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ABSTRACT

The gut microbiota and Short-chain fatty acids (SCFAs) can influence the progression of diseases,
yet the role of these factors on gastric cancer (GC) remains uncertain. In this work, the analysis of
the gut microbiota composition and SCFA content in the blood and feces of both healthy
individuals and GC patients indicated that significant reductions in the abundance of intestinal
bacteria involved in SCFA production were observed in GC patients compared with the controls.
ABX mice transplanted with fecal microbiota from GC patients developed more tumors during the
induction of GC and had lower levels of butyric acid. Supplementation of butyrate during the
induction of gastric cancer along with H. pylori and N-methyl-N-nitrosourea (MNU) in WT in
GPR109A"mice resulted in fewer tumors and more IFN-y" CD8* T cells, but this effect was
significantly weakened after knockout of GPR109A. Furthermore, In vitro GC cells and co-cultured
CD8* T cells or CAR-Claudin 18.2* CD8"* T cells, as well as in vivo tumor-bearing studies, have
indicated that butyrate enhanced the killing function of CD8" T cells or CAR-Claudin 18.2* CD8" T
cells against GC cells through G protein-coupled receptor 109A (GPR109A) and homologous
domain protein homologous box (HOPX). Together, these data highlighted that the restoration
of gut microbial butyrate enhanced CD8" T cell cytotoxicity via GPR109A/HOPX, thus inhibiting GC
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carcinogenesis, which suggests a novel theoretical foundation for GC management against GC.

Introduction

The gut microbiota consists of approximately
3x10713 bacteria, the vast majority of which exist in
a symbiotic relationship with the host." Imbalances
caused by reductions in the abundance of beneficial
bacteria or shifts from symbiotic to pathogenic bac-
teria in the gut can disrupt both the mucosal barrier
and the immune microenvironment. Changes in
metabolite concentrations resulting from this imbal-
ance also influence metabolic functions, both sys-
temic and local, as well as the inflammatory
response and adaptive immunity, potentially leading
to the development of disease.>” The influence of the
gut microbiota on human health is attracting much
attention in recent years and the microbiota has been
found to affect various diseases, including ulcerative
colitis, rheumatoid arthritis, and Alzheimer’s

disease® as well as various forms of cancer.””
Bacteroides fragilis and Fusobacterium nucleatum
have been identified as potential diagnostic bacterial
markers for colorectal cancer by analyzing the meta-
genomes of fecal samples from colorectal cancer
patients.'®""> However, it is not known whether
changes in the gut microbiota composition can
delay or accelerate the development of gastric cancer
(GC), or whether the transplantation of intestinal
microbiota from healthy individuals can inhibit the
occurrence and progression of GC.

Short-chain fatty acids (SCFAs) are metabolic
byproducts generated by anaerobic bacteria such
as Firmicutes and Bacteroidetes through the fer-
mentation of dietary fiber.'*"” They consist mainly
of acetate, propionate, and butyrate, and have
attracted attention for their ability to promote the
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differentiation of regulatory T (Treg) cells and
maintain gut homeostasis.'*'® Studies have shown
that acetate produced by intestinal microorganisms
has beneficial effects on both the immune response
and health of the host'” while propionate and
butyrate influence Treg cells to reduce inflamma-
tion in the intestine.'*'® Apart from its intestinal
effects, butyrate has also been found to have anti-
tumor actions through properties by inhibiting
inflammation and carcinogenesis through influen-
cing immune, epigenetic, and metabolic functions.”
' Although the functions of SCFAs are partially
understood in colon cancer, there is little informa-
tion on their actions in GC. SCFAs act by binding
to the G protein-coupled receptors 109A, 43, and
41."” While GPR41 and GPR43 can be activated by
all three SCFAs, GPR109A (also known as hydro-
xycarboxylic acid receptor 2 or HCA2) binds only
butyrate.””*" GPR109A is found in the intestinal
epithelium, immune cells, and adipose tissue** and
its knockout is associated with the development of
colon cancer and the inhibition of graft-versus-
host reactions.’** Despite the identification of
these functions in the suppression of colon cancer
progression, little is known of its function in GC
and associated immune modulation.

Here, it was observed that the transplantation of
fecal microbiota from patients with GC markedly
enhanced GC development. Studies using metabo-
lomics and genomics have shown significant reduc-
tions in the bacterial genera responsible for SCFA
production in the microbiota of both GC patients
and mice, together with reduced butyrate levels. By
supplementing with butyrate and using GPR109A™
" mice, we have found that butyrate can significantly
inhibit the progression of GC. However, the inhibi-
tory effect was significantly weakened when
GPRI109A was knocked out. Furthermore, investiga-
tion of tumor tissues and CD8" T cells, it was
observed that butyrate promoted the killing of GC
cells by CD8" T cells or CAR-Claudin 18.2" CD8" T

cells through GPR109A, thereby inhibiting the pro-
gression of GC.

Materials and methods
Human specimens

The paraffin-embedded tumor sections used in this
study were obtained from the Nanfang Hospital of
Southern Medical University. The fecal and blood
samples of gastric cancer patients and normal indi-
viduals were collected from the Zhujiang Hospital
and Nanfang Hospital of Southern Medical
University. All relevant samples used in this study
were collected from January 2020 to August 2021
and ethically approved by the two hospitals, and
informed consent was obtained from all partici-
pants prior to sample collection (Nos.2022-KY-
115, NFEC-202304-K26-01).

The characteristics of the participants for
serum and fecal samples collecting were as fol-
lows: (1) GC patients or healthy volunteers (man
or women) aged 30-75years; (2) GC patients
admitted to the hospital with gastric cancer, and
healthy volunteers free of gastrointestinal cancer
(detected by gastrointestinal endoscopy).
Exclusion criteria for the study included (1) a
history of gastrointestinal surgery; (2) undergoing
neoadjuvant chemotherapy following the diagno-
sis of GC; (3) a history of Intake of antibiotics,
probiotics, PPIs, and hormonal drugs (past three
months); and (4) individuals with chronic consti-
pation, comorbidities (diabetes and depression),
pregnant or lactating (Table 1).

Blood and fecal samples from both the gastric
cancer patients (n = 20) and the healthy individuals
(n=20) were collected within 48 hours of hospita-
lization. Fecal samples were transported under
anaerobic conditions while being frozen. All fecal
samples and serum were stored long-term at a
temperature of — 80°C.

Table 1. Characteristics of the participants for serum and fecal samples collecting.

GC patients Heathy comparison P value
Age, year 53.15+11.67 54.95+8.47 0.5799
Gender, male/female 13/7 12/8 0.9873
Neoplasm staging
T 5
T2 2
T3 2

T4 1




Primary cell cultures

The human gastric cancer (GC) cell lines MGC-
803, HGC-27, SNU-216 and the human gastric
epithelial cell line GES-1 used in this study were
purchased from the American Type Culture
Collection (ATCC, USA). All human gastric cell
lines were cultured in DMEM medium (Gibco,
USA) supplemented with 10% fetal bovine serum
(FBS; Yeasen, China), 100 U/ml penicillin, and 100
U/ml streptomycin, under conditions of 37°C and
5% CO2. The cell lines used in this study were not
contaminated with mycoplasma. In this study, the
methods employed for cell manipulation include
transient transfection, viral infection, treatment
with acetate (Ac) or butyrate (Bu) (Macklin,
China), and administration of the GPR109A inhi-
bitor, Mepenzolate bromide (MCE, USA).

Mouse models and treatments

All groups had a sample size of n=10 to 12 per
group. Within each group, a subset of n=5 to 6
samples was used for gross tumor and pathological
analysis. Another subset of n=5 to 6 samples was
used specifically for tumor tissue flow cytometry
analysis. In the realm of microbiota analysis, the
number of fecal samples collected was n =10 per
group. It is noteworthy, however, that an attempt
to transplant fecal microbiota from healthy indivi-
duals into a cage containing four mice yielded the
unfortunate occurrence of diarrhea, thereby neces-
sitating the exclusion of those specific mice from
the study. Additionally, for SCFA analysis, both
fecal samples and serum samples were collected,
with a sample size of n=5 to 6 for each group.
Cages: n =2 to 3 per group.

All mice were reared under specific pathogen-
free conditions (SPF), with room temperature con-
trolled between 22-24°C, a natural light-dark cycle,
and free access to food and water. The animal study
has received approval from both Zhujiang Hospital
and Nanfang Hospital affiliated with Southern
Medical University (No.LAEC-2022-035).

GC mouse models

20 g C57BL/6] mice at 6 weeks of age were infected
with H. pylori by resuspended it in physiological
saline at a dose of 0.2 ml (10A9/ml) three times a
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week for a total of two weeks (-2 w), with each
mouse receiving approximately 1 billion units of H.
pylori SS1 (BioSci, China) via gavage (Figure Sla,
b). Afterwards, N-methyl-N-nitrosourea (MNU)
(Meryer, China) was dissolved in distilled water at
a concentration of 300 ppm, freshly prepared three
times a week, and stored in light-resistant bottles.
The MNU was consumed for 6 weeks in a 12-week
cycle.***® Upon the existing gastric cancer induc-
tion model, we introduced minor modifications.
During the free access to MNU, we administered
a gastric gavage of 0.5ml, containing 300 ppm
MNU, in a 5% hypertonic saline solution to fasted
mice thrice weekly. Additionally, the mice were
subjected to abnormal feeding conditions (2 days
of overfeeding followed by 1 day of fasting) to
comprehensively model the disease (Figure S1d-f).

ABX mouse models

For the ABX experiment, 6-week-old mice were
administered antibiotics via oral gavage and drink-
ing water. The administration of 1.86 mg ampicil-
lin (Macklin, China), 0.96mg vancomycin
(Macklin, China), 1.86 mg neomycin sulfate
(Macklin, China), and 1.86 mg metronidazole
(Macklin, China) was carried out by dissolving
them in sterile 300 ul drinking water, three times
a week for two weeks (-6 to — 4 w). Additionally,
the mice were given ad libitum access to drinking
water containing 1 g/L ampicillin penicillin, 1 g/L
vancomycin, 1g/L neomycin sulfate, and 1g/L
metronidazole for two weeks.

