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ARTICLE INFO ABSTRACT

Keywords: Background: The limited curative effect of PD-L1/PD-1 blockades presents challenges to immunotherapy for
Methionine restriction advanced gastric cancer. We have found that methionine restriction (MR) enhances the drug resistance of gastric
MIF

carcinoma cells. We aimed to explore whether MR can enhance the efficacy of PD-L1/PD-1 blockades in gastric
cancer.

Methods: To conduct MR, gastric carcinoma cells were transfected with LV-METase in vitro, and 615 mice were
injected with MFC cells with stable METase expression in vivo. Flow cytometry was conducted to measure the
proportions of M1/M2 macrophages and CD8" GZMB'/IFN-y" T cells. Additionally, the levels of M1/M2
macrophage markers and MIF were also detected.

Results: MR increased M1 and down-regulated M2 macrophages. MR suppressed MIF levels in gastric carcinoma
cells, while the addition of anti-MIF neutralizing antibody inhibited the effect of MR on macrophage M1/M2
polarization. MR enhanced the increase of the proportion of CD8" GZMB"' T cells and CD8" IFN-y" T cells
induced by PD-L1/PD-1 blockades. In vivo detection verified the efficacy of the combination of MR and PD-L1/
PD-1 blockades on gastric cancer.

Conclusions: MR inhibits the secretion of MIF by gastric carcinoma cells, promotes macrophage M1 polarization,
and enhances the therapeutic effect of PD-L1/PD-1 blockades in gastric cancer.

Gastric cancer
PD-L1/PD-1 blocker
Macrophage polarization

Introduction

Gastric cancer is a prevalent form of malignant tumor that arises
persistently in the digestive tract [1]. In recent years, immunotherapy
has presented a novel avenue for the treatment of advanced gastric
cancer [2]. A multitude of clinical trials have demonstrated that pro-
grammed death ligand-1 (PD-L1) represents a perfect target for immune
therapy [3]. The Phase II clinical study showed that pembrolizumab
(anti-PD-1 antibody) exhibits favorable antitumor activity in individuals
with gastric cancer and has been approved for patients with advanced
PD-L1-positive gastric cancer [4,5]. However, the blockade of pro-
grammed cell death protein-1 (PD-1)/PD-L1 alone has also been

demonstrated to be inadequate in numerous clinical studies, while
combination with other methods has the potential to enhance efficacy
[6].

The amino acid methionine is indispensable and must be obtained
through dietary sources. The accelerated proliferation of cancer cells
causes their increased consumption of nutrients, which becomes their
Achilles heel [7]. MR has been shown to be a cancer intervention
measure [8]. Our previous research showed that MR controls chemo-
sensitivity in gastric carcinoma cells [9]. Additionally, MR also enhances
anti-tumor immunity and works synergistically with PD-1 blocking to
control tumors [10]. However, in gastric cancer, it is unclear whether
MR can achieve a synergistic therapeutic effect with PD-L1/PD-1
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blockades.

Cancer occurs in a tight link to the tumor microenvironment. Mac-
rophages represent the most dominant components of the tumor
microenvironment, which are classified into classically activated M1
macrophages and substitutively activated M2 macrophages. M1 mac-
rophages produce pro-inflammatory cytokines to play a host defense
function [11]; M2 macrophages secrete anti-inflammatory cytokines to
facilitate tissue regeneration, immunosuppression [12], and tumor im-
mune escape and progression [13,14]. Following co-culture with gastric
carcinoma cells, the levels of M1l-related genes are down-regulated,
while those of M2-related genes are up-regulated [15]. Bioinformatics
analysis has shown that M1 macrophages are necessary for
anti-PD-L1/PD-1 therapy in gastric cancer [16]. This suggests that
combining M1 macrophages with anti-PD-L1/PD-1 immunotherapy may
provide superior therapeutic efficacy compared to single-agent anti--
tumor strategies. Macrophage migration inhibitory factor (MIF) is
essential for the polarization of macrophages towards M2 [17]. Addi-
tionally, elevated concentrations of MIF were observed in gastric cancer
tissues [18]. Reducing the secretion of MIF has been demonstrated to
impair the M2 phenotype and stimulate the M1 polarization of macro-
phages [17]. It can be thus surmised that MR may inhibit the secretion of
MIF by gastric cancer cells, promote the M1 polarization of macro-
phages, and inhibit the M2 polarization, thereby inhibiting the immune
escape of gastric cancer.

