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ABSTRACT

Background Stage IV gastric cancer is a highly
heterogeneous and lethal tumor with few therapeutic
strategies. The combination of programmed cell death
protein 1 inhibitors and chemotherapy is currently the
standard frontline treatment regimen for advanced gastric
cancer. Nevertheless, it remains a great challenge to
screen the beneficiaries of immunochemotherapy and
expand indications for this treatment regimen.

Methods We conducted a pathological assessment

to ascertain the importance of tertiary lymphoid
structures based on the tissue samples collected from
patients with stage IV gastric cancer (n=15) both prior
to and following immunochemotherapy treatment.
Additionally, we used spatial (n=10) and single-cell
transcriptional analysis (n=97) to investigate the key
regulators of tertiary lymphoid structures (TLSs). Multiplex
immunofluorescence and image analysis (n=34) were
performed to explore the association between tumor-
infiltrating CXCL13* CD160* CD8* T cells and TLSs. The
relationship between CXCL13* CD160* CD8* T cells
and the responsiveness to immunotherapy was also
evaluated by multiplex immunofluorescence and image
analysis approaches (n=15). Furthermore, we explored
the intrinsic characteristics of CXCL13* CD160* CD8* T
cells through various experimental techniques, including
quantitative reverse transcription-PCR, western blot, and
flow cytometry.

Results We found that responders exhibited higher

levels of TLSs and CXCL13* CD160* CD8* T cells in
biopsy tissues prior to immunochemotherapy compared
with non-responders. Following conversion therapy,
responders also had a higher percentage of mature TLSs
and a higher number of CXCL13* CD160* CD8" T cells in
surgical resections. Moreover, we discovered that vitamin
B, in CD160" CD8" T cells could reduce the ubiquitination
modification of HIF-10. by MDM2, thereby attenuating

the degradation of HIF-1c.. Consequently, this led to the
transcriptional upregulation of CXCL13 expression, facilitating
the recruitment of CXCR5* B cells and the formation of TLSs.
Conclusion The number and maturity of TLSs, along with
the extent of CXCL13" CD160" CD8" T-cell infiltration,
might function as potential indicators for assessing

the effectiveness of immunotherapy in treating gastric

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Tertiary lymphoid structures (TLSs) have been re-
ported to be associated with extended survival in
gastric cancer. However, there is a paucity of re-
search investigating the underlying mechanisms
governing TLSs in gastric malignancies. Meanwhile,
there is still insufficient robust evidence to establish
the correlation between TLSs and immunotherapy
responsiveness in advanced gastric cancer.

WHAT THIS STUDY ADDS

= Our study was the first to propose that the num-
ber and maturity of TLSs, along with the extent of
CXCL13* CD160* CD8* T-cell infiltration, could
serve as novel biomarkers for immunotherapy in
gastric cancer. We also identified that vitamin B,
supplementation could substantially enhance the
efficacies of cancer immunotherapies. Moreover, we
demonstrated vitamin B, could promote the secre-
tion of CXCL13 by CD160" CD8™ T cells by reducing
the degradation of HIF-1c, thereby promoting the
formation of TLSs.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our study was expected to refine the theory of im-
munotherapy and shed important new light on the
clinical application of a more effective immunother-
apy for advanced gastric cancer.

malignancies. Furthermore, our research suggests that
vitamin B, could enhance the secretion of CXCL13 by
CD160" CD8 T cells by reducing the degradation of HIF-1cx.
Additionally, we demonstrate that vitamin B, supplementation
or targeting pyridoxal kinase could substantially improve the
efficacy of immunotherapies for gastric cancer.

INTRODUCTION

Gastric cancer is among the most prevalent
malignancies worldwide, occupying the fifth
position in terms of tumor incidence and the
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fourth in mortality worldwide." Over 70% of individuals
with gastric cancer are diagnosed at locally advanced
or metastatic stages in China. The overall prognosis of
patients with gastric cancer is poor due to a high propor-
tion of patients with advanced disease. Furthermore, effec-
tive treatment options for these patients remain lacking.
Systemic chemotherapy as initial therapy is the mainstay
of treatment for advanced gastric cancer. However, the
median survival time is still limited to approximately 15
months when patients are treated with chemotherapy
alone.”

Recently, several cohort studies have validated the
effectiveness of programmed cell death protein 1 (PD-1)
inhibitors plus chemotherapy in the firstline treatment
of advanced gastric cancer.”” Additionally, conversion
surgery has demonstrated the potential to prolong
survival by over 20 months in patients with stage IV gastric
cancer who have achieved a satisfactory clinical response
to immunochemotherapy.® Nonetheless, there is still a
considerable unmet need for higher efficacy rates. Due
to intratumor heterogeneity, only a few patients derived
benefits from this treatment regimen. Therefore, it is
absolutely imperative to screen the predominant benefi-
ciary population and reverse the refractoriness in patients
treated with immunochemotherapy.

Yoshida et al had categorized patients with stage IV
gastric cancer into four groups based on anatomical
relationships and surgical techniques. Although this clas-
sification aids in selecting appropriate candidates for
conversion therapy, its precision is limited according to
the follow-up results.” Thus, precise molecular stratifica-
tion of stage IV gastric cancer is necessary. The efficacy of
immunochemotherapy is strongly linked to the response
to immune checkpoint inhibitors, especially PD-1 inhib-
itors. A series of biomarkers represented by microsatel-
lite instability-high (MSI-H) / mismatch repair deficiency
(dMMR) status and programmed cell death-ligand 1 (PD-
L1) expression have been frequently used to predict the
response to PD-1 inhibitors in gastric cancer. Neverthe-
less, the incidence of MSI-H/dMMR gastric cancer is low
and reported to be 5-15%.' Additionally, PD-L1 expres-
sion is not an optimal biomarker for anti-PD-1 therapies.
Even if the combined positive score exceeds 10, approxi-
mately 30% of patients with microsatellite stability (MSS)
gastric cancer would not benefit from immunochemo-
therapy."' Thus, it is crucial to discover novel biomarkers
for immunotherapy. Additionally, identifying new molec-
ular targets to reverse the refractoriness is also an urgent
priority for non-responders.

