+ T cells, including cluster 1 (CD3+, CD8+, PD-1+,
TIM3+, and GZMBlo cells) and cluster 7 (CD3+, CD8+,
PD-1+, and TIM3+ cells), were significantly reduced in
MFSD2A-overexpressed samples, without orwith anti-PD-
1 immunotherapy tumor (Figure 2G). Effector CD8+ T
cells (cluster 9) with high Perforin and Granzyme B lev-
els and relatively low PD-1 and TIM3 levels were increased
after MFSD2A overexpression, without or with anti-PD-
1 immunotherapy (Figure 2G, Supplemental Figure S4).
The increase in CD8+ T cells population in MFSD2A-
overexpressed tumor samples was also confirmed by
multicolor FACS (Supplemental Figure S5A) and IHC
(Supplemental Figure S5B) analyses.
As a major population of anti-tumor immunity, T cells

in the TME play a crucial role in host responsiveness
to anti-PD-1 immunotherapy [45, 46]. To further clarify
whether T cells was involved in MFSD2A-mediated anti-
tumor immunity, we treatedMFSD2A-overexpressedMFC

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12476 by C

ochraneC
hina, W

iley O
nline L

ibrary on [15/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ZHANG et al. 9

F IGURE 1 MFSD2A enhances the efficacy of anti-PD-1 immunotherapy in GC-bearing mice. MFSD2A-overexpressed MFC cells or
control cells (5 × 105 cells in 100 μL PBS) were injected subcutaneously into 615 mice. When the tumor grew to 100 mm3, the mice were
injected intraperitoneally with PD-1 antibody or control IgG every 3 days. (A) The expression of MFSD2A in indicated tumor tissues was
analyzed by IHC. (B) Growth curves of subcutaneously transplanted tumors in indicated groups of mice. (C) The weight of tumors in
indicated groups was calculated and analyzed on the 27th day. (D) The overall survival of tumor-bearing mice in indicated groups. The mice
were considered "dead" when the tumor grew to 2000 mm3 or natural death. All values are presented as the mean ± SEM. * P < 0.05; ** P <
0.01; NS, not significant. Abbreviations: MFSD2A, Major Facilitator Superfamily Domain Containing 2A; PD-1, programmed cell death
protein 1; IHC, immunohistochemistry; GC, gastric cancer; SEM, standard error of the mean.

cells-bearing mice with CD8α antibody and found that
depletion of CD8+ T cells almost abolished MFSD2A-
mediated anti-tumor effects (Figure 3A-B), suggesting that
the anti-tumor effect of MFSD2A was dependent on CD8+
T cells. To further investigate the possible function of
MFSD2A in T cell activation, MFC cells were co-cultured

with CD8+ T cells fromMFSD2A-overexpressed or control
MFC tumor samples. The results showed that the levels
of granzyme B and IFNγ were increased in CD8+ T cells
when MFSD2A was overexpressed (Figure 3C-D). Similar
result was also observed when CD8+ T cells from human
PBMCs were incubated with MFSD2A-overexpressed
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10 ZHANG et al.

F IGURE 2 MFSD2A reprograms TME in GC-bearing mice. (A-D) Immune single-cell suspensions of tumor samples from
MFSD2A-overexpressed MFC cells-bearing mice treated with an anti-PD-1 antibody or control IgG were analyzed by CyTOF (n = 3 each study
group). Cell populations defined by the manual gating strategy were projected onto t-SNE space and assigned specific colors (A). Heatmap
showing differential marker expression in CD45+ TIL clusters identified by analysis of CyTOF data (B). The frequency of T cells, B cells, NK
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ZHANG et al. 11

MGC803 cells (Figure 3E-F, Supplemental Figure S6A). In
contrast, the levels of granzyme B and IFNγ of CD8+ T
cells from human PBMCs were decreased when incubated
with MFSD2A-silenced MGC803 cells (Figure 3G-H, Sup-
plemental Figure S6B). Moreover, the cytotoxicity of CD8+
T cells from MFSD2A-overexpressed tumors or human
PBMCs was enhanced when incubated with MFSD2A-
overexpressed GC cells (Figure 3I-J) and was reduced
when incubated with MFSD2A-silenced MGC803 cells
(Figure 3K). These results suggested that MFSD2A could
reprogram the TME of GC and promote T cell acti-
vation to enhance the therapeutic effect of anti-PD-1
immunotherapy.