FMT mouse models

After the successful establishment of the ABX
model, fecal microbiota from GC patients or
healthy volunteers was transplanted into ABX
mice via gastric infusion (Figure S7). 300 mg of
feces from either GC patients or healthy indivi-
duals were suspended in 1 mL of PBS, homoge-
nized, and centrifuged at 500 g for 3 minutes to
collect bacterial supernatant. Select six donors
from the donor pool for each group, serving as
providers of fecal microbiota for 10 to 12 recipient
mice in each group. Then, 200 ul of the supernatant
was administered orally to ABX mice three times a
week for a total of two weeks (—4 to — 2 w). In both
the ABX and FMT experiments, feces were col-
lected from FMT mice for 16S rRNA sequencing
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and detection of fecal metabolites. For FMT mice,
the aforementioned GC induction was initiated
after successful transplantation, and sample collec-
tion was conducted at— 6+ 36 weeks thereafter
(Figure 2).

Bu treatment in GC mouse models
In the case of the Bu inhibition model of GC
progression in mice, 100 mM of Bu was supple-
mented in the drinking water 30 weeks after mod-
eling, and GC progression was observed by
sampling at 52 weeks (Figure 6).

To investigate whether Bu prevents GC by reg-
ulating the GPR109A receptor, GPRI09A™~ and
WT mice were used for GC modeling. Bu was
supplemented in the drinking water or high-fiber
diet was given 12 weeks after modeling, and GC
occurrence and development were observed by
sampling at 38 weeks. The GPR109A™~ mice was
generously provided by Professor Guogiang Chen
of Tsinghua University ((Figure 5; Figure Slc).

16S rRNA microbiome analysis

The fecal microbiota profile was obtained through
16S rRNA sequencing analysis by Lianchuan
Biotechnology Company. In simple terms, this
study used the cetyltrimethylammonium bromide
(CTAB) method to extract microbial samples from
fecal microbiome and detect the quality of DNA
extraction through agarose gel electrophoresis. The
PCR products were purified using AMPure XT
beads (Beckman Coulter Genomics, Danvers, MA,
USA) and quantified using Qubit (Invitrogen,
USA). The purified PCR products were evaluated
using the Agilent 2100 bioanalyzer (Agilent, USA)
and Illumina (Kapa Biosciences, Woburn, MA,
USA) library quantification kit, and qualified
library concentration should be above 2 nM. The
qualified libraries with different indexes were gra-
dient diluted, mixed according to the required
sequencing amount, and denatured with NaOH to
form single strands for sequencing. The NovaSeq
6000 sequencer was used for 2 x 250bp paired-end
sequencing, and the corresponding reagent was
NovaSeq 6000 SP Reagent Kit (500 cycles). For
the paired-end data obtained by sequencing, it is
necessary to split the data according to the barcode
information of the samples and remove the adapter

and barcode sequences. The specific steps for data
merging and filtering are as follows: remove the
primer sequence and balanced base sequence of
RawData (software: cutadapt (v1.9)). Merge each
paired-end read into a longer tag based on the
overlap region (software: FLASH (v1.2.8)).
Perform window quality scanning on the sequen-
cing reads, with a default scanning window of
100bp. If the average quality value within the win-
dow is less than 20, the part of the read from the
window start to the 3 end is cut off (software:
fqtrim). Remove sequences with a length shorter
than 100bp after truncation. Remove sequences
with N (uncertain fuzzy base) content of more
than 5% after truncation. Remove chimeric
sequences (software: Vsearch (v2.3.4)). Perform
length filtering and denoising using DADA?2
through qiime dada2 denoise-paired to obtain
ASV (feature) sequence and ASV (feature) abun-
dance table, and remove singleton ASVs. Based on
the obtained ASV (feature) sequence and ASV
(feature) abundance table, alpha diversity analysis
and beta diversity analysis were performed. Alpha
diversity analysis mainly evaluated the diversity of
the habitat through the seven indices of observed_-
species, shannon, simpson, chaol, goods_coverage,
pielou_e. Beta diversity analysis mainly evaluated
the diversity between habitats (samples/groups) by
calculating four distances (weighted_unifrac,
unweighted_unifrac, Jaccard, bray_curtis) and
using six analysis methods. Based on the ASV (fea-
ture) sequence file, the species were annotated
using the SILVA (Release 138, https://www.arb-
silva.de/documentation/release138/) database and
the NT-16S database, and the abundance of each
species in each sample was statistically analyzed
based on the ASV (feature) abundance table.
Based on the statistical information of species
abundance, differential analysis was performed
between various comparison groups.

Sample preparation and analysis of SCFAs

After thawing at room temperature, 800 mg of
human feces or 300 mg of mouse feces were
transferred to a sterile 2mL EP tube. 1 mL of
water was added, and the mixture was shaken
for 5 minutes, followed by 15 minutes of sonica-
tion. The mixture was then centrifuged at
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15,000 rpm for 10 minutes in a refrigerated
high-speed centrifuge. The supernatant was
transferred to a new EP tube and mixed with
anhydrous sodium sulfate (0.5g) (Macklin,
China), 50% sulfuric acid (10 pL) (Macklin,
China), and 2mL of ether or 1 mL of ethyl
acetate (Macklin, China). The mixture was vor-
texed for 2 minutes and then centrifuged at 5000
rpm for 15 minutes. Finally, 500 uL of the super-
natant was taken and placed in a glass auto-
sampler vial. For the blood samples, 100 pL of
human or mouse blood was transferred to a new
2ml EP tube. To this, 300 uL of methanol for
chromatography, anhydrous sodium sulfate (0.2
g), and 50% sulfuric acid (2.5pL) were added.
After shaking and centrifugation, the superna-
tant was collected. The present study analyzed
and determined the levels of SCFAs in feces
using a gas chromatography-mass spectrometry
(GC-MS) system. The GC-MS analysis was per-
formed using a TRACE 1300 gas chromatograph
equipped with a Thermo Scientific ISQ single
quadrupole mass spectrometer, a DB-FFAP
capillary column (30m x0.25mm x 0.25 um
film thickness) (Agilent Technologies, USA),
and an AIl300 auto-sampler (Thermo
Scientific, USA). 1 uL of the supernatant sample
was injected into the inlet, with a delay time of
3 minutes and a split ratio of 1:5. The nitrogen
carrier gas (99.999% purity) flow rate was main-
tained at 1 mL/min. The inlet, ion source, and
quadrupole temperatures were 250°C, 280°C,
and 230°C, respectively. The initial oven tem-
perature was set to 60°C for 1 minute, followed
by an increase at a rate of 10°C/min to 160°C,
then an increase at a rate of 25°C/min to 240°C,
and finally held at that temperature for 5.8 min-
utes. The selected ion (m/z) values for each
SCFA, including acetic acid, propionic acid, iso-
butyric acid, butyric acid, isovaleric acid, and
valeric acid, were 43, 45, 57, 60, 73, 74, and
87, respectively. Hydrogen, air, and nitrogen
were used as the gas components with flow
rates of 30, 300, and 30 mL/min, respectively.
Each analysis had a total run time of 15min-
utes. The data were analyzed using Xcalibur
Qual Browser (Thermo Scientific, USA), and
the content of each SCFA was calculated using
external standard methods.
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Bacterial agar plate experiment

In the bacterial agar experiment, aseptically weighed
0.1 g of murine feces within a biosafety cabinet.
Dissolved it in a 1.5 mL centrifuge tube containing
1 mL of PBS. Centrifuged at 1000 rpm for 3 minutes,
and then slowly pipetted 100 pL of the supernatant
onto solid agar medium, evenly spreading it with a
sterile spreader. Subsequently, incubated at 37°C
within a controlled cultivation environment for a
duration of 16 hours while vigilantly observing any
discernible shifts in bacterial colonies.

RNA extraction and real-time PCR

According to the manufacturer’s instructions, total
RNA was extracted from GC cells or mouse sto-
mach tissue using RNAiso Plus* (Takara, Japan).
cDNA synthesis was performed using the Fast
Quant RT Kit reagent (Qiagen, China).
Subsequently, The real-time quantitative PCR
(QRT-PCR) (Bio-Rad, USA) was conducted using
the 2 x Talent qPCR PreMix (Qiagen, China).
Relative RNA expression levels was analyzed
using the 27*“ method with B-actin as the inter-
nal control (Table 2).

Transient transfection, viral packaging and
infection

The siRNAs for GPR109A and HOPX were pur-
chased from GenePharma and were transfected into
GC cells using PepMute'™ siRNA transfection
reagent (SignaGen, USA) (Table 3; Table 4). The
plasmid used for HOPX knockdown and overexpres-
sion was purchased from IGE, while the plasmid for
CAR-Claudinl8.2 was obtained from iCarTab.
Transient transfection was performed using
Lipofectamine™ 3000 transfection reagent (Thermo

Table 2. Primer Sequences for Relative Quantitative RT-PCR.