Tertiary lymphoid structures (TLSs) are lymphoid-like
structures formed in chronically inflamed non-lymphoid
tissues, including tumors.'? Effector T cells and high-
affinity antibodies within TLSs could directly target and
eliminate tumor cells because TLSs are not encased in
membranes. Previous studies have demonstrated that
a high density of TLSs was associated with extended
survival in gastric cancer."”'* Apart from that, it has been
reported that TLSs and B cells were implicated in the

response to immunotherapy across various tumors, such
as melanoma,15 renal cell Carcinoma,16 head and neck
squamous cell carcinoma'” and sarcoma.'® However, the
relationship between TLSs and immunotherapy efficacy
in gastric cancer remains largely unexplored. Moreover,
inducing the formation or maturation of TLSs represents
an effective anticancer strategy with promising clinical
implications.'” Nonetheless, there are currently no safe
and effective agents available for inducing TLS formation
in cancer treatment. Of note, CXCL13 has been reported
to be essential for TLS formation. Moreover, CXCL13
played a critical role in the humoral immune response
and the maintenance of the germinal center.”’ With the
development of single-cell sequencing, new T-cell subpop-
ulations, such as CXCL13" T cells, were continually iden-
tified. Multiple studies have shown that intratumoral
CXCL13" T cells could recruit B lymphocytes to promote
TLS formation and maturation.? % However, the charac-
teristics and the cell-intrinsic regulatory mechanisms of
these CXCL13" T cells remain elusive. Moreover, inves-
tigating the mechanisms of CXCL13" T cell-B-cell inter-
actions could provide novel ideas about TLS-inducing
agents.

In this research, we assessed tumor infiltration by
diverse immune cell phenotypes, including TLSs and
CXCL13" T-cell populations, in tissue samples obtained
before and after immunochemotherapy from patients
with advanced gastric cancer. Additionally, we found that
vitamin B, supplementation or targeting pyridoxal kinase
(PDXK) could boost the efficacy of immunotherapy
primarily promoting the formation of TLSs through the
upregulation of CXCL13 expression in CXCL13" CD160"
CDS8' T cells. This study will provide new insights into the
treatment of advanced gastric cancer.

METHODS

Data collection

The gastric cancer single-cell RNA sequencing
(scRNA-seq) data sets used in this research were
obtained from GSE206785, GSE167297, GSE150290, and
GSE183904 which were from GEO database (https://
www.ncbi.nlm.nih.gov/geo/), CRA002586 which was
from the Genome Sequence Archive (https://ngdc.cncb.
ac.cn/gsa/browse/CRA002586), and another scRNA
data set was submitted by Anuja Sathe et al. We collected
and collated the expression profile, along with the clin-
ical information of the ARCG cohort (GSE66229), which
contained 300 gastric cancer samples. We gathered the
spatial transcriptome sequencing data from nine primary

gastric cancer samples and one peritoneal metastatic
lesion from GSE251950.

Spatial transcriptomics analysis

The gene-spot matrices generated after spatial transcrip-
tomic (ST) data processing from ST and visium samples
were analyzed with the Seurat package (V.4.1.1) in R. Spots
were filtered for a minimum detected gene count of 200
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genes. In contrast, genes with fewer than 10 read counts
or expressed in fewer than 3 spots were removed. Normal-
ization across spots was performed with the LogVMR
function. Dimensionality reduction and clustering were
performed with independent principal component anal-
ysis (PCA) with the first 30 principal components (PCs).
We collected TLS-50 signatures from Wu et al in online
supplemental table S1** and then applied the “AddMod-
uleScore” function with default parameters in the Seurat
package to calculate the gene scores of the TLSs. The
cell type signature score derived from the scRNA-seq
data set was added to “metadata” of the ST data set with
the “AddModulScore” function with default parameters
in Seurat. Spatial feature expression plots were gener-
ated with the “SpatialFeaturePlot” function in the Seurat
package. We applied the SpaGene method to identify
distinct clusters for each sample.

Single-cell transcriptome analysis

CellRanger (V.6.0.2) was used to read mapping and gene
expression quantification. Seurat package (V.4.1.1) was
applied for downstream analysis. Cells with less than 1,000
unique molecular identifiers (UMIs) or >15% mitochon-
dria genes were excluded. Doublets were assessed using
the DoubletFinder (V.2.0.3) algorithm for each sample.
We used single-cell variational inference (scVI) tools to
remove batch effects to ensure that our single-cell analysis
was not unduly driven by the outlying characteristics of
one or a few patients’ transcriptional profiles. We scaled
data with the top 4,000 most variable genes by using the
FindVariableFeatures function and used variable genes
for PCA, used FindNeighbors to get nearest neighbors
for graph clustering based on the top 50 PCs, and used
FindCluster to obtain cell subtypes, and visualized cells
with the Uniform Manifold Approximation and Projec-
tion (UMAP) algorithm. Then, we filtered T cells based
on CD3D, CD3E, and CD3G expression and used Find-
Cluster to obtain T-cell subtypes.

Clinical samples and TLSs assessment

In this study, 116 clinical advanced gastric cancer tissues
were obtained from patients who underwent radical
gastrectomy at the First Affiliated Hospital of Nanjing
Medical University between 2016 and 2018 and none
of these patients were treated with neoadjuvant chemo-
therapy or immunotherapy. Additionally, 15 gastric
cancer tissues from patients who received immuno-
therapy combined with chemotherapy were obtained
between 2019 and 2024, either from radical gastrectomy
or preoperative gastroscopy with gastric biopsy at the
same institution. The immunotherapy regimens included
camrelizumab, nivolumab, tislelizumab, sintilimab.
The chemotherapy regimens included oxaliplatin
plus calcium levofolinate, 5-fluorouracil, S-1 plus oxal-
iplatin, oxaliplatin plus capecitabine, 5-fluorouracil plus
leucovorin, oxaliplatin, and docetaxel. Trastuzumab was
recommended for patients with HER2-positive cancers.
The tumor regression grade (TRG) was evaluated by

experienced pathologists according to the American Joint
Committee on Cancer/College of American Pathologists
system. TRG 0 means a complete response (CR), with no
residual tumor cells and fibrosis extending through the
different layers of the gastric wall. The details for these 15
patients are shown in table 1.

The pathological assessment of TLSs was primarily
based on H&E-stained slides. TLSs are defined as dense
lymphocyte aggregates (>100 cells) located among
tumor cells or tumor fibrosis area. Furthermore, TLSs
are characterized as a dense aggregation of unencap-
sulated B cells (CD20), accompanied by an adjacent
T-cell zone (CD4 and CDS8). Therefore, we performed
immunohistochemistry (IHC) staining in some cases to
adequately reveal the morphology and spatial distribu-
tion of the constituent cells of TLSs. These samples were
incubated with anti-CD20, anti-CD8 or anti-CD4. The
TLS histological scoring system was applied to gastric
cancer tissues based on the results of IHC and H&E
staining. The scoring system includes two aspects: (1)
the number of TLS (N); (2) the ratio of TLS area versus
tumor area (TLS %). The formula for TLS score was as
follows: Score=NxTLS %.