3.4 MFSD2A suppresses GC cell
production of TGFβ1 to enhance CD8+ T
cell activation

Transcriptome analysis showed that the expression of
TGFβ1 was significantly increased while the expressions of
other immunosuppressive factors, such as PD-L1, PVR cell
adhesion molecule (PVR), and IL10, were not significantly
changed in MFSD2A-silenced MGC803 cells (Figure 4A,
Supplemental Figure S6C-D). These results were con-
firmed by qRT-PCR in MFSD2A-silenced MGC803 cells
(Figure 4B). Consistently, the secretion of TGFβ1 was
increased in MFSD2A-silenced MGC803 cells (Figure 4C)
but decreased in MFSD2A-overexpressed MGC803 cells
(Figure 4D) and MFC cells (Figure 4E), and tumor tis-
sue from MFSD2A-overexpressed MFC cells bearing mice
(Figure 4F-G).
Further experiments indicated that the blockade of

TGFβ1 signalingwithDisitertide, a TGFβ1-specific blocker,
effectively rescuedMFSD2Adeficiency-induced inhibitory
effect on CD8+ T cells (Figure 5A-B). In addition, IHC
analysis showed that TGFβ1 expression was inversely
correlated with MFSD2A expression and CD8+ T cell
infiltration in GC tissues (Figure 5C-D). Together, our

findings suggested that MFSD2A in GC cells enhanced
CD8+ T cell activation by suppressing the production of
TGFβ1.

3.5 MFSD2A restricts
COX2-prostaglandin-mediated TGFβ1
production in GC cells

Considering that MFSD2A plays an important role in
intracellular lipid metabolism as a membrane protein that
transports long-chain fatty acids [28], we analyzed the
changes in lipid metabolites in MFSD2A-overexpressed
and MFSD2A-silenced MGC803 cells. The results showed
that the synthesis of prostaglandins in MGC803 cells,
including prostaglandin E2 (PGE2), prostaglandin
B2 (PGB2), and prostaglandin J2 (PGJ2), was signif-
icantly inhibited when MFSD2A was overexpressed
(Figure 6A-B) and was enhanced when MFSD2A was
silenced (Figure 6C-D). Similarly, prostaglandins level was
significantly reduced in MFSD2A-overexpressed tumor
tissues (Figure 6E-F), indicating that MFSD2A inhibited
prostaglandins synthesis. By analyzing transcriptional
data, we further found that COX2, a prostaglandin
synthesis rate-limiting enzyme, was increased in
MFSD2A-silenced MGC803 cells (Supplemental Figure
S7A). MFSD2A silencing up-regulated the expression of
COX2 in MGC803 cells, while MFSD2A overexpression
down-regulated the expression of COX2 in MGC803
cells and MFC cells (Figure 6G-H, Supplemental Figure
S7B-D), suggesting that MFSD2A might function as the
suppressor of COX2-prostaglandin expression. Moreover,
we found the inhibitory effect on CD8+ T cell activation
when co-culturing with MFSD2A-silenced MGC803 cells
was largely rescued by pretreatment with celecoxib, an
inhibitor of COX2 (Figure 6I-J). Inhibition of COX2 with
another COX2 inhibitor, Ibuprofen, largely abolished
MFSD2A silencing-induced TGFβ1 production. Simi-
lar results were also observed when MFSD2A-silenced