Human-GPR109A: Forward 5'-GGACAACTATGTGAGGCGTTGG-3’
Reverse 5'-GGGCTGGAGAAGTAGTACACC-3'

Human-GPR41: Forward 5'- TGCGGTCAATGGGATCTG — 3’
Reverse 5'- CAAGCACAGAGACGTAAGAGG - 3’
Human-GPR43: Forward 5'- TGTATGGAGTGATTGCAGCTC — 3’
Reverse 5'- TGGTTATCGGTGAAGTTCTCG — 3’

Human-HOPX: Forward 5'- CACCACGCTGTGCCTCAT — 3’
Reverse 5'-CCATTTCTGGGTCTCCTCC -3’

Human-B-actin: Forward 5'- TGGCACCCAGCACAATGAA-3'
Reverse 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3'
Human-GAPDH: Forward 5'- GCACCGTCAAGGCTGAGAAC-3’
Reverse 5'-TGGTGAAGACGCCAGTGGA-3
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Table 3. siRNA-GPR109A Sequences.

si-nc: sense: 5- UUCUCCGAACGUGUCACGUTT-3'
antisense: 5- ACGUGACACGUUCGGAGAATT-3'
si-1: sense: 5'- GGAGUUUAUCUUCGGGCUUTT-3’
antisense: 5'- AAGCCCGAAGAUAAACUCCTT-3'
si-2: sense: 5'- CCAGAAUGGCGGUGCAAAUTT-3’
antisense: 5- AUUUGCACCGCCAUUCUGGTT-3’
si-3: sense: 5'- GGGCACGCAGAAUUGUGAATT-3'
antisense: 5'- UUCACAAUUCUGCGUGCCCTT-3’

Table 4. siRNA-HOPX Sequences.

si-nc: sense: 5'- UUCUCCGAACGUGUCACGUTT-3'
antisense: 5'- ACGUGACACGUUCGGAGAATT-3'

si-1: sense: 5- ACCAGGUGGAAAUCCUGGAGUACAATT-3'
antisense: 5'- UUGUACUCCAGGAUUUCCACCUGGUTT-3’
si-2: sense: 5- CUUCAACAAGGUCGACAAGTT-3’
antisense: 5'- CUUGUCGACCUUGUUGAAGTT-3'

si-3: sense: 5- AGAGUGCAGAUCCGUCACAGATT-3'
antisense: 5'- UCUGUGACGGAUCUGCACUCUTT-3"

Fisher, USA). Prior to all transient transfections, cells
were starved for 24 hours. To package HOPX knock-
down and overexpression viruses, we used virus
packaging plasmids PMD2G and PSPAX2, along
with the target gene plasmids, and transfected them
into HEK 293T cells using Lipo2000 transfection
reagent (Biosharp, China) (Table 5). After 48 hours
of cultivation, the supernatant from the cell culture
dish was collected and the packaged virus was
obtained by centrifugation and filtration. Activate
CD8" T cells and seed them in a 24-well plate.
Centrifuge using a gradient centrifuge for 30 minutes
and discard the supernatant. Add 500 pL of success-
tully packaged lentivirus-containing complete med-
ium with 10 ug/mL polybrene (Solarbio, China) to the
well plate and continue culturing for 12 hours. Repeat
infection three times. Finally, to verify knockdown or
overexpression efficiency, cell collection was per-
formed 48 hours after transient transfection or infec-
tion, and the efficiency was verified by real-time
fluorescent quantitative PCR, flow cytometry and
immunoblotting.

Table 5. Sh-RNA-HOPX Sequences.

Western blotting (WB) and Co-immunoprecipitation
assay

The cells and mouse tissues were subjected to pro-
tein preparation using RIPA lysis buffer (Beyotime,
China) supplemented with phosphatase inhibitors,
protease inhibitors, and PMSF (CWBIO, China).
The protein concentration of the lysate was deter-
mined using the BCA protein quantification kit
(CWBIO, China). A certain amount of protein lysate
was mixed with four times the volume of protein
loading buffer, followed by boiling at 100°C for 8
minutes. All protein samples were separated by SDS-
PAGE gel (Beyotime, China) and transferred onto a
PVDF membrane (Millipore, USA) using electro-
phoresis (Bio-Rad, USA). The PVDF membrane
containing separated proteins was blocked with 5%
skim milk powder for 2 hours, and then incubated
with primary antibodies against GPR109a (Abmart,
China, 1:1000), GPR43 (Abmart, China, 1:1000),
GPR41 (Immunoway, USA, 1:1000), HOPX
(Proteintech Group, China, 1:500), CD8 (Abcam,
USA, 1:3000), IFN-y (Bioss, China, 1:1500), Bcl-2
(Abcam, USA, 1:2000), Bax (Immunoway, USA,
1:1000), Cleaved-caspase 3 (Cohesion, UK, 1:1000
or Abcam, USA, 1:1000), Cyclin D1 (Wanleibio,
China, 1:1000), Claudin 18.2 (Affinity, China,
1:1000) and Tubulin (Proteintech Group, China,
1:10000) at 4°C overnight. After washing, the blots
were incubated with the corresponding HRP-conju-
gated secondary antibodies (Fudebio-tech, China,
1:10000) at room temperature for 1 h. After washing,
the immunocomplex was detected using the ECL
chemiluminescence kit (Millipore, USA) in
Alliance Q9 Gel Imaging System (UVI tec, UK).
For the analysis of co-immunoprecipitation
(Proteintech Group, China), 800 pL of pre-cooled
IP lysate buffer containing proteinase inhibitors
and phosphatase inhibitors was added to cells in

pLKO.1-U6-Homo-HOPX-sh-EF 1a-copGFP-T2A-puro

sh1 CCGGAGAGTGCAGATCCGTCACAGACTCGAGTCTGTGACGGATCTGCACTC GAATT

sh2

CCGGGACCCAGAAATGGTTTAAGCACTCGAGTGCTTAAACCATTTCTGGGTC GAATT

sh3

CCGGTTCCACCACGCTGTGCCTCATCTCGAGATGAGGCACAGCGTGGTGGAA GAATT

pCDH-CMV-Homo-HOPX-EF 1-copGFP-T2A-Puro

gaattcGCCACCATGCTCA CCTGGGCTGTTACAGAAGAAGACTGGAAGAGCGCGCAGGGACCATGTCGGCGGAGACCGCGAGCG
GCCCCACAGAGGACCAGGTGGAAATCCTGGAGTACAACTTCAACAAGGTCGACAAGCACCCGGATTCCACCACGCTGTGCCTCATCG
CGGCCGAGGCAGGCCTTTCCGAGGAGGAGACCCAGAAATGGTTTAAGCAGCGCCTGGCAAAGTGGCGGCGCTCAGAAGGCCTGCCCT

CAGAGTGCAGATCCGTCACAGACTAAggatcc




10 cm dishes. 400 pL of lysed protein was taken and
incubated with rProtein A/G beads and HOPX pri-
mary antibody (Santa Cruz, USA) for precipitation,
while an equal amount of control IgG antibody
(Millipore, USA) was added to the same amount of
lysate, followed by washing three times with lysis
buffer and analysis using immunoblotting.

Histological evaluation and immunohistochemical
staining

The paraffin-embedded tissue samples were sliced
into 4-pm-thick sections and baked at 68°C for 90
minutes. The sections were then dewaxed in three
changes of xylene and rehydrated in a gradient of
alcohol. After three washes in PBS, the sections
were stained with hematoxylin and eosin for 6
minutes each. Immunohistochemical staining was
performed using a DAKO kit (DAKO, Denmark)
following the manufacturer’s instructions. In brief,
the rehydrated sections were subjected to antigen
retrieval using a sodium citrate/EDTA buffer
(Beyotime, China) at 95-100°C for 8 minutes, fol-
lowed by cooling to room temperature. After wash-
ing in PBS three times, the sections were incubated
in blocking solution containing an endogenous
peroxidase inhibitor (Beyotime, China) at room
temperature in the dark for 15 minutes, followed
by nonspecific binding site blocking using goat
serum (Boster, China) for 30 minutes at room tem-
perature. The respective primary antibodies (1:200)
against Ki-67 (Thermo Scientific, USA), CK-7
(Bimake JUSA UElabsciencel1China), GPR109a,
GPR43, HOPX, CDS8, IFN-y were added to each
tissue section and incubated overnight at 4°C. The
following day, the sections were brought to room
temperature for 15 minutes, washed three times
with PBS, and incubated with a secondary
enzyme-linked goat anti-mouse/rabbit IgG poly-
mer (DAKO, Denmark) for 30 minutes at room
temperature. After washing in PBS three times,
the sections were visualized using DAB under a
microscope (Leica, Germany), counterstained
with hematoxylin, and dehydrated and cleared
with xylene. The tissue sections were then mounted
with neutral resin and subjected to image acquisi-
tion using a 3D HISTECH bright field slide scanner
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(3DHISTECH, Hungary). Each image is randomly
selected with 4-6 fields of view at 20x magnifica-
tion, followed by analysis using Image Pro Plus 6.0
software.

Immunofluorescence assays

The GC cells and CD8" T cells were fixed for 30
minutes using 4% paraformaldehyde. Antigen
retrieval of mouse stomach tissue paraffin sections
was performed using sodium citrate/EDTA repair
fluid (Beyotime, China). The slides were washed
three times in PBST and then incubated for 15
minutes at room temperature with 0.5% Triton X-
100 (Solarbio, China). Non-specific protein bind-
ing sites were blocked using goat serum at room
temperature. The corresponding primary antibo-
dies (1:200) CD11c (SAB, USA), CD86 (Bioss,
China), GPR109a, GPR41, HOPX (Santa Cruz,
USA), CD8 (Proteintech Group, China), IFN-y
and Claudin 18.2 were added and incubated over-
night at 4°C. The slides were then washed three
times with PBST for 5minutes each time.
Subsequently, the appropriate dye-conjugated sec-
ondary antibodies (Cell Signaling Technology,
USA, 1:400) were added and incubated for 1h at
room temperature. After washing with PBST, the
slides were sealed with DAPI anti-fluorescence
quenching agent (Solarbio, China) and fluores-
cence images were collected using a Nikon confocal
microscope (Nikon, Japan). Each fluorescent tissue
slide randomly selects 3-4 fields of view under a
20-fold magnification and subsequently analyzes
them using Image Pro Plus 6.0 software.

CD8* T cell isolation and activation

Using Ficoll-Paque Plus (Solarbio, China) to isolate
peripheral blood mononuclear cells (PBMCs) from
peripheral blood by gradient separation. After
washing the separated PBMCs three times with
physiological saline, they were resuspended to
form a single cell suspension and cell counting
was performed. According to the instructions of
the EasySep™ Human CD8 Positive Selection Kit
IT (StemCell, Canada), a certain amount of PBMCs
was taken and added to a sterile flow tube, followed
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by the addition of the corresponding Selection
Cocktail and incubation at room temperature for
three minutes. Then, RapidSpheres™ (StemCell,
Canada) were added and placed in the matching
magnetic pole for 3 minutes. Afterwards, wash buf-
fer was added and washed three times. The cells
were resuspended in Lonza serum-free medium
(Lonza, USA) and seeded into a 24-well plate, and
CD3/CD28 antibodies (StemCell, Canada) were
added to the wells for 72 hours to amplify and
activate CD8" T cells.