Multiplex immunofluorescence

The prepared formalinfixed and paraffin-embedded
(FFPE) sections (4pm) were first incubated in a dry
oven and then immersed in xylene for deparaffinization.
Rehydration was also performed. The sections were then
placed with Tris-EDTA buffer for antigen retrieval. After
cooled to room temperature (RT), slides were immersed
in peroxidase-blocking solution to block endogenous
peroxidase activity. Subsequently, multiplex immunofluo-
rescence (mlIF) kit (BioMed World, WAS15021) was used
for staining. The slides were incubated with the primary
antibodies at 4°C overnight. Then, slides were incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibodies at room temperature. A quick wash in 1x phos-
phate buffered solution (PBS) buffer was followed by
incubation with an appropriate fluorophore-conjugated
tyramide signal amplification (TSA) at RT. Again, the
slides were exposed to microware treatment to strip the
tissue-bound primary/secondary antibody complexes
and ready for labeling of the next marker. The primary
antibodies (CD8, Abcam, 1:1000; CD20, Proteintech,
1:2000; CXCL13, Abcam, 1:2000; CD160, Abcam, 1:500;
CD4, CST, 1:2000; PDCD]1, Proteintech, 1:5000; CXCRb,
Abcam, 1:1000), HRP-conjugated secondary antibodies
(BioMed World, WAS12011), and fluorophore-conjugated
TSA (TSA570, WAS10031; TSA520, WAS10021; TSA620,
WAS10041; TSA690, WAS10061) were repeated until all
markers were labeled. Finally, the slides were added with
4’, 6-diamidino-2-phenylindole (DAPI) in the dark at
RT and mounted with anti-fade mounting medium. The
PANNORAMIC MIDI I (3DHISTECH) was used to take
images of tissue samples.
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Table 1
treatment option

Basic information about 15 patients with stage IV gastric cancer who received immunochemotherapy as the initial

Clinical stage (first) metastases

Sites of distant postoperative

pathological examination

No. Gender Age Regimens
Male >60 SOX+camrelizumab T4AN3M1
2 Male <60 FLOT+nivolumab T4N2MA1
Male >60 CapeOX+trastuzumab+  T3N2MH1
tislelizumab
4 Female <60 SOX+sintilimab T4N3M1
5 Female >60 CapeOX+tislelizumab T4N3M1
6 Male >60 SOX+camrelizumab T4N2M1
7 Female >60 FOLFOX+sintilimab T4N3M1
8 Female >60 CapeOX+tislelizumab T4N3M1
9 Male <60 CapeOX+trastuzumab+  T4N2M1
Sintilimab
10 Male <60 SOX+nivolumab T4N3M1
11 Female <60 FLOT+tislelizumab T4N2MA1
12 Male >60 SOX+nivolumab T4AN3MA1
13 Female <60 SOX+nivolumab T4N3MA1
14 Male >60 CapeOX+sintilimab T4N3MA1
15 Female <60 SOX+nivolumab T4N3M1

Liver metastasis PR
Peritoneal metastasis SD
Liver metastasis PR

Pancreatic metastasis SD
and transverse
mesocolon metastasis

Peritoneal metastasis PR
Liver metastasis CR
Liver metastasis CR

Pancreatic metastasis PR
and para-aortic lymph
node metastasis

Liver metastasis SD

Liver metastasis CR
Peritoneal metastasis PR
Peritoneal metastasis PR
Peritoneal metastasis SD

Liver metastasis and -~
peritoneal metastasis

Peritoneal metastasis -

*Clinical assessment revealed disease progression and these two patients did not undergo surgery (post-treatment samples were not

available).

CapeOX, oxaliplatin plus capecitabine ; CR, complete response; FLOT, 5-fluorouracil plus leucovorin, oxaliplatin, and docetaxel; FOLFOX,
5-fluorouracil; PR, partial response; SD, stable disease; SOX, S-1 plus oxaliplatin.

Metabolic activity analysis

The R package scMetabolism (V.0.2.1) assesses sets of
genes from metabolic pathways to quantify the metabolic
activity of single cells based on the scRNA-seq expression
matrix. The scMetabolism analysis was performed with
Kyoto Encyclopedia of Genes and Genomes (KEGG)
metabolism pathways and the VISION quantifying
method.

Mice

Female and male mice (6-8weeks) were used for all
experiments. The 615 and C57BL/6mouse strains
were procured from the Shanghai Laboratory Animal
Research Center. On acquisition, a 1-week acclimatization
period was provided in a pathogen-free housing environ-
ment. For subcutaneous xenograft experiments, either
1x10°/100 pL mouse forestomach carcinoma (MFC)
cells (MeisenCTCC, CTCC-400-0334) or MFC-Luciferase
cells (MeisenCTCC, CTCC-0497-Luc2) were digested and
resuspended in PBS before being subcutaneously injected
into 615 mice (with six mice per treatment group). The
calculation of tumor volume was performed using the
following formula: volume (mmg):widthQXIength/Q. In

orthotopic xenograft experiments, tissue blocks (1 mm®)
obtained from subcutaneous tumors were surgically trans-
planted into the stomach wall of 615 mice (with six mice
per treatment group). The spontaneous gastric cancer
model was created by exposing C57BL/6 mice to 240
ppm N-methyl-N-nitrosourea (MNU) in their drinking
water.

The diet (from Jiangsu Xietong Pharmaceutical
Bio-engineering) was strictly defined as non-VB6 diet,
normal-VB6 diet, and excessive-VB6 diet, which contain
0, 6mg, and 60 mg of vitamin B, per kg diets, respectively.
Mice were treated with anti-PD-1 antibody intraperitone-
ally (200 pg/mouse, every 3days, Bio X Cell) or MS023
(2mg/mouse, every day, Selleck) 1week after subcuta-
neous injection of tumor cells or orthotopic transplanta-
tion. PBS was used as a negative control.

Patient-derived tumor fragments

Gastric cancer samples were collected from patients under-
going gastrectomy. The samples were diced into approxi-
mately 1 mm diameter fragments and then incorporated
into an artificial extracellular matrix within a 96-well plate
(Corning). The composition of the artificial extracellular
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matrix was elaborated below: 10% fetal bovine serum
(FBS) - Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 1x Eagle’s minimal essential medium (MEM)
non-essential amino acids (Sigma-Aldrich), 1mg/mL
collagen I (Corning) and 4mg/mL phenol red-free ice-
cold Matrigel (BD Biosciences). Patient-derived tumor
fragments (PDTFs) cultures were stimulated with 10 pg/
mL anti-PD-1 alone (Selleck, Sintilimab), 0.5mM pyri-
doxal alone (Selleck), or the combination of anti-PD-1
and pyridoxal where indicated.