cells, DC, macrophages, MDSCs, and other cells in total CD45+ TILs (C). Proportion of different cell subsets in total CD45+ cells based on
differential marker expression shown in (D). (E-G) Analysis of T cell, B cell, and NK cell subsets by lymphocyte panel. The lymphocyte
population defined by the manual gating strategy is projected into the t-SNE space and assigned specific colors (E). Expression of markers of
different cell subsets (F). Proportion of CD8+ T cells including exhausted T cells cluster 1 (PD-1+ cells, TIM3+ cells, and GZMBlo cells) and
cluster 7 (PD-1+ cells and TIM3+ cells), and effector T cells (cluster 9; Perforin+ cells and GranzymeB+ cells) were analyzed (G). All values are
presented as the mean ± SEM. * P < 0.05 and ** P < 0.01. Abbreviations: tSNE, t-Distributed Stochastic Neighbor Embedding; MFSD2A,
Major Facilitator Superfamily Domain Containing 2A; PD-1, programmed cell death protein 1; IL10, interleukin 10; C-X3-C motif chemokine
receptor 1; SiglecF, sialic acid binding Ig-like lectin F; SiglecH, sialic acid binding Ig-like lectin H; MHCI, major histocompatibility complex-1;
MHCII, major histocompatibility complex-1; Ly6C, lymphocyte antigen 6 complex, locus C; Ly6G, lymphocyte antigen 6 complex, locus G;
CCR7, C-C motif chemokine receptor 7; SIRPa, signal regulatory protein alpha; PD-L1, programmed death-ligand 1; CCR2, C-C motif
chemokine receptor 2; XCR1, X-C motif chemokine receptor 1; MDSC, Myeloid-derived suppressor cells; CyTOF, Cytometry by
Time-of-Flight; CD8 T, CD8+ T cells; CD4 T, CD4+ T cells; DC, dendritic cells; MDSC, myeloid-derived suppressor cells; GZMB, granzyme B;
TIM3, T cell immunoglobulin and mucin domain 3; TME, tumor microenvironment; GC, gastric cancer.
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12 ZHANG et al.

F IGURE 3 MFSD2A expression in GC cells enhances CD8+ T cell activation. (A) Flow cytometry analysis of the proportion of tumor
infiltrating CD8+ T cells in tumor tissue from MFSD2A-overexpressed MFC cells bearing 615 mice or control mice administrated with CD8α
antibody or control IgG. (B) Depletion of CD8+ T cells by CD8α antibody rescued the inhibitory effect of MFSD2A overexpression on GC
growth. (C-D) Tumor-infiltrating CD8+ T cells were co-cultured with MFSD2A-overexpressed or control MFC cells for 24 h, and the
expression of Granzyme B and IFNγ produced by T cells was analyzed by flow cytometry. (E-H) CD8+ T cells from human PBMCs were
co-cultured with MFSD2A-overexpressed or control MGC803 cells (E and F), MFSD2A-silenced MGC803 cells or control cells (G and H) for
24 h. The expression of granzyme B and IFNγ produced by T cells was analyzed by flow cytometry. (I-K) The cytotoxicity of CD8+ T cells from
MFSD2A-overexpressed MFC tumor (I) and of PBMCs (J and K) after co-cultured with MFSD2A-overexpressed MFC or MGC803 cells or
control cells (I and J) or with MFSD2A-silenced MGC803 cells or control MGC803 cells (K) for 24 h was assayed by LDH analysis. All values
are presented as the mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001, NS, not significant. Abbreviations: MFSD2A, Major Facilitator
Superfamily Domain Containing 2A; IFNγ, Interferon-gamma; LDH, lactate dehydrogenase; PBMCs, peripheral blood mononuclear cells;
GC, gastric cancer; SEM, standard error of the mean.
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ZHANG et al. 13