CAR-Claudin 18.2* CD8" T cell generation

The experiments described above resulted in the
generation of CD8+ T cells and lentiviral vectors
containing CAR-Claudin 18.2. Isolated CD8" T
cells were activated with CD3/CD28 antibodies
for 48 hours and seeded at a density of 200,000 to
400,000 cells per well in a 24-well plate. The lenti-
viral vectors with an MOI of 50, mixed with poly-
brene at a concentration of 10 ug/mL, were added
to a 1 mL cell suspension. The plate was centri-
fuged at 250 g for 50 minutes, followed by a med-
ium change after 16 hours of infection, and further
incubated for 72hours before conducting the
experiments.

Cell proliferation assay and cytotoxicity test

The MGC-803, HGC-28, SNU-216, and GES-1 cell
lines were inoculated into 96-well cell culture plates
at a density of 3000-10000 cells per well. After 24
hours of cultivation, the culture medium was dis-
carded and replaced with complete growth med-
ium containing Ac or Bu of different gradient
concentrations, with drug-free growth medium
used as a control. The cell culture plates were
then incubated at 37°C and 5% carbon dioxide.
Cell viability was evaluated at 0, 12h, 24 h, and
48 h, and their absorbance values were measured
at a wavelength of 450 nm using an BioTek Synergy
H1 Multi-Mode Microplate Reader (Biotek, USA)
according to the manufacturer’s instructions for
CCKS8 (Dojindo, Japan). MGC-803 and HGC-27
gastric cancer cells were seeded in a 96-well cell
culture plate at a density of 10,000-20,000 cells per
well and incubated for 8 hours. After that, 10-fold
CD8" T cells, which were either stimulated by

successful infection or treated with GPR109A inhi-
bitor (MCE, USA), were added to the wells, and the
plate was incubated for an additional 36 hours.
Similarly, experiments were conducted on CAR-
Claudin 18.2" CD8" T cells and GC cells, employ-
ing a comparable approach. However, the ratio of
effector cells to target cells was maintained at 1:1,
and the incubation period lasted between 12 to 16
hours. The cell cytotoxicity was detected according
to the instructions of the CytoTox 96 non-radio-
active cytotoxicity assay kit (Promega, USA).

Tumor implantation and CAR T-cell activity in vivo

6-8 week-old B-NDG mice were obtained from
Bai Shi Tong Experimental Animal Company
(Dongguan, China). On day 0, they were sub-
cutaneously injected in the upper left limb with
MGC-803-Luc tumor cells (5x 10° cells/mouse)
to establish a xenograft model. The mice were
divided into three groups: the CD8" T cell injec-
tion group (Mock-T), the CAR-CD8" T cell
injection group (CAR-T), and the CAR-CD8"
T cell injection group treated with 0.5 mM
sodium butyrate for 24 hours (CAR-T+Bu). On
days 10 (0) and 15 (5), 5 x 10° transduced CAR-
Claudin 18.2" CD8" T cells were intravenously
injected into the mice. Subsequently, tumor bur-
den was imaged and assessed at specified time
points. Additionally, peripheral blood samples
were collected for analysis of complete blood
count and blood biochemistry by Guangzhou
Donglin Biological Technology Co.,Ltd., while
tissue samples were obtained for pathological
analysis.

Living image analysis

The tumor burden analysis was performed using
imaging in small animals in vivo. According to the
manufacturer’s instructions, each mouse is admi-
nistered 1.5 mg of luciferin potassium salt (GlpBio,
USA) for imaging purposes. The luminescent
images are analyzed using the in vivo imaging soft-
ware (Caliper Life Sciences). The region of interest
(total flux, p/s) is quantified for the signal intensity
of luciferase using the Living Image V.2.50.1
software.



Flow cytometry analysis

To analyze cell apoptosis, cells were collected after
drug treatment or transfection and digested with
trypsin. The cells were washed three times with
physiological saline and then incubated with
Annexin-V-FITC (Dojindo, Japan) or Annexin-
V-eV450 (ELabscience, China) and propidium
iodide (PI) (Dojindo, Japan) at 4°C for 30 minutes.
To analyze the cell cycle, collected cells were fixed
in 70% ice-cold ethanol overnight, and stained with
RNase A and PI (Beyotime, China) in staining
buffer at room temperature for 15 minutes.
Annexin-V-positive cells were defined as apoptotic
cells. The cell proportions of G0/G1, S, and G2/M
phases were analyzed and counted. To detect
immune cells in mouse peripheral blood and gas-
tric tumors, red blood cell lysis buffer was used to
remove red blood cells in tissues and whole blood,
and single-cell suspensions were prepared using
type IV collagenase (Yeasen, China) and a cryo
grinder (Luka, China). To analyze surface and
intracellular functional markers of human CD8"
T cells, CytoFast Fix/Perm (BD Biosciences, USA)
and Foxp3/transcription factor staining buffers
(Thermo Scientific, USA) were used for intracellu-
lar cytokine staining. Additionally, to analyze
tumor cell apoptosis after co-culture with CD8" T
cells and GC cells, DIR staining (Beyotime, China)
was used to distinguish tumor cells. Fluorescence
data was collected using a CytoFlex flow cytometer
(Beckman, USA) and analyzed using FlowJo soft-
ware. The following anti-mouse antibodies were
used for FACS analysis: CD16/32 (93, Biolegend,
USA), CD45 (30-F11, Biolegend or BD Biosciences,
USA), CD3e (17A2, Biolegend, USA), CD3e (145-
2C11, BD Biosciences, USA), CD4 (GK1.5,
Biolegend or BD Biosciences, USA), CD8a (53—
6.7, Biolegend or BD Biosciences, USA), CD25
(PCe1, Biolegend, USA), Foxp3 (R16-715, BD
Biosciences, USA), CD1llc (N418, Biolegend,
USA), CD11c¢ (HL3, BD Biosciences, USA), CD80
(16-10A1, Biolegend or BD Biosciences, USA),
CD86 (GL-1, Cell Signaling Technology, USA),
and IFN-y (XMGL1.2, Biolegend, USA). The follow-
ing anti-human antibodies were used: CD8a (RPA-
T8, Biolegend, USA), IFN-y (B27, Biolegend,
USA), and Granzyme B (GB11, Biolegend, USA).
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Statistical analysis

Data were expressed as mean+SD. Statistical sig-
nificance between groups was calculated by two-
tailed, unpaired Student’s’ t test (GraphPad Prism
9.0). One-way ANOVA was used to compare the
means of three or more groups to determine the
statistical significance (GraphPad Prism 9.0).
Mann-Whitney U test was used for differential
comparison of two groups of samples with biolo-
gical replicates; Kruskal-Wallis test was used for
comparison of multiple groups of samples with
biological replicates. p < 0.05 was considered statis-
tically significant.

Results

GC patients show gut microbiota dysbiosis and
reduced levels of SCFAs and SCFA receptors

To investigate the gut microbiota in GC patients, fecal
samples were collected from 20 pairs of healthy indi-
viduals and GC patients. The community structures
and abundances of the bacteria were analyzed by 16S
rRNA sequencing. The taxonomy of the intestinal
bacteria, from phylum to species, was analyzed
using the LEfSe method. Evolutionary branching dia-
grams and distribution bar charts were used to
demonstrate the differences between the two groups
at each taxonomic level. This showed that patients
with GC had significantly increased levels of the
Streptococcus, Limosilactobacillus, Tannerellaceae,
Clostridium, and Akkermansia bacterial genera.
However, the proportions of Faecalibacterium,
Ruminococcus, Subdoligranulum, Dorea, Roseburia,
Phascolarctobacterium, Catenibacterium,
Fusicatenibacter, Fusobacterium, and Butyricicoccus
were markedly reduced (Figure 1a, Figure S2a, S3a).
Clustering of the top 30 taxa based on their relative
abundance at the genus level and using either the
distribution of taxonomic unit abundance or the
similarity between samples, showed similar tenden-
cies in the abundance of Phascolarctobacterium,
Lachnoclostridium, Dorea, Roseburia, Ruminococcus,
Faecalibacterium,  Firmicutes_unclassified, and
Streptococcus in the samples from both groups
(Figure S2b). Principal Coordinate Analysis (PCoA)
and Alpha Diversity Analysis were then used for
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Figure 1. (a) Differential analysis of microbial community composition in feces at the genus level between gastric cancer (GC) patients
(GC, n=20) and healthy individuals (Normal, n = 20). Differential analysis was performed on all species at each level, with the bar
graph showing the top 30 species with p-values <0.05 and including differential species. Differential species were shown on the x-axis
(arranged in order of abundance from left to right) and the y-axis indicated relative abundance. Bar heights indicated relative
abundance of species in the different groups. (b) PCoA 2D plot: the green represented Normal and the red performed GC, and the
closer the samples were, the more similar their microbial community structured, indicating less variation. (c) Violin plot: the p-value in



visual two-dimensional comparison of the composi-
tional structures, species richness, and evenness
between the two sets of samples (Figure 1b,c; Figure
S3b, ¢). The 16S rRNA sequencing analysis indicated
significant reductions in the bacterial genera asso-
ciated with SCFA production in the microbiota
from GC patients. To further elucidate the relation-
ship, GC-MS was used to analyze differences in the
contents of the various SCFAs in both fecal samples
and peripheral blood sera from the two groups. This
showed markedly decreased levels of acetic acid, buty-
ric acid, and total SCFA content in the fecal samples
of GC patients, with corresponding results in the
serum samples (Figure 1d,e). In order to investigate
whether the variations in SCFAs in serum stem from
gastric or intestinal microbial fermentation changes,
we collected gastric fluid from both normal and GC-
afflicted mice for microbiome sequencing and SCFAs
analysis. The sequencing results revealed an increase
in genera such as Ligilactobacillus and Dubosiella in
the gastric contents of normal mice, while
Clostridiales,  Lachnospiraceae, — Muribaculum,
Bacteroides, Parabacteroides, and others were aug-
mented in the gastric contents of mice with GC.
Despite substantial differences in microbial composi-
tion between the two groups as indicated by micro-
biome sequencing, the analysis of short-chain fatty
acids in gastric fluid revealed markedly lower levels,
approximately 1/8 to 1/10 of the levels in serum, with
no statistically significant variance observed between
the two groups (Figure S4).