Analysis of secreted mediators

The supernatants of PDTFs cultures were collected after
48hours of culture. The indicated cytokines and chemok-
ines within the supernatants were detected using human
IL-2 ELISA Kit (Solarbio, SEKH-0008), human IFN-y
ELISA Kit (Solarbio, SEKH-0046), human CXCL13 ELISA
Kit (Solarbio, SEKH-0072) and human TNF-o. ELISA Kit
(Solarbio, SEKH-0047) according to the manufacturers’
instructions.

Statistical analysis
The data analysis was performed using GraphPad Prism
V.10.0.2 software and SPSS V.27.0.1. Statistical signifi-
cance was assessed employing two-tailed unpaired t-tests
for comparing two groups, while one-way analysis of vari-
ance followed by Bonferroni’s multiple comparisons test
was used for comparisons involving more than two groups.
The results of in vitro functional assays were reported
based on a minimum of three independent experiments
and were expressed as mean+SD.

Additional experimental procedures are provided in
the online supplemental information.

RESULTS

The abundance and maturation of intratumoral TLSs were
associated with improved prognosis and the efficacy of
immunochemotherapy

Previous studies have demonstrated that a high enrich-
ment of TLSs may prolong the survival of patients with
gastric cancer,* Initially, we evaluated the abundance
of TLSs in tumor tissues from 116 patients with gastric
cancer (table 2) and observed that the TLSs-high group
had a superior outcome compared with the TLSs-low
group (online supplemental figure SIA). Therefore,
TLSs could serve as a prognostic biomarker for gastric
cancer. Then, we began to investigate whether TLSs
could be used as biomarkers to predict the efficacy of
immunotherapy in advanced gastric cancer. Accordingly,
we conducted a retrospective analysis using gastroscopic
biopsies obtained from patients with stage IV gastric
cancer prior to initiating immunotherapy (table 1).
The results revealed a positive correlation between the
response to immunotherapy and the density of intratu-
moral TLSs before treatment initiation (online supple-
mental figure S1B). Therefore, TLSs could be used as an

index in the evaluation of immunotherapeutic effect in
advanced gastric cancer.

Subsequently, we set out to interrogate the effect of
immunochemotherapy on the formation and maturation
TLSs. We found that the number of intratumoral TLSs
increased after treatment (online supplemental figure
S1C). Then, we classified the TLSs into three maturity
levels based on expression of the markers CD23?": (1)
lymphoid aggregates with no evidence of CD23" mature
follicular dendritic cells (mFDC); (2) primary follicles
containing scattered CD23" mFDC; and (3) mature TLSs,
which are secondary follicles with a meshwork of CD23"
mFDC (online supplemental figure S1D). We found
that patients with a partial response (PR) had a higher
proportion of intratumoral mature TLSs after treatment
compared with patients with a poor response (online
supplemental figure SIE). However, these phenomena
were not obvious in patients with a CR. We speculated
that this might be attributed to the absence of sustained
antigen stimulation for a long period before detection.

To further validate the impact of TLSs on gastric cancer
development, we calculated the gene scores of TLSs in the
spatial transcriptome data of gastric cancer and observed
the presence of apparent TLS regions. Consistent with
previous reports, TLSs-high spots were enriched with
T cells, B cells, dendritic cells (DCs), and macrophages
in contrast to the TLSs-low spots (figure 1A,B). In addi-
tion, we found high expression of CD3D (T-cell marker),
CD79A (B cell marker), HLA-DQA1 (DC marker), and
CD68 (macrophage marker) in TLSs-high regions (online
supplemental figure S1F,G).

Collectively, these results reveal that intratumoral TLSs
are associated with improved prognosis and the efficacy of
immunochemotherapy. Besides, immunochemotherapy
could induce TLS formation and maturation. However,
what are the key elements that contribute to TLS forma-
tion and maturation in the immune microenvironment?

CXCL13* CD160* CD8" T cells and CXCL13* PDCD1* CD4*
T cells were critical factors to promote TLS formation or
maturation
We performed an integrative analysis of large-scale
single-cell transcriptomes across six data sets using the
scVI algorithm and re-clustered T cells and identified
ten distinct subsets according to their differential genes
(figure 1C,D). These T-cell subsets included CO-KLRCl1
CDS8" T subsets, C1-CCR6 CD4" T subsets, C2-GZMK CD8"*
T subsets, C3-FOXP3 CD4" T subsets, C4-GNLY CDS8" T
subsets, C5-CCR7 CD4" T subsets, C6-CXCL13 CDS8"
T subsets, C7-TNF CD8" T subsets, C8-CXCL13 CD4*
T subsets, and C9-IL17A CD4" T subsets. Among these
subsets, CD4-C8-CXCL13 and CDS8-C6-CXCL13 were
characterized by upregulated expression of CXCL13.
According to the literature reports, we reclassified T
cells in patients with gastric cancer into naive T cells,
cytotoxic T cells, dysfunctional T cells, inhibitory T cells,
proliferative T cells, effective T cells, and resident T cells
based on their molecular features. CD4-C8-CXCL13 and
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Table 2 Association between TLS scores and clinicopathological features in patients with gastric cancer

TLSs
Variable Overall (%) Low, no. cases High, no. cases ' P value
116 (100) 58 58

Age 0.037 0.848
<60 43 (37.1) 22 21
>60 73 (62.9) 36 37

Gender 1.694 0.193
Male 61 (52.6) 31 24
Female 55 (47.4) 27 34

Clinical stage 4.386 0.112
Il 34 (29.3) 12 22
I 50 (43.1) 27 23
vV 32 (27.6) 19 18

T classification 5.224 0.073
T2 38 (32.8) 15 23
T3 55 (47.4) 27 28
T4 23 (19.8) 16 7

N classification 7172 0.067
NO 15 (12.9) 8 7
N1 36 (31.0) 12 24
N2 38 (32.8) 20 18
N3 27 (23.3) 18 9

Metastasis 1.487 0.223
No 104 (89.7) 50 54
Yes 12 (10.3) 8 4

Pathologic differentiation 3.117 0.211
Well differentiated 12 (10.3) 6 6
Moderately differentiated 53 (45.7) 22 31
Poorly differentiated 51 (44.0) 30 21

TLSs, tertiary lymphoid structures.