F IGURE 4 MFSD2A inhibits TGFβ1 release from GC cells. (A) Expressions of TGFβ1, PVR, PD-L1, and IL10 genes were analyzed in
MFSD2A-silenced or control MGC803 cells by transcriptome sequencing. (B) TGFβ1 mRNA expression in MFSD2A-silenced or control
MGC803 cells was examined by qRT-PCR. (C-E) TGFβ1 protein levels in the supernatant of MFSD2A-silenced or control MGC803 cells (C),
MFSD2A-overexpressed MGC803 cells (D), or MFSD2A-overexpressed MFC cells (E) was examined by ELISA. (F-G) The expressions of
MFSD2A and TGFβ1 in tumor tissues derived from MFSD2A-overexpressed MFC cells-bearing mice or mock control mice were analyzed by
IHC. All values are presented as the mean ± SEM. * P < 0.05, ** P < 0.01, and *** P < 0.001, NS, not significant. Abbreviations: GC, gastric
cancer; MFSD2A, Major Facilitator Superfamily Domain Containing 2A; TGFβ1, transforming growth factor-beta 1; qRT-PCR, quantitative
real-time polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; PVR, PVR cell adhesion molecule; PCD-L1, Programmed
cell death ligand 1; IL10, interleukin 10; IHC, immunohistochemistry; SEM, standard error of the mean.

MGC803 cells were treated with Darapladib, an inhibitor
of Lp-PLA2, which could inhibit the synthesis of ARA
and its metabolite prostaglandins (Figure 6K). In addition,
when MFSD2A-overexpressed MGC803 cells were pre-
treated with PGE2 or its upstream metabolite ARA, the
reduction of TGFβ1 release by MFSD2A overexpression
was largely eliminated (Figure 6L). Therefore, these
findings demonstrated that MFSD2A restricts COX2-
prostaglandin-mediated TGFβ1 production and promotes
T cell activation (Figure 7).

4 DISCUSSION

ICB targeting PD-1 or PD-L1 has achieved remarkable
clinical benefits against various cancers [47, 48]. However,
due to tumor heterogeneity, the low response rate of
PD-1 blockade remains a major challenge [49]. Therefore,
it is important to predict a patient’s response to PD-1
inhibition to optimize treatment outcomes. In addition to
the PD-L1 expression level [50], DNA MMR capacity [51],
TMB [52], immune cell infiltration [53] and an increasing
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14 ZHANG et al.

F IGURE 5 MFSD2A promotes CD8+ T cell activation by inhibiting GC cell expression of TGFβ1. (A-B) The expression of granzyme B in
CD8+ T cells co-cultured with MFSD2A-silenced or control MGC803 cells pretreated with Disitertide (20 μmol/L) analyzed by flow cytometry.
(C-D) mIHC analysis of the distribution (C) and proportion (D) of MFSD2A (red), TGFβ1 (yellow), and CD8 (green) in MFSD2Ahi and
MFSD2Alo GC tissues (samples with MFSD2A expression above the median are considered high expression groups, while samples with
MFSD2A expression below the median are considered low expression groups). Ki67 (purple) was used to label tumor cells, and DAPI (blue)
was used to locate cells. All values are presented as mean ± SEM. * P < 0.05, ** P < 0.01, and *** P < 0.001. Abbreviations: GC, gastric cancer;
MFSD2A, Major Facilitator Superfamily Domain Containing 2A; TGFβ1, transforming growth factor-beta 1; DAPI,
4’,6-diamidino-2-phenylindole; mIHC, multiplex immunohistochemistry; SEM, standard error of the mean.