To further elucidate the presence of parallel var-
iations in SCFA receptors in the cancerous tissues
of GC patients, 50-60 pairs of GC tumor and
adjacent tissues were collected and differential
expression was analyzed using immunohistochem-
istry and immunofluorescence. It was found that
the mRNA and protein expression of SCFA recep-
tors, including the G-protein coupled receptors
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109A (GPR109A) and 43 (GPR43), were markedly
decreased in cancerous tissues compared with adja-
cent tissues. Nonetheless, it’'s worth noting that
there was no statistically significant difference in
the mRNA expression of GPR41 (Figure 1f-h).
These results were verified in the normal human
gastric epithelial cell line GES-1 and the GC cell
lines MGC-803, HGC-27, and SNU-216.
Measurement of GPR109A and GPR43 mRNA
levels by PCR showed that these were lower in the
GC cells compared with normal cells, although
consistent GPR41 levels were only observed in
SNU-216 cells. Additionally, we discovered that
the addition of butyrate (Bu) or acetate (Ac) during
culture had no effects on the mRNA expression of
the three receptors in normal epithelial cells, but
promoted the mRNA expression of GPR109A and
GPR43 in tumor cell lines. However, increased
levels of GPR41 were only seen after Bu addition
in MGC-803 and HGC-27 cells (Figure S5).
Immunoblotting showed that while the protein
levels of all three receptors were markedly reduced
in MGC-803 and HGC-27 cells, only those of
GPR43 were reduced in SNU-216 cells.
Incubation with Bu resulted in increased protein
expression of all three receptors (except GPR41 in
SNU-216) in GC cells, while the expression of all
three remained unchanged after Ac addition to
SNU-216, as well as that of GPR109A in MGC-
803 cells (Figure 1i; Figure S6).

The gut microbiota in GC patients promotes GC
development and reduces the level of butyrate

To determine whether the development of GC is due
to changes in intestinal bacteria or whether GC
changes the composition of intestinal bacteria, we
constructed an ABX antibiotic-induced sterile gas-
trointestinal model. We then performed

the upper left corner represented the results of the rank-sum test for GC and Normal groups in the plot. * significant difference,
** highly significant difference, ns, non-significant difference. (d-e) GC-MS analysis of SCFA contents, including acetic, propionic,
butyric, isobutyric, valeric, and isovaleric acids, in the feces (D) and serum (E) of GC patients (n = 20) and healthy individuals (n = 20).
(f-g) Immunohistochemical and immunofluorescence analysis of levels of GPR109A, GPR43, and GPR41 in cancer and adjacent tissues
from GC patients (n =50 to 60 pairs). (h) mRNA expression of GPR109A, GPR43, and GPR41 in tumor and control tissues from GC
patients (n =6 pairs). (i) Western blotting of SCFA receptors (GPR109A/GPR43/GPR41) in GES-1 and GC cell lines MGC-803, HGC-27,
and SNU-216, together with changes in expression after 10 mM Ac and 5 mM Bu treatment. Data indicate the mean + SD. *p < .05, **p
<.01, and ***p < .001, by 2-tailed Student’s t test or one-way ANOVA. Mann-Whitney U test was used for differential comparison of
two groups of samples with biological replicates; Kruskal-Wallis test was used for comparison of multiple groups of samples with

biological replicates. p < 0.05 was considered statistically significant.
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Figure 2. ABX mouse transplantation of GC patients and normal individuals’ fecal microbiota was induced GC with H. pylori SS1+MNU
treatment. Groups: mice transplanted with normal human microbiota (F-N), GC microbiota (F-CA), pbs (F-MNU), and mice without
induction and treatment (Control) (—6 + 36 w). (a) Macroscopic observation of GC induction at — 6 + 36 weeks after fecal microbiota
transplantation. (b) lllustration depicting microbiota transplantation in conjunction with the gastric cancer induction model. (c-d) the
number and maximum volume of induced tumors were observed in the three groups (F-N, F-CA, F-MNU). (e) HE staining of mouse
gastric tissue in the three groups. (fjPCoA 2D plot of there groups: the green: F-N, the blue: F-MNU, the red: F-CA, the dots were, the
more similar their microbial community structured, indicating less variation. The microbial compositional structures in feces exhibited



recolonization of the intestinal microbiota with fecal
microbiota from normal individuals and GC
patients, followed by induction of GC using H.
pylori+MNU in mice (Figure S1; Figure 2b). After
42 weeks, it was found that the animals who had
received microbiota from GC patients were signifi-
cantly more likely to develop GC, seen in the greater
numbers of gastric tumors compared with mice that
received microbiota from normal individuals
(Figure 2a-e). Fecal samples from mice after trans-
plantation with microbiota were analyzed by 16S
rRNA sequencing. we observed the species compo-
sition within and between groups, using principal
coordinate analysis (PCoA) and Alpha diversity ana-
lysis to visually represent differences in the structural
composition of species between the groups in two-
dimensional space. The results indicated a signifi-
cant disparity in the microbial diversity of gut
microbes between gastric cancer mice that under-
went fecal microbiota transplantation and untreated
gastric cancer mice, concurrently affirming the suc-
cessful transplantation of fecal microbiota (Figure 2f;
Figure S7; §8.a). Simultaneously, the findings corro-
borated significant differences in the composition of
the gut microbiota between mice transplanted with
fecal samples from GC patients and those who
received samples from healthy individuals (Figure
2g). Additionally, For a more intuitive comparison
of bacterial abundance in samples, we selected the 30
most abundant species for classification; the relative
abundance of each group is shown in a stacked bar
chart. This showed that compared to mice trans-
planted with fecal bacteria from healthy individuals,
mice transplanted with fecal bacteria from GC
patients had elevated levels of the Akkermansia,
Turicibacter, Cetobacterium, Romboutsia,
Desulfovibrionaceae, ~ Mycoplasmataceae,  and
Ralstonia genera in their intestinal microbiota.
Conversely, there was a decrease in the presence of
Lachnospiraceae_NK4A136_group, Eubacterium]
_xylanophilum_group, Prevotellaceae_UCG —001,
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Colidextribacter, Paramuribaculum, Incertae_Sedis,
Oscillibacter, Anaerotignum, GCA — 900066575,

Intestinimonas,  Bilophila, =~ Ruminococcaceae,
Lachnospiraceae_FCS020 _group, Eubacterium,
Acetatifactor, Butyricicoccus, Pantoea,

Robinsoniella, Harryflintia and UCG —009 genera
(Figure 2h; Figure S8b, 9a). Through in-depth ana-
lysis of the gut microbiota in two groups, it was
observed that the transplantation of healthy fecal
microbiota into mice resulted in an enrichment of
membrane receptors, transcription factors, and
pathways associated with pyruvate metabolism, as
compared to mice transplanted with GC-associated
fecal microbiota. Pyruvate can undergo metabolic
conversion to butyrate (Figure S9b, ).
Furthermore, GC-MS was used to evaluate the
SCFA contents in the feces and sera of both groups
of mice. Significantly reduced levels of acetic (AC),
butyric (BC), and propionic acid, and total SCFA
contents were found in the GC mouse feces, while
reduced BC concentrations were seen in the sera.
Conversely, there was a significant increase in pro-
pionic acid content in serum samples (Figure 2i,j).

Butyrate inhibits GC cell proliferation but promotes
apoptosis

To further investigate the underlying mechanisms
in cells, Bu or Ac was added to both GC and
normal epithelial cell lines. CCK8 assays showed
that 5, 10, and 15 mmol/L of Bu, as well as 10, 20,
and 40 mmol/L of Ac, markedly reduced the pro-
liferation of GC cells (except for 10 mmol/L of Ac,
which did not significantly inhibit the proliferation
of SNU-216 cells) but did not affect proliferation in
control GES-1 cells (Figure 3a, b). We thus selected
the concentrations of 5mmol/L of Bu and 10
mmol/L of Ac, together with incubation times of
0 (1h after drug addition), 12, 24, and 48h to
monitor changes in proliferation. It was observed
that proliferation in MGC-803 and SNU-216 cells

disparities between the two groups. (g) Violin plot: the p-value in the upper left corner represents the results of the rank-sum test for
F-N and F-CA groups in the plot. (h) Differences in microbiota species between F-N and F-CA. Species were shown on the x-axis
(arranged according to abundance from left to right) and relative abundance on the y-axis. Bar heights represented abundance of
species in the different groups. n =10 mice/group, but F-N = 6. (i-j) GC-MS analysis of the SCFA contents in feces (I) and sera (J) of
mouse transplantation groups (F-N, F-CA, F-MNU). n = 5 to 6 mice/group, cages = 2 to 3/group. Data indicate the mean £ SD. *p < .05,
**p <.01, and ***p <.001, by 2-tailed Student’s t test or one-way ANOVA. Mann-Whitney U test was used for differential comparison
of two groups of samples with biological replicates; Kruskal-Wallis test was used for comparison of multiple groups of samples with

biological replicates. p < .05 was considered statistically significant.
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Figure 3. (a-b) Proliferation in control GES-1 cells and GC MGC-803, HGC-27, and SNU-216 cells after treatment with varying
concentrations of Ac (0, 10, 20, 40 mmol/L) and Bu (0, 5, 10, 15 mmol/L). (c-f) Proliferation in control GES-1 cells and GC cells at 0,
12, 24, and 48 hours of treatment with 10 mM Ac or 5 mM Bu. (g) Apoptosis in cells treated with 10 mM Ac or 5 mM Bu. Data indicate
the mean + SD. *p < .05, **p <.01, and ***p <.001, by 2-tailed Student’s t test or one-way ANOVA.



began to be affected at 12 h, in contrast to HGC-27
cells which only showed inhibition after 24 h
(Figure 3c-f). Furthermore, apoptosis and the cell
cycle were measured by flow cytometry after Ac or
Bu incubation, showing significantly raised apop-
totic rates (Figure 3g; Figure S10) and G0/G1 phase
arrest in tumor cells (Figure S11). Although no
significant impact on the apoptosis rate of GES-1
cells was observed following Ac or Bu treatment,
immunoblotting analysis revealed an unexpected
suppression of apoptosis-related proteins, Bax and
cleaved caspase 3, in GES-1 cells by Ac or Bu.
Simultaneously, Bu significantly enhanced the
expression of anti-apoptotic proteins, BCL-2
(Figures 3g, 4a; S12a).