CD8-C6-CXCL13 exhibited dysfunctional and inhibitory
characteristics, as they expressed inhibitory signature
genes (PDCD1, TIGIT, and TOX) and co-stimulatorysigna-
ture genes (CD28, ICOS, and TNFRSF18) (figure 1E,F).
Notably, gene expression density analysis confirmed the
specific expression distribution of CD160 and ITGAE in
CD8-C6-CXCL13 and the specific expression distribu-
tion of PDCDI1 in CD4-C8-CXCL13 (figure 1G, online
supplemental figure S2). Analysis of the bulk RNA-seq
of gastric cancer tissues from the Asian Cancer Research
Group (ACRG) further confirmed that CXCL13" CD160"
CDS8" T cells were highly correlated with TLSs (R=0.83,
p<0.0001) and CXCL13" PDCD1" CD4" T cells were
highly correlated with B cells (R=0.84, p<0.0001), which
are crucial components of TLSs (figure 1H-]). Besides,
we found that the factions of TLSs, CXCL13" CD160"
CDS8" T cells, and CXCL13" PDCD1* CD4" T cells were all

associated with better survival in gastric cancer through
analyzing data from the ACRG database (figure 1K).

Subsequently, we performed multiplex immunofluo-
rescence experiments and found that TLSs colocalized
with CXCL13" CD160" CD8" T cells (figure 2A,B) and
CXCL13" PDCD1" CD4" T cells (figure 2C,D). Addi-
tionally, the numbers of CXCL13" CD160" CD8" T cells
were significantly higher in tissues with abundant TLSs
(figure 2E). Furthermore, we observed a higher density
of CXCL13" CD160" CD8" T cells around mature TLSs
(figure 2F). Aside from that, the ratios of CXCLI13"
CD160" CD8" T cells to total CD160" CD8" T cells reached
70.6% around mature TLSs (figure 2G).
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Figure 1

05
B cell

Single-cell and spatial transcriptome profiling of T cells and TLSs in the tumor microenvironment of gastric

0.0 0 TEQ 06 0 Mooths

cancer. (A) The spatial feature plot showing the scores of TLSs, T cells, B cells and macrophage in different patients’ spatial
transcriptomic data sets. P3, patient 3; P10, patient 10. (B) Comparison of the scores of different immune cells between TLS-
high and TLS-low spots in different patients’ spatial transcriptomic data sets. (C) UMAP plot of reclustered T cells showing 10
clusters annotated in different colors. (D) Dot plot showing the average expression levels and cell expression proportions of
the differential genes in these 10 T-cell clusters. Dot size encodes the percentage of cells expressing the gene, color encodes
the average per cell gene expression level. (E) CD4-C8-CXCL13 and CD8-C6-CXCL13 exhibiting dysfunctional and inhibitory
characteristics. (F) The heatmap showing the characteristic gene expression in each T-cell cluster. (G) UMAP plot showing the
expression of CD4, CD8B, PDCD1, CXCL13, ITGAE and CD160 in T cells. (H) The plot showing the abundance of immune
cells as the score of TLSs increased using the ACRG data set. Analysis includes 300 processed samples. (l) Correlation of
lineage-normalized cell-type frequencies in the ACRG cohort. (J) Scatterplot demonstrating the correlation between the CD4-
C8-CXCL13 and the B cells (left panel). Scatterplot demonstrating the correlation between the CD8-C6-CXCL13 and the TLS
(right panel). (K) Survival curves showing the association between factors and overall survival in patients from the ACRG cohort
(log-rank test). Survival curves for TLS (upper panel), CD4-C8-CXCL13 (middle panel) and CD8-C6-CXCL13 (lower panel)

and p values are shown. ACRG, Asian Cancer Research Group; TLSs, tertiary lymphoid structures; UMAP, Uniform Manifold

Approximation and Projection.
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Figure 2 CXCL13* CD160" CD8" T cells and CXCL13* PDCD1* CD4* T cell around TLSs at different stages of maturation
were assessed by multiplex immunofluorescence. (A) Resected gastric tissues stained with H&E or subjected to
immunohistochemistry (IHC) detection for CD8, CXCL13, CD160 and CD20. The framed areas are shown adjacently at a
higher magnification. Images were captured under a light microscope. Scale bar, 500 um. (B) Multiplex immunofluorescence
staining of human gastric cancer tissues for detection of CXCL13 (pink), CD160 (orange), CD8 (red), CD20 (green) and DAPI in
gastric cancer tissues. Scale bar, 200 um. (C) Tumor sections stained with H&E and IHC, including CD4, CXCL13, PDCD1 and
CD20. The framed areas are shown adjacently at a higher magnification. Scale bar, 500 um. (D) Multiplex immunofluorescence
experiments were performed to detect the degree of CXCL13* PDCD1* CD4" T-cell infiltration around TLSs at different stages
of maturation. Antibody panel: CXCL13 (pink), PDCD1 (orange), CD4 (red), CD20 (green). Scale bar, 200 um. (E) The numbers
of CXCL13* CD160* CD8* T cells in patients with low (n=17) versus high (n=17) levels of TLSs were compared. (F) The density
of CXCL13* CD160* CD8" T cells were higher around mature TLSs. (G) Percentage of CXCL13* CD160" CD8" T cells among
CD160* CD8* T cells around TLSs at different stages of maturation. Data are presented as the mean+SD. ns, not significant.
*p<0.05, **p<0.001, two-tailed Student’s t-test. DAPI, 4’, 6-diamidino-2-phenylindole; TLSs, tertiary lymphoid structures.
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CXCL13* CD160* CD8* T cells were strongly associated with
clinical response to checkpoint immunotherapy

We then analyzed transcriptome sequencing data from
45 metastatic gastric cancer tissues obtained prior to the
start of PD-1 immunotherapy.11 Our analysis unveiled a
significant association between the extent of infiltration
by CXCL13" CD160" CD8" T cells and improved immu-
notherapy response (figure 3A). To further explore
the correlation between CXCL13" CD160" CD8" T cells
and the response to immunotherapy, we performed
multiplex immunofluorescence to quantify the intratu-
moral abundance of these cells in patients with different
pathological responses. We found that responders (n=9)
exhibited higher levels of CXCL13" CD160" CD8" T cells
in biopsy samples obtained prior to immunotherapy
compared with non-responders (n=6) (figure 3B,C,G).
Therefore, the number of CXCL13" CD160" CD8" T cells
may serve as an indicator of immunotherapy respon-
siveness. Moreover, there was a general increase in the
number of intratumoral CXCL13" CD160" CD8" T cells
following immunotherapy, particularly in those with a
PR to therapy (figure 3D,E,G,H). However, the number
of intratumoral CXCL13" CD160" CD8" T cells was
decreased in patients with a CR (figure 3F, online supple-
mental figure S3A). This finding was consistent with the
alterations observed in TLSs, suggesting a possible link
to the absence of sustained antigen stimulation before
detection.