Moreover, preliminary experiments showed that MR markedly sup-
pressed the secretion of MIF in gastric carcinoma cells. Given the pivotal
role of M1 macrophages in anti-PD-L1 /PD-1 therapy [16], we postu-
lated that MR treatment of gastric carcinoma cells may facilitate the
polarization of macrophages towards M1 by inhibiting the secretion of
MIF, thereby enhancing the immunotherapy efficacy of PD-L1/PD-1
blockades.

Materials and methods
Cell treatment

The human gastric carcinoma cells, MKN45 and AGS, and the human
monocyte THP-1 were obtained from Procell (Wuhan, China). To induce
methionine restriction (MR), lentivirus methioninase (LV-METase) or
control (LV-NC) vectors were transfected into gastric carcinoma cells.
Briefly, the L-methioninase gene (GenBank: L43133.1) carrying HA-tag
at the 5' end was cloned into the lentiviral vector pLVX-Puro. The len-
tiviral overexpression vector of METase (LV-METase) was constructed
together with pSPAX2 and pMD2.G plasmids and then transfected into
293T cells. Following concentration and purification, the venom was
used to infect MKN45 and AGS cells [19]. The transfection efficacy of
LV-METase was measured using HA antibody via western blot. THP-1
cells (Procell, Wuhan, China) were processed with phorbol-12-myr-
istate-13-acetate for 24 h to induce differentiation into MO macrophages
[20]. After transfection, cells were incubated for 24 h with (or without)
1 pg/mL of anti-MIF neutralizing mAb (anti-MIF) or isotype control mAb
(IgG) [21], or 100 ng/mL of recombinant human MIF (rhMIF) [22],
followed by a 48-hour co-culture with MO macrophages using Transwell
device. In this case, gastric carcinoma cells were in the upper chamber,
while MO macrophages were in the bottom [15]. Subsequently, the
macrophages were collected for further analysis.

Quantitative real-time PCR (qRT-PCR)

The macrophages and gastric carcinoma cells were made into sus-
pension and added Beyozol (Shanghai, China). After five minutes, the
samples were fully lyzed and subsequently treated with chloroform and
isopropyl alcohol. The precipitation resulting from centrifugation was
identified as the target RNA. Therewith, the RT-PCR reaction mixture
(Takara, Japan) was prepared on ice and transferred to the PCR device
(Thermo Fisher, USA). The content of CD86, TNF-q, IL-12B, CD206, MIF,
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CD204, and Arg-1 were measured through the 2722t method. The se-
quences of the primers employed are presented in Table 1.

Isolation of CD8" T cells

CD8™ T cells were isolated using the Stemcell technology Human
CD8™ T Cell Isolation Kit. Peripheral blood mononuclear cells (PBMCs)
were obtained from whole-blood samples of healthy donors using the
Ficoll gradient method. Subsequently, the PBMCs were combined with
the Isolation Cocktail in a polystyrene round-bottom tube and incubated
for five minutes at room temperature. RapidSpheres™ was added to
samples before putting them into the magnet for 3 times. In the final
stage, the magnet was picked up and the enriched cells were removed for
transfer to new tubes [23].

CD8" T cells, MO macrophages, and gastric carcinoma cells trans-
fected with (or without) LV-METase or LV-NC were co-cultured in a C10
medium in a 4:1:1 ratio [16,24]. The 10 pg/mL of anti-PD-1
(PD-L1/PD-1 blockades) or control (IgG) was added to the mixture
[25]. After co-culture for 48 h, the co-culture supernatant and CD8% T
cells were collected respectively for flow cytometry and ELISA analysis.