Butyrate reduces GC cell proliferation and promotes
apoptosis through GPR109A/HPOX

To further investigate the mechanism by which Bu
inhibits the progression of GC, we selected
GPR109A, one of the receptors affected by Bu, as
a downstream pathway for our study. GPR109A
was knocked down in MGC-803 and HGC-27
cells using siRNA (Figure S12b, c), after which the
cells were treated with Ac or Bu, and changes in
proliferation, apoptosis, and the cell cycle were
examined. After verifying the levels of apoptosis-
and anti-apoptosis-associated proteins through
immunoblotting, reduced levels of the cell cycle
protein Cyclin D1 were observed in MGC-803
and HGC-27 cells following treatment with Bu or
Ac. The anti-apoptotic protein Bcl-2 showed simi-
lar behavior. Knockdown of GPRI109A led to a
significant attenuation of the effects of both Ac
and Bu on GC cells. Furthermore, the levels of
two apoptosis-associated proteins, Bax and cleaved
caspase 3, showed opposite changes compared to
those of the anti-apoptotic proteins (Figure 4b, ¢;
Fig S12d, e). Evaluation of the effects of Ac and Bu
on apoptosis using CCK8 assays and flow cytome-
try indicated that these effects, namely, reduced
proliferation and enhanced apoptosis, were mark-
edly reduced after GPR109A knockdown (Figure
4d-g; Figure S12f). Similarly, the GO/G1 phase
arrest induced by Ac and Bu treatment was
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mitigated in HGC-27 cells after GPR109A knock-
down (Figure S13).

A literature search identified a recent article
demonstrating that the inhibitory effects of 3-hydro-
xybutyrate on colon cancer cell proliferation were
mediated by HCAR2/HOPX.”” HCAR? is a syno-
nym for GPR109A in humans. We, therefore,
selected HOPX as a downstream target for investi-
gation. Immunoprecipitation and immunofluores-
cence co-localization experiments showed a
significant interaction and spatial co-localization
between GPR109A and HOPX proteins (Figure 4h,
1). In addition, we discovered that knocking down
GPRI109A led to a reduction in co-localization after
treatment with 5 mmol/L Bu (Figure 4k, I; Figure
S14c). Immunohistochemical analysis of GC and
adjacent normal tissue specimens indicated that
the expression of HOPX protein was reduced in
the tumor tissues (Figure 4i, j). Next, siRNA was
used to knock down GPR109A or HOPX and
HOPX was overexpressed after plasmid transfection
(Figure S12b, ¢; S14a, d). Through immunoprecipi-
tation assays to detect apoptotic and anti-apoptotic-
related proteins, as well as flow cytometry to assess
cellular apoptosis rates, our findings indicated that
downregulation of HOPX significantly inhibits cell
apoptosis. Conversely, when it was overexpressed, it
exhibited a distinct pro-apoptotic effect. However,
when we specifically knocked down GPR109A, we
observed a little significant impact on the HOPX
expression and apoptosis in GC cells (Figure 4m-
p; Figure S14b). It was plausible that GC cells inher-
ently exhibited low GPR109A expression or that as a
receptor, it necessitated ligand activation to func-
tion, a phenomenon warranting further exploration.
Nevertheless, when we introduced 5 mmol/L Bu to
the aforementioned overexpressed or knocked-
down cells, Western blotting revealed that the aug-
mented expression of Bax and cleaved caspase-3
proteins induced by Bu treatment was significantly
diminished after GPR109A or HOPX knockdown.
However, the overexpression of HOPX in
GPR109A-knockdown cells partially restored the
pro-apoptotic effects of Bu, while the levels of the
anti-apoptotic protein Bcl-2 were reduced (Figure
4m-p; Figure S15a, b, e). Subsequent flow cytometry
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analysis demonstrated a consistent correlation
between changes in apoptosis-related proteins and
alterations in apoptosis rates (Figure 4n-r; Figure
S15c¢, d, ). Hence, we posited that GPR109A’s role
in promoting apoptosis in gastric cancer cells neces-
sitated activation in the presence of Bu. Bu not only
activated GPR109A protein but also enhanced its
expression.

Butyrate suppresses GC development and
progression through GPR109A

To further investigate whether Bu inhibits GC
development through GPR109A, GPR109A™'~
and GC-induced model mice were fed a high-
fiber (HF) diet or supplemented with Bu after
12 weeks (Figure Slc). Samples were collected
after 38 weeks. Statistical analysis of the numbers
and volumes of gastric tumors showed that
tumor development was inhibited to some extent
by HF diets or Bu treatment. Knockout of
GPRI09A resulted in no significant increase in
GC occurrence. Nevertheless, the inhibitory
effects of Bu were significantly reduced in
GPR109A knockout mice (Figure 5a-d; Figure
S16a). Immunohistochemistry showed that the
levels of both GPR109A and HOPX in the gastric
tissues of the mice were consistently upregulated
after HF or Bu supplementation while signifi-
cantly reduced HOPX levels were seen in the
GPR109A-knockout mice compared with the
GC-model group (Figure 5e-g, j-m).

To verify the inhibitory effect of Bu on the pro-
gression of GC, we administered 100 mM of Bu in
the drinking water of GC model mice. This inter-
vention was carried out between weeks 30 and 52,
during which we examined the gastric changes in
the mice and collected tissue samples. It was found
that both the number and volumes of gastric
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tumors were significantly reduced by Bu supple-
mentation (Figure 6a-d; Figure S16.b). Both
GPR109A and HOPX levels were also consistently
upregulated in GC-model mice after treatment
with Bu (Figure 6e-h, j). Furthermore, elevated
levels of both proteins were seen in the gastric
tissues of mice transplanted with the fecal samples
from healthy human individuals compared to those
who received transplantation from GC patients
(Figure 7a, b, e-h; Figure S16.c).

Increased CD8" T cell numbers in the tumor
microenvironment of mice after transplantation of
fecal samples from healthy individuals and
treatment with Bu

As shown above, it was observed that although Bu
could directly inhibit GC cell proliferation and
enhance apoptosis, it requires a drug concentration
of approximately 5 mmol/L. However, the concen-
tration of Bu in peripheral blood cannot reach this
level. We, therefore, investigated whether the
effects of Bu are mediated by other means in the
body. The levels of CD8 and IFN-y and their co-
expression in mouse gastric tissue were examined
by immunohistochemistry and immunofluores-
cence, as well as in the tumors using immunoblot-
ting. Flow cytometry was used to analyze the
proportions of CD3" T cells, CD4" T cells, CD8"
T cells, DCs, and CD25" FOXP3" Treg cells in the
peripheral blood and gastric tumors of mice. It was
found that GC mice supplemented with Bu had
increased levels of CD8 and IFN-y (Figure 6f, i;
Figure 8b, c), as well as co-expression of CD11c and
CD86 and CD8 and GPR109A, were increased in
the stomach tissue of mice (Figure S17.e, f).
Additionally, the proportions of DCs and CD4" T
and CD8" T cells in peripheral blood increased, but
the proportions of CD3" T and CD25" FOXP3"

in GPR109A-knockdown GC cells. (d-g) Changes in cell proliferation (d-e) and apoptosis (f-g) were observed in MGC-803 and HGC-27
cells after siRNA-mediated knockdown of GPR109A and treatment with Ac or Bu. (h) Co-immunoprecipitation confirmed the
interaction between GPR109A and HOPX proteins. (i) Differences in HOPX protein expression were detected by IHC in cancer and
adjacent tissues of GC patients. (j) Quantification of the results of (I). (k-I) Differences in the co-localization of GPR109A and HOPX
between the GC cell lines MGC-803 and HGC-27 after siRNA-mediated knockdown of GPR109A combinated with 5 mM Bu. (m)
Differences in the expression of apoptosis-related proteins Bcl-2, Bax, and cleaved-caspase 3 were observed in MGC-803 and HGC-27
cells after siRNA-mediated knockdown of GPR109A and HOPX, knockdown of GPR109A, or overexpression of HOPX. (n) Differences in
the expression of apoptotic and anti-apoptotic-related proteins were scrutinized after (M) combinated with 5 mM Bu. (0-p) Changes in
cell apoptosis rates after the (M) treatment. (g-r) Changes in cell apoptosis rates after the (N) treatment. Data indicate the mean + SD.
*p <.05, **p <.01, and ***p <.001, by 2-tailed Student’s t test or one-way ANOVA.
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Treg cells were relatively unchanged (Figure 8a, b;
Figure S17a-d). The same measurements were per-
formed in mice transplanted with fecal samples
from GC patients had reduced levels of CD8 and
IFN-y (Figure 7a, c, d), as well as reduced co-
expression, in the tumor tissues (Figure 8h, i) in
comparison with mice that had received fecal sam-
ples from healthy individuals. While DCs were the
only cell population showing reductions in the
peripheral blood, the proportions of both DCs
and CD8" T cells were found to have decreased in
gastric tissue (Figure 8j, k; Figure S17g, h). Further
evaluation of mice supplemented with Bu or HF for
12 weeks showed increased expression and co-
expression of CD8 and IFN-y. However, knockout
of GPR109A did not decrease the co-expression of
CD8 and IFN-y compared to the MNU group
(Figure 5f, h, i). Nevertheless, GPR109A knockout
significantly weakened the effect of Bu on reducing
the expression of CD8 and IFN-y (Figure 8f, g).
Flow cytometry of the peripheral blood and tumor
tissues showed that after HF treatment, the propor-
tions of DCs in the blood and DCs and CD8" T
cells in the tumors were increased and after Bu
treatment, increased levels of both cell types were
observed in both blood and tumor tissues.
However, compared to the MNU group,
GPR109A knockout elevated the numbers of
CD8" T cells in the blood. Nevertheless, continued
treatment with Bu led to reductions in both DCs
and CD8" T cells in the tumors (Figure 8d, e;
Figure S17., j).