Several studies have shown that CXCLI13 could
promote the recruitment of CXCR5" B cells into tumor
site, initiating the formation or maturation of TLSs.
Analysis of the bulk RNA-seq from patients with gastric
cancer in The Cancer Genome Atlas revealed a strong
association between CXCL13" CD160" CD8" T cells and
B cells (figure 4A). Based on the integrated scRNA-seq
data sets, we found CXCL13" CD160" CD8" T cells were
highly correlated to B cells and might communicate with
B cells through CXCLI13-CXCRb5 signaling (figure 4B,C).
Moreover, UMAP plots showed that CXCR5 was predom-
inantly expressed in B cells (figure 4D). Interestingly,
we found that there were more CXCR5" B cells around
TLSs in responders compared with non-responders after
immunotherapy (figure 4E). This might be explained
in part by the differential expression of CXCL13 in
tissues. Additionally, we detected a higher abundance of
CD38" CD138" CD27" B cells (plasma cells) in respon-
sive tissues (figure 4F). Furthermore, our results indi-
cated that the amounts of IgG, IgM and IgA were quite
different between patients with and without responsive-
ness (online supplemental figure S3B). Taken together,
these findings imply that CXCL13" CD160" CD8" T
cells play a crucial role in influencing the formation
and maturation of TLSs and are closely related to the
efficacy of immunotherapy. However, what is the fine-
tuning mechanism that affects CXCL13" CD160" CD8"
T-cell populations?

The activation of vitamin B, metabolic pathway could promote
the expression and secretion of CXCL13 in CD160* CD8* T
cells
The diverse environments encountered by T cells influ-
ence their phenotype.?* CXCL13* CD160" CDS' T cells
might adjust their needs to the limited tumor micro-
environments. Consequently, we performed multiple
metabolic feature analysis using scMetabolism, an R
package for single-cell analysis. Interestingly, the results
showed that vitamin B, metabolism, glutathione metabo-
lism and oxidative phosphorylation might be crucial for
CXCL13" CD160" CD8" T cells (figure 5A). PDXK, GPX4
and NDUFA4 might be putative targets, respectively
(figure 5B, online supplemental figure S4A,B). We subse-
quently investigated the impacts of these three metabolic
pathways on the immune microenvironment by ex vivo
experiments using PDTFs,”” which could significantly
minimize immune cell loss during short-term cultures. We
found that there was a significant decrease in the amount
of CXCLI13 released in the supernatants on the stimu-
lation of PDXK inhibitors (ginkgotoxin) (figure 5C).
Moreover, IHC results showed that high levels of PDXK
expression in responsive gastric cancer tissues following
immunotherapy (figure 5D). Then, the MFC murine
gastric cancer cell line was used to establish subcuta-
neous xenograft tumor models in 615 mice. These mice
were randomly assigned to four groups based on distinct
treatment conditions (n=6, each group) (figure 5E).
After 3 weeks, tumors were excised and measured. The
results showed that the PDXK agonist (MS023) plus PD-1
inhibitors group had the smallest tumor volume and
had improved survival rates, although the PDXK agonist
group and the PDXK inhibitor group exhibited equivalent
tumor volumes than the PBS group (figure 5F,G, online
supplemental figure S4C-F). Meanwhile, the number of
lymphocyte aggregates within tumors was significantly
increased in PDXK agonist-treated mice (figure 5H,I).
Given that PDXK was the rate-limiting enzyme
converting vitamin B, (pyridoxal) to the active form
(pyridoxal phosphate), we hypothesized that vitamin B
uptake was crucial for CD160" CD8" T cells to induce
CXCL13 expression and might enhance immuno-
therapy effects for gastric cancer. We then analyzed the
cytokines and chemokines from the supernatants of
PDTF cultures stimulated with vitamin B, or PD-1 inhib-
itors for 48hours. We found that vitamin B, but not
PD-1 inhibitors, could significantly elevate the content
of CXCL13 in the cell supernatants, as determined by
ELISA (figure 6A). Through the establishment of orthot-
opic transplanted tumor models and MNU-induced
malignant transformation models (figure 6B, online
supplemental figure S4G), we observed that excessive
vitamin B, supplementation augmented intratumoral
CXCL13 expression and the number of TLSs (figure 6C,
online supplemental figure S4H). Furthermore, vitamin
B, supplementation could enhance the efficacy of PD-1
inhibitors and significantly improve survival using the
tumor model of gastric orthotopic transplantation in
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Figure 3 CXCL13* CD160" CD8"* T cells were strongly associated with clinical response to checkpoint immunotherapy.
(A) Transcriptome analysis revealed that the number of TLSs and CXCL13* CD160* CD8" T cells were significantly higher in
response (CR+PR) groups (n=12) compared with non-response (SD+PD) groups (n=33). (B) and (C) Enhanced CT scan of
the abdomen before and after treatment with immunotherapy. The red arrows in the CT image indicate the tumor location.
Multiplex immunofluorescence experiments were performed to assess the number of intratumoral CXCL13* CD160* CD8* T
cells in patients with a PR or SD response. Antibody panel: CXCL13 (pink), CD160 (orange), CD8 (red), CD20 (green), scale bar,
400 um. (D-F) The Halo software was used to calculate the quantity of intratumoral CXCL13* CD160* CD8" T cells both pre-
immunotherapy and post-immunotherapy across patients exhibiting varied treatment responses. (G) Comparison of the number
of CXCL13* CD160* CD8" T cells between patients with CR or PR responses (n=9) and patients with SD or PD responses (n=6)
prior to immunotherapy based on multiplex immunofluorescence staining. (H) Comparison of the number of infiltrating CXCL13*
CD160* CD8* T cells in patients with different responses following immunotherapy. Data are presented as the mean+SD. ns,
not significant. *p<0.05, *p<0.01, **p<0.001, two-tailed Student’s t-test. CR, complete response; PD, progressive disease; PR,
partial response; SD, stable disease; ssGSEA, single-sample gene set enrichment analysis; TLSs, tertiary lymphoid structures.
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Figure 4 CXCL13* CD160* CD8"* T cells communicated with B cells through CXCL13-CXCRS5 interactions. (A) Correlation
heatmap between various immune subset enrichments using the bulk RNA-seq of gastric cancer samples from TCGA cohort.
(B) Bubble heatmap showing cell-cell communication inference between T-cell clusters and B cells through ligand and receptor
binding. (C) Analyzing the correlation between different types of immune cells based on the integrated scRNA-seq data sets.
(D) UMAP plot displaying the expression of CXCL13 in T cells and the expression of CXCR5 among all cell types. (E) Multiplex
immunofluorescence experiments were performed to detect the degree of CXCR5* B-cell infiltration around TLSs in patients
with different responses following immunotherapy. Antibody panel: CXCL13 (orange), CXCR5 (red), CD20 (green), Scale bar,
100 um. The framed areas are shown below at a higher magnification. White triangles indicated CXCR5" B cells. The number