Flow cytometry

The fraction of M1/M2 macrophages, CD8" T cells, CD8" GZMB™ T
cells, and CD8" IFN-y" T cells, were assessed by flow cytometry. To
determine the percentage of M1/M2 macrophages, macrophages were
stained with FITC-CD86 and PE-CD206 antibodies (BD Biosciences)
avoiding light at 4 °C. For the tumor samples, a single-cell suspension
was prepared and F4/807 cells were isolated using Dynabeads F4/80
(Thermo Fisher). After that, the cells were stained with FITC-CD86 or
PE-CD206 antibodies (BD Biosciences). To evaluate the content of CD8"
T cells within the tumor tissues, the samples were made into single-cell
suspension and CD45" cells were isolated using Dynabeads CD45
(Invitrogen). Subsequently, the cells were stained with an anti-CD8
antibody. To evaluate the content of CD8" GZMB™ T cells and CD8"
IFN-y™ T cells, the CD8" T cells were stained with an anti-GZMB anti-
body or anti-IFN-y antibody. The labeled cells were detected using a flow
cytometer (BD Biosciences, USA).

Immunohistochemical staining

The tumor tissues were obtained and made into frozen slices. After

Table 1
The primer sequences.
Gene name Primer sequence Accession
Homo Forward: 5-TTCCTGCTCTCTGCTAACTTCAG-3'  NM_001206924.2
CD86 Reverse: 5-TCCCTCTCCATTGTGTTGGT-3'
Homo TNF-  Forward: 5-GACAAGCCTGTAGCCCATGT-3' NM_000594.4
a Reverse: 5-GGAGGTTGACCTTGGTCTGG-3'
Homo IL- Forward: 5-~ATGCCCCTGGAGAAATGGTG-3' NM_002187.3
12B Reverse: 5-GCTGAGGTCTTGTCCGTGAA-3'
Homo Forward: 5-GCCTCGTTGTTTTGCGTCTT-3' NM_002438.4
CD206 Reverse: 5-GAGAACAGCACCCGGAATGA-3'
Homo Forward: 5-AGACGTTGGGGAGATGAGGA-3' NM_001363744.1
CD204 Reverse: 5-CTTCAGGAGTTGAGCTGCCA-3'
Homo Arg- Forward:5'- NM_000045.4
1 ACTTAAAGAACAAGAGTGTGATGTG-3'
Reverse: 5-GTCCACGTCTCTCAAGCCAA-3'
Homo MIF Forward: 5-GTGGTGTCCGAGAAGTCAGG-3' NM_002415.2
Reverse: 5-TTGCTGTAGGAGCGGTTCTG-3'
Homo Forward: 5-AGAAGGATTCCTATGTGGGCGAC- NM_001101.5
B-actin 3
Reverse: 5-~AGTACTTGCGCTCAGGAGGA-3'
Mus MIF Forward: 5-TTCCACCTTCGCTTGAGTCC-3' NM_010798.3
Reverse: 5-GCATCGCTACCGGTGGATAA-3'
Mus p-actin ~ Forward: 5-GCAGGAGTACGATGAGTCCG-3' NM_007393.5

Reverse: 5~ACGCAGCTCAGTAACAGTCC-3'
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antigen repair, the sections were placed in a 0.3 % hydrogen peroxide
solution for 20 min. Slices were then treated with Triton-100 and 5 %
BSA, followed by incubation with the anti-CD86 antibody
(#SAB5701086, 1:80, Merck), anti-CD206 antibody (#ZRB1440,
Merck), or anti-CD8a Antibody (#MABF1983M, Merck). Subsequently,
slices were incubated with the secondary antibody (#ab207995 or
#ab207997, 1:1000). The prepared avidin-biotin complex reagent and
3, 3-Diaminobenzidine reagent were then added. Following hematox-
ylin counterstaining, the sections were observed under a microscope and
photographed [26].

Western blot

Cell samples MKN45, MFC, and AGS were harvested and homoge-
nized in RIPA Lysis Buffer supplemented with protease inhibitors. The
lysed-cell extracts were processed by centrifugation and the supernatant
was collected. The concentration was measured after left for 15 min in
the boiling water (Beyotime, CHN). After that, SDS-PAGE and mem-
brane transfer were conducted. The PVDF membrane was trimmed to
correspond with the expected molecular weight, after which the
blocking buffer (Epizyme, CHN) was added. Subsequently, the mem-
brane was incubated with an anti-MIF antibody (#PA5-27,343, 1:800,
Thermo Fisher), anti-HA antibody (ab182009, 1:2000, Abcam), or anti-
B-actin antibody (#4967, 1:1000, Cell Signaling Technology) diluted to
the appropriate concentration under 4 °C conditions. After overnight,
the membranes were incubated with the secondary antibody for 2 h The
ECL reagents (Thermo Fisher Scientific, USA) were prepared and incu-
bated with the PVDF membrane for 5 min. The surplus color-developing
liquid was then removed with filter paper and the gel imager was used to
capture an image.