Butyrate enhances CD8" T cell cytotoxicity against
GC cells through GPR109A/HOPX

Analysis of the results of animal experiments
indicated that Bu treatment markedly elevated
the levels and co-expression of CD8 and IFN-y.
However, its effect was weakened by GPR109A
knockout. The regulatory effects of GPR109A/
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HOPX on CD8" T cell function were then inves-
tigated. Analysis of co-localization using immu-
nofluorescence indicated that GPR109A and CD8
co-localized in mouse gastric tissue (Figure 9a—c;
Figure S18a). CD8" T cells were then isolated
from human peripheral blood using gradient cen-
trifugation and cell selection, resulting in the
isolation of sufficient cells for downstream
experiments through in vitro expansion and acti-
vation. Analysis of the effects of Bu on CD8" T
cells showed that 0.1 mmol/L Bu promoted the
proliferation of these cells as well as significantly
increasing the proportion of IFN-y" CD8" T cells
(Figure 9d; Figure S18b). Increasing the Bu con-
centration showed that at 1 mmol/L, the prolif-
eration of CD8" T cells was inhibited, and at 0.5
mmol/L, the production of IFN-y was maximal,
although these effects were reversed when the
concentration continued to
mmol/L (Figure 9d-f). Immunoblotting indicated
that Bu increased the GPR109A and HOPX pro-
tein levels as well as that of Bcl-2 in CD8" T
cells. However, inhibition of GPR109A reduced
this action (Figure S18e-g).

To investigate whether the role of GPR109A/
HOPX in CD8" T cells was similar to that in GC
cells, experiments using GPR109A inhibitors,

increase to 1.5

HOPX knockdown and overexpression, and Bu
was performed. It was found that inhibiting
GPR109A and HOPX suppressed the effects of Bu
on the production of IFN-y in CD8" T cells, but in
cells where GPR109A was inhibited and HOPX
overexpressed, the promotion effect was restored
(Figure 9g; Figure S18h). However, when excluding
Bu and solely employing GPR109A inhibitors,
HOPX knockdown and overexpression, the
observed trend in knockdown or overexpression
consistently aligned with the outcomes induced
by Bu addition. Despite the statistical significance

drinking water (Mnu+bu), the wild-type group (MNU), the GPR109A™"~ group (MNU+GPR109A™""), and the GPR109A '~ group
supplemented with Bu in the drinking water (MNU+GPR109A™""+Bu). (a-b) the gross morphology of the stomachs, (c) tumor
numbers, and (d) maximum tumor volumes in the mice were recorded for the five groups. (e) HE staining was used to observe the
morphological characteristics of mouse gastric tissues in each group. (f) immunohistochemistry was used to detect differences in the
protein expression of tumor-related markers Ki-67 and CK-7, as well as GPR109A, HOPX, CD8, and IFN-y for the five groups. (g-k)
Quantification of the results of (F). (I) Differences in the expression of GPR109A, HOPX, CD8, and IFN-y detected by Western Blotting in
GC tumors. (m) Quantification of the results of (L). n = 4 to 6 mice/group, cages = 2 to 3/group, cages = 2 to 3/group. Data indicate the
mean £ SD. *p < .05, **p < .01, and ***p < .001, by 2-tailed Student’s t test or one-way ANOVA.
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Figure 6. Mice with H. pylori SS1+MNU-induced GC were supplemented with Bu (Mnu-+bu) from 30 weeks to 52 weeks (-2 + 52 w). (a-
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and CK-7, and GPR109A, HOPX, and IFN-y in gastric tissues from the MNU and MNU+Bu groups. (g-j) Quantification of the results of (f).
n =5 mice/group, cages = 2 to 3/group, cages = 2 to 3/group. Data indicate the mean + SD. *p < .05, **p < .01, and ***p <.001, by 2-

tailed Student’s t test or one-way ANOVA.

of GPR109A inhibition, its suppressive effect was
markedly less pronounced compared to the sole
downregulation of HOPX expression (Figure
S$18c, d). Hence, the results may remain congruent
with their impact on GC cells, requiring the pre-
sence of Bu for GPRI109A activation to exert

downstream effects. Merely downregulating
GPR109A expression without inhibiting its activa-
tion failed to manifest its pivotal role. In addition,
Co-culture of activated CD8" T cells with the GC
cells MGC-803 and HGC-27 indicated a clear con-

sistent trend between the promotion of apoptosis
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Figure 7. Groups: mice transplanted with normal human microbiota (F-N), GC microbiota (F-CA), pbs (F-MNU), and mice without
induction and treatment (Control) (—6 + 36 w). (a) Immunohistochemical analysis of levels of the tumor-related indicators Ki-67 and
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and cytotoxicity in GC cells and the production of
IFN-y (Figure 9h,i; Figure S18h, i).

Butyrate enhances CAR-Claudin 18.2* CD8* T
cytotoxicity against GC cells through GPR109A/
HOPX

In order to further analyze whether the direct cyto-
toxic effect of CD8" T cells on gastric cancer cells
can be enhanced by Bu, a literature review was
conducted and confirmed that Claudin 18.2 serves
as a specific target in gastric cancer (Figure 9j, k).
Furthermore, its high expression in gastric cancer
was demonstrated through WB and tissue fluores-
cence (Figure 9], m; Figure S19a-c). Subsequently,
CAR-Claudin 18.2 was introduced into isolated
CD8" T cells, granting them the capability to
directly eliminate gastric cancer cells. Through
co-culturing CAR-Claudin 18.2" CD8" T cells
with gastric cancer cells and assessing the cytotoxi-
city toward gastric cancer cells, as well as the induc-
tion of apoptosis in gastric cancer cells, a
significant increase in killing efficacy mediated by
Bu was observed, accompanied by a notable eleva-
tion in the apoptosis of gastric cancer cells (Figure
9n, o; Figure S19d). Further analysis of the func-
tional factors of CAR-Claudin 18.2" CD8" T cells
revealed that the production of IFN-y and
Granzyme B was markedly augmented by 0.5
mmol/L Bu (Figure 9p, q; Figure S19e, f).
Similarly, it was observed that the cytotoxicity of
CAR-Claudin 18.2" CD8" T cells, as well as the
production of IFN-y and Granzyme B, were modu-
lated by GPR109A/HOPX through the inhibition
of GPR109A and the manipulation of HOPX
expression via knockdown or overexpression.
Furthermore, the augmenting effect of Bu on
these cellular functions demonstrated a trend com-
parable to its influence on CD8" T cell presentation
(Figure 9r-t; Figure S19g, h).
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Butyrate enhances CAR-Claudin 18.2* CD8" T cell
activity in vivo

To validate the potential of Bu in enhancing the
cytotoxicity of CAR-Claudin 18.2" CD8" T cells in
vivo, we conducted a subcutaneous tumor experi-
ment (Figure 10a). On the 10th day of treatment
with CAR-Claudin 18.2" CD8" T cells or a combi-
nation of CAR-T cells and Bu, the CAR-T com-
bined with Bu group exhibited noticeable
therapeutic effects. Furthermore, on days 15 and
21, the CAR-T combined with Bu group demon-
strated superior treatment efficacy compared to the
CAR-T group, with significant statistical differ-
ences observed (Figure 10b-d). Concurrently,
through flow cytometric analysis of intratumoral
CD8" T cell proportions, we observed a greater
infiltration of CD8" T cells in the CAR-T combined
with Bu group compared to the CAR-T group
(Figure 10e, f). Additionally, analysis of complete
blood counts (WBC, RBC, HGB, and PLT), blood
biochemistry (ALT, AST, ALP, and BUN), and
body weight revealed no significant changes in
the CAR-T combined with Bu group compared to
the CAR-T group or the Mock-T group (Figure
10g, h).

Discussion

The findings of the study showed that transplanta-
tion of a healthy human gut microbiome can sup-
press GC development as well as improve the
immune-suppressive microenvironment of sto-
mach carcinoma. We propose that this effect is
due to the production of Bu by the intestinal
microbiota, enhancing the cytotoxic function of
CD8" T cells through the GPR109A/HOPX axis
and thus improving the immunosuppressive state.
This not only demonstrates that the gut microbiota
can remotely regulate GC through metabolites but
also highlights the significant role of GPR109A in

(c). Positive cell rate (%). (c) Immunofluorescence staining showing the co-expression of CD8 and IFN-y in the two groups. (d-e) Flow
cytometry analysis of the proportions of DCs and CD3* T, CD4* T, and CD8™ T cells in mouse gastric tumor tissues and peripheral blood
in the different groups (MNU+HF, MNU+Bu, MNU, MNU+GPR109A™"~, MNU+GPR109A™"+Bu) (=2 + 38 w). (f) The co-expression of
CD8 and IFN-y in the five groups. (g) Quantitative statistical analysis of the fluorescence colocalization of (F). Positive cell rate (%). (h)
Quantitative statistical analysis of the fluorescence colocalization of (l). Positive cell rate (%). (i) The co-expression of CD8 and IFN-y in
the groups (F-N, F-CA, F-MNU) (-6 + 36 w). (j-k) Flow cytometry analysis of the proportions of DCs and CD3* T, CD4" T, and CD8* T
cells in mouse gastric tumor tissues and peripheral blood in the three (F-N, F-CA, F-MNU) groups. n =4 to 6 mice/group, cages =2 to
3/group, cages =2 to 3/group. Data indicate the mean = SD. *p < .05, **p < .01, and ***p <.001, by 2-tailed Student’s t test or one-

way ANOVA.
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Figure 9. (a) Co-localization of GPR109A and HOPX proteins in CD8* T cells. (b-c) Co-localization of CD8 and GPR109A shown by
immunofluorescence in mouse gastric tissue in the MNU and MNU+Bu groups (-2 + 52 w). (d) Changes in the proportion of IFN-y
positive cells in the CD8" T cell group after treatment with different concentrations of Bu. (e-f) Changes in the proliferation of CD8* T



the immune regulation of GC. More importantly,
current research suggests that regulating the com-
position of gut microbiota or supplementing gut
bacterial metabolites such as butyric acid, may
enhance the immune microenvironment of GC
and may provide a novel theoretical basis for
immunotherapy strategies for GC.