number of molecules have been reported to correlate with
the efficacy of anti-PD-1 immunotherapy. For instance,
metastatic uterine leiomyosarcoma with phosphatase and
tensin homolog (PTEN) loss responds poorly to anti-PD-1
immunotherapy compared to those with normal PTEN
expression, suggesting a correlation between PTEN and
tumor responsiveness to PD-1 blockade [54]. Additionally,
integrin beta 2 (ITGB2)was reported as a prognostic indica-
tor for patients with glioma and a predictive biomarker for
those treated with a PD-1 inhibitor because patients with
elevated ITGB2 expression in gliomas barely responded
to ICB immunotherapy [55]. Moreover, a recent study
showed that small-cell lung cancer patients whose tumors
inactivated the Notch signaling pathway had reduced
clinical response to PD-1 inhibitors [56]. Similarly, our
previous study showed that mutations in the mucin 4,

cell surface associated (MUC4), mucin 16, cell surface
associated (MUC16), and titin (TTN) genes in tumors
could predict TMB and serve as a more economical and
convenient immunotherapy biomarker [57]. Here, we
reported that MFSD2A could be a potential predictor
of anti-PD-1 treatment response in AGC patients as
it was related to enhancing the efficacy of anti-PD-1
immunotherapy. However, the benefit of MFSD2A alone
or in combination with other predictors should be further
analyzed. Besides, whether MFSD2A maintains similar
functions in other cancers must be clarified in future
studies.
The importance of the TME in regulating cancer pro-

gression and immunotherapeutic outcomes has been
widely recognized [58–60]. Reprogramming the immuno-
suppressive TME state to activate anti-tumor immune
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ZHANG et al. 15

F IGURE 6 MFSD2A promotes T cell activation by restricting COX2-prostaglandin-TGFβ1 axis. (A-D) Heatmaps and quantification of
indicated prostaglandins in MFSD2A-overexpressed (A and B) and MFSD2A-silenced (C and D) MGC803 cells compared with control cells
analyzed by lipid metabolomics. (E-F) Heatmaps (E) and quantification of indicated prostaglandins (F) from MFSD2A-overexpressed or
control MFC tumor tissues analyzed by lipid metabolomics. (G-H) COX2 expression in MFSD2A-silenced MGC803 cells,
MFSD2A-overexpressed MGC803 cells, MFSD2A-overexpressed MFC cells and control cells was detected by Western blotting. (I-J) Flow
cytometry analysis of the expression of granzyme B and IFNγ in CD8+ T cells after co-cultured with MFSD2A-silenced or control MGC803
cells pretreated with celecoxib (50 μmol/L). (K) TGFβ1 production was examined by ELISA in MFSD2A-silenced MGC803 cells pretreated
with COX2 inhibitor ibuprofen or Lp-PLA2 inhibitor darapladib. (L) TGFβ1 production was examined by ELISA in MFSD2A-overexpressed
MGC803 cells pretreated with prostaglandin E2 or arachidonic acid. All values are presented as the mean ± SEM. * P < 0.05, ** P < 0.01,
*** P < 0.001. Abbreviations: MFSD2A, Major Facilitator Superfamily Domain Containing 2A; TGFβ1, transforming growth factor-beta 1;
COX2, cyclooxygenase 2; Lp-PLA2, lipoprotein-associated phospholipase A2; ELISA, enzyme-linked immunosorbent assay; PGE2,
prostaglandin E2; ARA, arachidonic acid; SEM, standard error of the mean.
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F IGURE 7 Working model depicting the mechanism of
MFSD2A for enhancing anti-PD-1 therapeutic efficacy in GC.
Abbreviations: MFSD2A, Major Facilitator Superfamily Domain
Containing 2A low expression; COX2, cyclooxygenase 2; PGs,
prostaglandin; TGFβ1, transforming growth factor-beta 1; TME,
tumor microenvironment; PD-1, programmed cell death protein 1;
GC, gastric cancer; Tef, effector T cell; Tex, exhausted T cell.