of infiltrating CXCR5" B cells in patients with different responses was statistically analyzed. (F) Multiplex immunofluorescence
images showing the markers for CD38 (green), CD138 (red), CD27 (white) and DAPI. Scale bar, 100 um. The framed areas are
shown below at a higher magnification. White triangle indicated CD38" CD138" CD27* B cells; yellow triangle indicated CD38*
CD138~ CD27" B cells. The number of infiltrating CD38* CD138* CD27* B cells and CD38* CD138~ CD27* B cells in patients
with different responses was statistically analyzed. Data are presented as the mean+SD. ns, not significant. *p<0.05, ***p<0.001,
two-tailed Student’s t-test. DAPI, 4’, 6-diamidino-2-phenylindole; PR, partial response; SD, stable disease; scRNA-seq, single-
cell RNA sequencing; TCGA, The Cancer Genome Atlas; UMAP, Uniform Manifold Approximation and Projection.
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Figure 5 Targeting PDXK could promote the formation of TLSs and enhance the efficacy of immunotherapy in gastric

cancer. (A) Heatmap displaying the metabolic feature for T-cell clusters using scMetabolism package. (B) Dot plot showing the
expression of the genes encoding rate-limiting enzymes of vitamin B, metabolism in different types of T cells. Dot size encodes
the percentage of cells expressing the gene, color encodes the average per cell gene expression level. (C) Quantification of
CXCL13 in PDTFs in the presence of different enzyme inhibitors measured by ELISA. (D) Representative H&E staining and
PDXK immunohistochemistry of gastric cancer tissues with different responses following immunotherapy. Scale bar, 500 pm.
(E) The schematic diagram of the animal experiments. (F-G) Images of tumors and tumor volume curves of 615 mice treated
with various agents (n=6, each group). (H) Paraffin sections of mouse subcutaneous graft tumor tissue stained with H&E and
IHC detection for CD8, CD20 and CXCL13. Scale bar, 100 um. (I) The number (left panel) and area (right panel) of TLS per tumor
area were compared between groups (n=6, each group). Data are presented as the mean+SD. ns, not significant. *p<0.05,
***p<0.001, two-tailed Student’s t-test. AOX1, aldehyde oxidase 1; CCCP, carbonyl cyanide m-chlorophenyl hydrazone; CR,
complete response; MFC, mouse forestomach carcinoma; PBS, phosphate-buffered saline; PDXK, pyridoxal kinase; PDXP,
pyridoxal phosphatase; PDTFs, patient-derived tumor fragments; PHOSPHO2, phosphatase orphan 2; PNPO, pyridoxamine
5'-phosphate oxidase; PR, partial response; PSAT1, phosphoserine aminotransferase 1; s.c, subcutaneous injections; SD,
stable disease; TLS, tertiary lymphoid structures.
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615 mice (figure 6D.E, online supplemental figure  sorted patient-derived CD160" CD8" T cells via flow
S41). Additionally, vitamin B, plus PD-1 inhibitors could  cytometry and cultured them in vitro (figure 6I). Simi-
significantly lead to the activation of tumor immune  larly, we observed a significant increase in CXCLI13
microenvironment with elevated levels of lymphocyte  release on vitamin B; stimulation, as determined by
aggregates (figure 6F-H). To investigate whether these ~ ELISA (figure 6]). In addition, flow cytometric anal-
changes were associated with CD160" CD8" T cells, we  ysis revealed an increase in the proportion of CXCL13"
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CD160" CD8" T cells when the sorted CD8" T cells were
stimulated with vitamin B (figure 6K).

The results above suggest that vitamin B; metabolism
plays a crucial role in promoting CXCL13 secretion in
CD160" CD8" T cells. Targeting the vitamin B, metabolic
pathway could be an immunomodulatory strategy for
immunotherapy.

Vitamin B, could reduce the ubiquitination modification of
HIF-10. by MDM2 and promote HIF-1a-mediated CXCL13
transcriptional activation

We then started to explore the mechanism that vitamin
B, promoted the expression and secretion of CXCLI13
in CD160" CD8" T cells. We asked whether transcrip-
tion factors, previously implicated in the promotion
of CXCLI13 expression, were induced in the presence
of vitamin B,. Therefore, we treated cultured CD160"
CD8" T cells with vitamin B, for 48 hours, followed by
reverse transcription-PCR to assess the expression of
these specific transcription factors, including SP1, HIF-
lo, NFxB and POU5F1.2° The results showed that the
messenger RNA level of these transcription factors had
no significant alteration following vitamin B, stimulation
(figure 7A, online supplemental figure S5A). Notably,
only HIF-1a protein levels were upregulated (figure 7B).
Furthermore, we observed that the promoting effect of
HIF-1a. on CXCL13 was attenuated by 2-MeoE2, a widely
recognized HIF-1a inhibitor (figure 7C). This indicated
that vitamin B; might modulate CXCL13 gene expression
in CD160" CD8" T cells by influencing the expression
level of HIF-1a. protein.

Subsequently, we delved into the impact of vitamin
B, on the expression of the HIF-la protein. Our find-
ings revealed that vitamin B6 still increased the half-life
of HIF-1lo in the presence of cycloheximide, an inhib-
itor of de novo protein synthesis (figure 7D). Addition-
ally, vitamin B induced a dosage-dependent increase in
HIF-1o protein levels, which could be prevented by the
proteasome inhibitor MG132 but not by the lysosome
inhibitor NH,ClI (figure 7E,F). Aside from that, vitamin B
could reduce the ubiquitination of HIF-1a (figure 7G).
The results above indicated that vitamin B, could inhibit
the ubiquitin-dependent proteasome degradation of
HIF-1o.