The microbiota of the gastrointestinal tract func-
tions as a symbiotic organism within the body,
where it is involved in establishing and regulating
the host’s immune and digestive functions, as well
as in regulating endocrine and neural signaling,
metabolism, and the production of physiologically
active substances.”®* Given the multifaceted phy-
siological functions of intestinal microorganisms,
an increasing number of studies have demon-
strated that they affect the development and pro-
gression of obesity, nonalcoholic fatty liver disease,
metabolic syndrome, cardiovascular metabolic dis-
eases (CMD), and cancer, among other
pathologies.’®*"' For instance, the feces of patients
with colon cancer show reduced abundance of
potentially protective bacteria, such as Roseburia,
while the numbers of numerous potentially carci-
nogenic bacteria, including Bacteroides, Escherichia
coli, Clostridium difficile, and Porphyromonas,
markedly increases.’” Currently, although numer-
ous studies have demonstrated the effects of gut
bacteria on colon cancer progression through the
transplantation of both fecal microbiota and single
bacterial strains, the mechanisms underlying the
relationship between GC and gut bacteria remain
poorly understood. Here, after establishing the
ABX+ fecal transplant model and GC in model
mice, it was observed that in mice receiving
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microbiota from GC patients, progression of GC
tumors was enhanced, in contrast to mice that
received microbiota from healthy individuals.
These findings illustrate the significant role played
by the gut microbiota in GC.

To elucidate the specific mechanisms, we ana-
lyzed the intestinal microbiota of both humans and
mice using 16S rRNA sequencing. Markedly
reduced abundance of  Faecalibacterium,
Ruminococcus, Subdoligranulum, Dorea,
Roseburia, Phascolarctobacterium, and Butyrici-
coccus were observed in the fecal samples of GC
patients, as well as in transplanted mouse fecal
samples of  Ligilactobacillus,  Clostridiales,
Paramuribaculum, Butyricimonas, Anaeroplasma,
and Lachnospiraceae_UCG-001. However, unex-
pectedly, there was a significant increase in the
Akkermansia genus. Studies indicate that members
of the phylum Firmicutes, specifically the genera
Phascolarctobacterium,  Roseburia,  Blautia,
Faecalibacterium, Clostridium, Subdoligranulum,
Ruminococcus, and Coprococcus, as well as the phy-
lum Bacteroidetes, particularly the genus
Bacteroides, are capable of fermenting and produ-
cing SCFAs within the intestinal tract.’>**
Similarly, research on the microbiomes of mice
also indicates the participation of the
Lachnospiraceae_ NK4A136_group, Paramuri-
baculum, Ruminococcaceae and Butyricicoccus gen-
era in the production of SCFAs.”>*® However,
increased numbers of Akkermansia were observed
in the feces of both GC patients and transplanted
mice, which contrasts with the previously observed
decrease in Akkermansia in patients with colon
cancer and diabetes.””* Further research on this

cells after treatment with different concentrations of Bu (e) or GPR109A inhibitors (f). (g) Changes in the proportion of IFN-y-positive
CD8" T cells after treatment with Bu together with GPR109A inhibitors, HOPX knockdown, or HOPX overexpression. (h-i) Changes in
the apoptotic rates (h) and the altered cytotoxicity (i) of tumor cells induced by CD8" T cells after treatment with Bu together with
GPR109A inhibitors, HOPX knockdown, or HOPX overexpression, co-cultured with MGC-803 or HGC-27. (j) Simplified diagram of CAR-
claudin18.2 sequence. (k) Infection efficiency of primary CD8* T cells by CAR-claudin18.2 lentivirus. (I) Differences in the level of
Claudin 18.2 proteins in HGC-27, MGC-803 and GES-1 cells detected by western blotting. (m) Fluorescence images showing
claudin18.2 protein expression in GC tumor tissue and adjacent tissue. (n-q) groups: UTD, CAR-T, CAR-T+Bu. (n) Apoptosis rate of
GC cells MGC-803 or HGC-27 after co-cultivation with CAR-claudin18.2" CD8" T cells or combined with Bu. (0) Cytotoxicity of CAR-
claudin18.2* CD8™ T cells or combined with Bu against MGC-803 or HGC-27 gastric cancer cells. (p-q) Flow cytometry analysis of IFN-y
and Granzyme B positive expression in CAR-claudin18.2* CD8" T cells after co-cultivation with MGC-803 or HGC-27 GC cells, either
alone or combined with Bu. (r-t) groups: Bu+nc, Bu+ 109a blocker, Bu+sh-hopx, Bu+ 109a blocker+oe-hopx. (r) The altered
cytotoxicity of GC cells induced by CAR-claudin18.2* CD8* T cells after treatment with Bu together with GPR109A inhibitors, HOPX
knockdown, or HOPX overexpression, co-cultured with MGC-803 or HGC-27. (s-t) Changes in the proportion of IFN-y* or Granzyme B*
CAR-claudin18.2" CD8" T cells after the same treatment (r). Data indicate the mean + SD. *p < .05, **p < .01, and ***p < .001, by 2-
tailed Student’s t test or one-way ANOVA.
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Figure 10. CAR-claudin18.2" CD8" T cells were administered in conjunction with 0.5 mmol/L Butyrate for the treatment of
subcutaneous MGC-803 tumors. groups: Mock T, CAR-T, CAR-T+Bu. (a) Analysis of body weight fluctuations. (b) Live imaging statistical
analysis of (C). (c) In vivo imaging conducted on days 0, 5, 10, 15, and 21. (d) Tumor size was measured after 23 days of treatment. (e-f)
Flow cytometry analysis revealed the proportion of CD8" T cells within the tumor. (g) Hematological analysis showed variations in
WBC, RBC, HGB, and PLT. (h) Blood biochemistry examination reflected changes in ALT, AST, ALP, and BUN levels. The data represent
the mean + SD. *p < .05, **p < .01, and ***p < .001, as determined by a two-tailed Student’s t-test or one-way ANOVA.

topic is required. Research indicates that SCFAs
can prevent the development and progression of
colorectal cancer, as well as improve glycemic con-
trol in diabetes.*"*> SCFAs have been shown to
have numerous functions in the maintenance of
human health, acting as a nutrient and energy

supply in the intestinal epithelium, protecting the
mucosal barrier, reducing inflammation, and
maintaining endocrine metabolism and immune
regulation.**>** Here, GC-MS was performed to
analyze the SCFAs present in the feces and sera of
both human and transplanted mice. It was



discovered that acetic acid and BC levels were
lower in the samples collected from GC patients,
as well as in their transplanted mouse fecal samples.
However, only reduced levels of BC and increases
in those of propionic acid were seen in the mouse
sera. BC has been found to enhance apoptosis and
reduce proliferation in colon cancer through the
promotion of histone acetylation and enhancing
the transcription of pro-apoptotic genes.*>*
Nevertheless, despite increased information on
the effects of BC in colon cancer, its functions in
GC remain poorly documented.

To explore the effects of BC on GC, we used an
in situ GC induction model and GC cells. The
findings indicated that supplementation with a
high-fiber diet and Bu could significantly inhibit
GC development. It was also found to promote
apoptosis of GC cells and inhibit their prolifera-
tion. Fiber can produce SCFAs through fermenta-
tion by intestinal microbiota.”” This study thus
provides powerful evidence for the prevention of
GC through a high-fiber diet. Here, Bu was found
to have similar effects to those seen in colorectal
cancer. In contrast to the earlier studies on color-
ectal cancer, the present study reports for the first
time the inhibitory effect of BC on GC in a natural
model simulating its development. Furthermore,
the expression of BC receptors was investigated,
showing that the levels of the G protein-coupled
receptors 109A and 43 were reduced in GC,
although they could be increased through exogen-
ous supplementation. As shown in previous stu-
dies, Bu inhibited proliferation in colon cancer
cells and promotes apoptosis through GPR109A
and GPR43.*® Although similar effects were
observed after knockout of GPRI09A, it was
found that GPR109A knockout in GC mice
reduced the effects of Bu. A recent study has
shown that B-hydroxybutyric acid modulates
HOPX through HCAR2 to inhibit the prolifera-
tion of colorectal cancer cells.”” Consistent with
this, it was found here that reduced HOPX expres-
sion in both GPR109A knockdown cells and
GPR109A™"™ mice, as well as overexpression of
HOPX weakened the effects of GPR109A knock-
down. Although the exogenous supplementation
of Bu has also been shown to have similar effects
on GPR109A/HOPX in GC cells, it is worth not-
ing that the concentration of Bu required to
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inhibit GC cells is close to 5 mmol/L, which can-
not be achieved in peripheral blood. Therefore, we
believe that the levels of Bu produced by intestinal
bacteria may not be directly responsible for its
effects on GC.

However, research has shown that SCFAs from
dietary sources can promote the memory function
of CD8" T cells activated by TCR.** Thus, the
immune microenvironment of GC tumors was
analyzed. Although no significant changes were
observed in the numbers of Tregs, increased num-
bers of CD8" T cells, as well as IFN-y" CD8" T
cells, were seen after supplementation of HF or Bu.
After separating CD8+ T cells, it was found that
0.1 mmol/L of Bu enhanced the production of IFN-
y by CD8" T cells and their killing of GC cells
through GPR109A/HOPX. This finding may add
a new mechanistic explanation for the impact of Bu
on CD8" T cell function. Furthermore, the ability
to regulate CD8" T cell function with just a Bu
concentration of 0.1 mmol/L may provide a rea-
sonable explanation for regulating gut microbiota
to suppress GC. Currently, CAR-T has made sig-
nificant advancements in the treatment of solid
tumors. Research indicates that Claudin 18.2, a
membrane protein, exhibited high expression in
GC, pancreatic cancer, and esophageal cancer.”>”'
Targeting this protein has yielded remarkable ther-
apeutic effects in CAR-T treatment for GC.”*
Although in vitro and vivo studies have also
demonstrated the potent cytotoxicity of CAR-
Claudin 18.2" CD8" T cells against GC cells, our
findings revealed that CAR-Claudin 18.2" CD8" T
cells treated with 0.5 mmol/L Bu exhibited a sig-
nificant enhancement in killing ability through
modulation of GPR109A/HOPX, thereby aug-
menting the production of IFN-y and Granzyme
B. This discovery may provide a novel synergistic
therapeutic approach to improve the efficacy of
CAR-T in treating GC.

Abbreviations

SCFAs Short-chain fatty acids

GC gastric cancer

GPR109A G protein-coupled receptor 109A
MNU N-methy-N-nitrosourean

Ac acetate

Bu butyrate
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GC-MS gas chromatography-mass
spectrometry
PBMCs peripheral blood mononuclear cells

PCoA principal coordinate analysis

AC acetic

BC butyric

HF high-fiber

HOPX homologous domain protein homolo-
gous box
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