responses was shown to potentiate anti-PD-1 immunother-
apy efficacy [61]. For instance, knocking down the circular
RNA discs large MAGUK scaffold protein 1 (CircDLG1)
was reported to increase the number of CD8+ T cells
and IFNγ+ cells and decrease the number of MDSCs
in mouse TME, which promoted anti-PD-1 efficacy [62].
DNA-methyltransferase inhibitor decitabine enhances the
effect of PD-1 blockade by modulating TME in colorectal
cancer [63]. Repression of SET domain bifurcated histone
lysine methyltransferase 1 (SETDB1) promotes anti-PD-
1 immunotherapy by activating CD8+ T cells [64, 65].
In this present study, we found that MFSD2A enhanced
anti-PD-1 immunotherapy efficacy by inhibiting TGFβ1
secretion from GC cells, resulting in the activation of
CD8+ T and the reduction of immunosuppressive cells
in the TME. TGFβ1 is a well-accepted major immunoin-
hibitory cytokine in the TME and can impair the viability
of multiple cytotoxic immune cells, including CD4+ T
cells, CD8+ T cells, and NK cells [66, 67]. An excessive
TGFβ1 production in the TME can suppress anti-tumor
immune responses, leading to the resistance of tumor cells
to immune checkpoint inhibitors. Blockade of TGFβ1 pro-
duction can significantly promote the efficacy of anti-PD-1
immunotherapy in colon cancer [68]. TGFβ1 in the TME is
mainly derived from tumor cells and inhibitory immune
cells, such as MDSC and CD4+ Tregs [69]. The produc-
tion of TGFβ1 is controlled bymultiplemodulators, such as
epigenetic modification, LncRNA and high glucose intake
[70–72]. Here, we found thatMFSD2A inhibited the COX2-

prostaglandin-mediated TGFβ1 secretion by GC cells into
the TME to enhance anti-tumor immune responses to GC
cells, suggesting a new regulatory mechanism of TGFβ1
signaling.
A previous study showed that MFSD2A suppresses

tumor progression by promoting the transportation of
docosahexaenoic acid and lipid metabolism [32]. Here,
we found that prostaglandin anabolism was highly cor-
related with MFSD2A expression level in GC cells. Addi-
tionally, it has been reported that PGE2 inhibited the
survival and function of TIL to attenuate the response
to anti-PD-1 immunotherapy [73] and that inhibition
of COX2-mediated PGE2 release enhanced the effect of
PD-1 blockade [74]. Our study showed that the MFSD2A-
enhanced efficacy of the anti-PD-1 immunotherapy was
associated with limiting COX2-prostaglandin synthesis.
Previous studies showed that PGE2 suppressed TGFβ1 sig-
naling by acting on prostaglandin E receptor 2 (EP2) and
prostaglandin E receptor 4 (EP4), induced tolerance char-
acteristics in DCs [75] andmediated the effects of TGFβ on
the migration and invasion of prostate cancer cells by acti-
vating the PI3K/AKT/mTOR pathway [76]. Our findings
uncovered that MFSD2A-induced TGFβ1 release inhibi-
tion was due to the reduced COX2-prostaglandin synthe-
sis in the TME. Supplementing PGE2 or its upstream
metabolite ARA reversed MFSD2A-mediated inhibition
of TGFβ1 whereas COX2 and Lp-PLA2 inhibitors abol-
ished MFSD2A deficiency-induced TGFβ1 production,
implying the causal relationship between prostaglandin
metabolismandTGFβ1 regulation.However, further inves-
tigations are required to fully understand the underlying
mechanism.

5 CONCLUSIONS

This study reported that MFSD2A inhibited TGFβ1 pro-
duction in GC cells by suppressing COX2-prostaglandin
synthesis, promoted CD8+ T cell activation in the TME,
and enhanced the efficacy of anti-PD-1 immunotherapy in
GCpatients. Our data unveiled a newpredictivemarker for
anti-PD-1 immunotherapy and described a novel mecha-
nism for sensitization to anti-PD-1 immunotherapy. How-
ever, the underlying mechanism of MFSD2A in regulating
the prostaglandin metabolic pathway requires further
investigation.
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