Engyme-linked immunosorbent assay (ELISA)

The cells were subjected to centrifugation at 500 g and the resulting
supernatant was collected. The specific operational procedure was
conducted in accordance with the relevant instructions. The following
kits were employed: the Human GzmB ELISA Kit (Sangon Biotech,
China), IFN-y Human ELISA Kit (Thermo Fisher, USA), Human MIF
ELISA Kit (Beyotime, China), and Mouse MIF ELISA Kit (Thermo Fisher,
USA).

Animal experiment

Mice of the 615 strain, with a body weight between 18 and 22 g, were
readily available from the laboratory of Nanchang University. Permis-
sion for all experimental procedures carried out was obtained from the
Ethics Committee on Animal Use in Research of Nanchang University’s
Second Affiliated Hospital. MFC cells that had been transfected with LV-
METase or LV-NC were injected into 615 mice via the subcutaneous
route at a concentration of 2.5 x 10° cells. The mice were subsequently
divided into three categories after receiving the injections: LV-NC + IgG,
LV-NC + anti-PD-1, and LV-METase + anti-PD-1. On day 7, the mice
were administered either IgG or anti-PD-1 (10 mg/kg) via injection. The
tumor tissues were collected after 28 days.

Statistical analysis

The statistics were conducted using GraphPad Software and data
were presented as mean + SD. Additionally, the discrepancy between
the two groups was assessed by Student’s t-test, and the difference
among multiple groups was assessed by one-way (or two-way) analysis
of variance. The data was deemed statistically meaningful when P <
0.05.
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Results

MR promotes the M1 phenotype in macrophages and inhibits the M2
phenotype

To investigate the effect of MR on macrophage polarization, gastric
carcinoma cells transfected with LV-METase were co-cultured with MO
macrophages. Results showed that in the MO + GC-LV-METase group,
the content of M1 macrophage markers (Figs. 1A-B) along with the
levels of CD86™1 macrophages (Figs. 1E-H) were dramatically elevated,
whereas the content of M2 macrophage markers (Figs. 1C-D) and
CD206" macrophages (Figs. 1I-L) were markedly reduced. Data sug-
gested that MR enhanced the differentiation of macrophages into M1
while suppressing their differentiation into M2.

MR inhibits the secretion of MIF by gastric carcinoma cells, and then
promotes M1 polarization and inhibits M2 polarization

The objective of the subsequent investigation was to ascertain the
impact of MR on macrophage polarization. The factor MIF operates as a
crucial immunomodulatory factor that promotes cancer progression
[27]. It was observed that MIF levels in gastric carcinoma cells trans-
fected with LV-METase were distinctly reduced, while METase expres-
sion was elevated (Figs. 2A-B). It is probable that LV-METase also
significantly inhibited the secretion of MIF in the supernatant of gastric
carcinoma cells (Fig. 2C). After the addition of anti-MIF (1 pg/mL) to
neutralize MIF, the promotion of LV-METase on M1 macrophage marker
expression (Figs. 2D-F) or the proportion of CD86" macrophages
(Figs. 2J, Supplementary Figure 1A) was inhibited. Additionally, the
suppression of LV-METase on M2 macrophage marker expression
(Figs. 2G-T) or the content of CD206™ macrophages (Figs. 2K, Supple-
mentary Figure 1B) was also inhibited. Results indicated that MR may
affect macrophage polarization by inhibiting the secretion of MIF by
gastric carcinoma cells.

MR inhibits tumor formation and M2 polarization and promotes M1
polarization

The subsequent investigation sought to ascertain the impact of MR
on tumor and macrophage polarization in vivo. Tumor size was signif-
icantly reduced in LV-METase mice (Figs. 3A-C). As with its effects on
cells, LV-METase promoted METase protein levels and M1 macrophage
content, while inhibiting M2 macrophage content (Figs. 3D-G) in tu-
mors. Similarly, in vitro experiments also indicated that the addition of
MIF negated the pro-M1 polarization effect of MR (Supplementary
Figure 2A-C, G-H) and the anti-M2 polarization effect (Supplementary
Figure 2D-F, I-J).

MR enhances CD8™T cell toxicity induced by PD-L1/PD-1 blockades

Given the limited immunotherapeutic efficacy of PD-L1/PD-1
blockades in gastric cancer, we sought to investigate the effect of MR
in combination with PD-L1/PD-1 blockades on CD8" T cell toxicity.
Results showed that PD-L1/PD-1 blockades augmented the presence of
CD8" GZMB™ T cells (Figs. 4A-D) and CD8" IFN-y* T cells (Figs. 4E-H),
which exhibited further enhancement following transfection of LV-
METase. In addition, PD-L1/PD-1 blockades enhanced the levels of
GZMB (Figs. 4I-J) and IFN-y (Figs. 4K-L) in the co-culture supernatant,
and the gastric carcinoma cells restricted methionine further elevated
their levels.

MR promotes the therapeutic effect of PD-L1/PD-1 blockades in gastric
cancer

Finally, the effect of combining MR with PD-L1/PD-1 blockade on
tumor and macrophage polarization in vivo was validated. Fig. 5A
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Fig. 1. Effects of methionine restriction on M1 polarization and M2 polarization of macrophages. Gastric carcinoma cells (MKN45 and AGS) transfected with
LV-NC or LV-METase were co-cultured with MO macrophages. N = 3. (A-B) The expression of M1 macrophage markers (CD86, TNF-q, IL-12B) was measured by qRT-
PCR. (C-D) The expression of M2 macrophage markers (CD206, CD204, Arg-1) was measured by qRT-PCR. The content of M1 macrophages (E-H) and M2 mac-
rophages (I-L) was detected by flow cytometry. **P < 0.01, ***P < 0.001 vs. MO + GC-LV-NC. A student’s t-test was performed.
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Fig. 2. Effect of methionine restriction on MIF secretion in gastric carcinoma cells. Gastric carcinoma cells (MKN45, MFC, and AGS) were transfected with LV-
NC or LV-METase. N = 3. (A) The mRNA levels of MIF were detected by qRT-PCR. (B) The protein levels of MIF and METase (HA-METase) were detected by western
blot. (C) The secretion of MIF in the supernatant of gastric carcinoma cells was detected by ELISA. Gastric carcinoma cells (MKN45 and AGS) transfected with LV-NC
or LV-METase were added with anti-MIF or IgG, and co-cultured with MO macrophages. (D-F) The expression of M1 macrophage markers (CD86, TNF-a, IL-12B) was
measured by qRT-PCR. (G-I) The expression of M2 macrophage markers (CD206, CD204, Arg-1) was measured by qRT-PCR. The content of M1 macrophages (J) and
M2 macrophages (K) was detected by flow cytometry. "P>0.05, *P < 0.05, **P < 0.01, ***P < 0.001. A two-way analysis of variance followed by Sidak’s multiple

comparisons test was performed.

depicts the schedule of the mouse experiments. Furthermore, LV-
METase enhanced the inhibitory effect of PD-L1/PD-1 blockades on
tumor volume and weight (Figs. 5B-D). Additionally, the number of
CD8" T cells (Figs. 5E-G), CD8" GZMB™ T cells (Figs. 5H-I), and CD8"
IFN-y" T cells (Figs. 5J-K) was increased as a result of PD-L1/PD-1
blockades, and this effect was enhanced after transfection of LV-
METase. Moreover, the transfection of LV-METase also augmented the
promotion of M1 macrophage content (Figs. 5L-M) and the inhibition of
M2 macrophage content (Figs. 5SN-O) by PD-L1/PD-1 blockades.

Discussion

Immune therapy, which is currently being employed in the treatment
of a range of solid tumors as a novel approach, has yielded promising
outcomes for patients with gastric cancer. As a component of immuno-
therapy, checkpoint inhibition that targets the PD-1/PD-L1 axis has been
demonstrated to be more efficacious and to have a lower incidence of
serious adverse effects [28]. The interaction mediated by PD-L1 and
PD-1 leads to the suppression of immune activity [29]. In particular, the
blockade of the PD-1/PD-L1 pathway through the use of antibodies can
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into mice. N = 5. (A-C) The volume and weight of the tumor. (D) The protein levels of METase (HA-METase) were detected by western blot. (E-F) The content of M1
and M2 macrophages was detected by flow cytometry. (G) The immunohistochemical staining of CD86 (M1 macrophage marker) and CD206 (M2 macrophage
marker) was performed. Scale bar: 40 pm. *P < 0.05, ***P < 0.001 vs LV-NC. (A) A two-way analysis of variance followed by Sidak’s multiple comparisons test was
performed. (C/E/F) A student’s t-test was performed.
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Fig. 4. Effect of methionine restriction on CD8™ T cell toxicity induced by PD-L1/PD-1 blockades. CD8" T cells were co-cultured with MO macrophage and
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LV-NC+anti-PD-1. A one-way analysis of variance followed by Tukey’s multiple comparisons test was performed.
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reactivate depleted immune cells in the tumor microenvironment to
destroy cancerous cells. However, in most cancers, PD-L1/PD-1 block-
ades are only valid in a minority of people and are ineffective in many
patients, due to immune evasion and treatment resistance [6,30].
Consequently, clinical practice has prioritized the use of combined
therapies with anti-PD-L1/PD-1 monoclonal antibodies over single-dose
anti-PD-L1/PD-1 therapy in selected cancers. The combination of MR
with PD-L1/PD-1 blockades demonstrated superior therapeutic out-
comes in our study. This process may be associated with reduced MIF
secretion and enhanced macrophage polarization toward M1.

A substantial body of scientific evidence has demonstrated that the
amount of dietary methionine has a profound impact on the methionine
metabolism of tumor cells. This tumor-specific metabolic vulnerability,
which is influenced by diet intake, has emerged as a promising avenue of
investigation in the field of tumor therapy [10]. Among these, MR is
regarded as an efficacious method for impeding the growth and devel-
opment of cancer cells by regulating their metabolism [8]. The data
presented here demonstrate that MR promoted M1 polarization and
suppressed M2 polarization in gastric carcinoma cells in vitro, and
reduced tumor volume and weight in vivo. In addition, MR is believed to
bolster anti-tumor immune responses and has been shown to have a
synergistic anti-tumor effect when combined with PD-L1 inhibitors in
colon cancer [31-33]. Similarly, our data demonstrated that MR could
be synergistic with PD-L1/PD-1 blockades in the treatment of gastric
cancer. This finding suggested that MR may play an immunotherapeutic
role in other cancers besides colon cancer.

The term "tumor microenvironment" (TME) refers to the soil on
which cellular and non-cellular elements that are closely related to
tumor cells and influence tumor growth, development, and metastasis
depend. TAMs typically exhibit an M2-like phenotype and contribute to
tumor progression by enhancing angiogenesis, accelerating tumor cell
proliferation, and enabling metastasis [34]. We found that
methionine-restricted gastric carcinoma cells directly promote the po-
larization of M1 macrophages in vivo and in vitro. Additionally, they
enhance the killing ability of CD8" T cells induced by PD-L1/PD-1
blockades, a result that aligns with the observations made by Zhao et
al [16]. They discovered that M1 macrophages binding to PD-1 block-
ades greatly increased the tumor-killing effect.

The MIF protein has been linked to a number of biological processes,
including immune response, tumorigenesis, and inflammation. As a
result, it represents an attractive pharmaceutical target for multiple
conditions [27]. In liver cancer, inhibition of MIF expression has been
demonstrated to impede the growth and metastasis of tumor cells [35].
Besides that, the absence of MAPK4 in gastric carcinoma cells has been
observed to induce the secretion of MIF and to increase the M2 polari-
zation [36]. In our experiments, we observed a reduction in MIF levels in
gastric carcinoma cells (AGS and MKN45) following MR, accompanied
by an increase in M1 polarization and a decrease in M2 polarization.
Moreover, the addition of anti-MIF was observed to negate the impact of
MR. Data indicated that MR may affect macrophage polarization by
regulating the release and concentration of MIF.

This study is the first to demonstrate that MR promotes the efficacy of
PD-L1/PD-1 blockades in gastric cancer, as evidenced by both in vitro
and in vivo experiments. Additionally, we have shown that methionine-
restricted gastric carcinoma cells suppressed macrophage M2 polariza-
tion and promoted M1 polarization by repressing MIF secretion. Our
findings suggest a novel strategy for combining PD-L1/PD-1 blockade
with other therapeutic modalities in gastric cancer.
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