Literatures have reported vitamin B, could affect
the ability of STUBI and MDM2 to ubiquitinate their
substrates.?’ %8 Moreover, we found that STUB1 and
MDM2 were both the possible E3 candidates that
interacted with HIF-lot via ubiquitin ligases/deubiq-
uitinating enzymes-substrates interactions prediction
website (http://ubibrowser.ncpsb.org)® (online supple-
mental table S2). Additionally, HIF-lo. interacted with
both endogenous (figure 7H) and exogenous MDM2
(figure 7I), along with STUBI1 (online supplemental
figure S5B). Nevertheless, in HEK293T cells, vitamin B
only diminished the interaction between HIF-lot and
MDM?2 (figure 7I, online supplemental figure S5B).
Therefore, we explored whether vitamin B, influenced

HIF-1o expression dependent on MDM2. We found that
knockout of MDM2 led to increased HIF-1o, expression
in HEK293T cells, and the vitamin B-mediated increase
in the HIF-1o protein level was not observed (figure 7J).
Furthermore, MDM2 decreased the HIF-lo. expression
in a dose-dependent manner (figure 7K). In addition,
co-transfection with MDM2 and HIF-10. resulted in signif-
icant ubiquitination of HIF-1ot in HEK293T cells. Besides,
vitamin B decreased the level of HIF-lo ubiquitination
mediated by MDM2 (figure 7L). In summary, these
results suggest that MDM2 interacts with HIF-1a to facili-
tate HIF-1o, ubiquitination and degradation.

DISCUSSION

There is a large population of advanced gastric cancer.
These patients have poor outcomes and lack effec-
tive therapeutic options. Notably, the REGATTA
(UMINO000001012) trial revealed that palliative gastrec-
tomy plus chemotherapy did not significantly improve
outcomes compared with chemotherapy alone.”” This
result denied the effectiveness of palliative gastrectomy
as an initial therapy option for advanced gastric cancer.
Recently, conversion therapy has shown significant
potential value in advanced gastric cancer.® *' ** Due to
continuous advancements in medical technology, PD-1
inhibitors are increasingly recognized as crucial compo-
nents in conversion therapy regimens. Multiple clinical
trials, such as the CheckMate-649 trial, ATTRACTION-04
trial and ORIENT-16 trial, have further confirmed the
efficacy and safety of immunochemotherapy in unresect-
able stage IV gastric cancer.”” However, there are several
limitations with regarding the improvement of their
effectiveness and applicability. Therefore, it is critical to
develop a new approach to screen patients suitable for
immunotherapy and expand indications for this regimen
in clinical practice.

Ourstudywas clinically oriented and provided anewidea
for integrating clinical and basic research. In this study,
we retrospectively collected medical data from fifteen
patients with metastatic gastric cancer who received immu-
notherapy combined with chemotherapy. Additionally, we
used pre-immunotherapy and postimmunotherapy tissue
samples from these patients to investigate the dynamic
evolution of the immune microenvironment during
immunotherapy. Currently, exploring the role and func-
tion of TLSs is an emerging field of research, and TLSs
are increasingly recognized as critical mediators of anti-
tumor activity. However, the majority of previous studies
have focused on assessing the correlations between TLSs
and clinical outcomes. Despite some studies suggesting
that TLSs were associated with the clinical response to
immunotherapy in gastric cancer,” ** these studies have
some limitations. First, although the patients with gastric
cancer included in these analyzed studies received immu-
notherapy on tumor relapse, the tested tissue samples
were all obtained from primary surgery. Second, all
patients received immunotherapy as a third-line or later
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Figure 7 Vitamin B, could reduce the ubiquitination modification of HIF-1a. by MDM2 and promote HIF-1o-mediated CXCL13
transcriptional activation. (A) gRT-PCR analysis showing the mRNA levels of HIF-1o in CD160* CD8" T cells cultured with or
without PL (0.5mM) for 48 hours. Results were normalized with GAPDH. (B) Western blot analysis showing the protein levels

of SP1, HIF-10,, NFkB and POU5F1 in CD160* CD8" T cells cultured with or without PL (0.5 mM) for 48 hours. (C) mRNA levels
of CXCL13 in CD160" CD8" T cells treated with PL (0.5 mM) alone or the combination of 2-MeoE2 (10 uM) and PL (0.5mM).
CXCL13 mRNA was measured by gRT-PCR. Results were normalized with GAPDH. (D) HEK293T cells were cultured with or
without 0.5mM PL treatment for 48 hours and then treated with cycloheximide (20 ug/mL) for the indicated duration. Western
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(H-1) Co-immunoprecipitation was performed to demonstrate HIF-1o interacted with endogenous and exogenous MDM2.

(J) HEK293T-HIF-10. or MDM2-knockout HEK293T-HIF-10, cells were treated with different concentrations of PL for 48 hours.
Western blot analysis of intracellular Flag-HIF-1a levels. (K) HEK293T cells were transfected with Flag-HIF-1o and increasing
concentrations of His-MDM2. Western blot showing Flag-HIF-10. and MDM2 expression. (L) HEK293T cells were transfected
with the indicated plasmids for 24 hours, treated with or without 0.5mM PL for 48 hours, and immunoprecipitated with a Flag
antibody. Western blot analysis of HIF-1a ubiquitination. Data are presented as the mean+SD. ns, not significant. **p<0.01, two-
tailed Student’s t-test. mMRNA, messenger RNA; PL, pyridoxol; gRT-PCR, quantitative reverse transcription polymerase chain
reaction; Ub, ubiquitin.
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treatment. Thus, there is still insufficient robust evidence
to establish the relationship between TLSs and immuno-
therapy responsiveness in gastric cancer. In this study, we
comprehensively demonstrated that the abundance and
maturation of intratumoral TLSs were associated with
improved prognosis and the efficacy of immunotherapy.

Presently, there is a paucity of research concerning
the mechanisms underlying TLSs. Through the analysis
of single-cell data and the clinical validation, we found
that CXCL13" CD160" CD8" T cells played a pivotal role
in promoting the formation and maturation of TLSs.
Furthermore, we discovered for the first time an associ-
ation between CXCLI13" CD160" CD8" T cells and the
clinical response to checkpoint immunotherapy. Prior
research has demonstrated that high CXCLI3 expres-
sion among patients with gastric cancer correlates with
improved immunotherapeutic outcomes.”” It also had
been reported that CD160 was crucial for the differen-
tiation of CD8" T memory cells.”® Therefore, we set out
to investigate the mechanisms of CXCLI13 secretion by
CD160" CD8" T cells and the formation of TLSs at the
levels of cells, animals and tissues. To date, such a study
has not been reported.

In this study, we found for the first time that vitamin B
uptake was important for CD160" CD8" T cells to induce
CXCL13 expression. A meta-analysis has indicated that
high-dose vitamin B, supplementation may mitigate the
risk of gastric cancer.”” Additionally, multiple authorita-
tive journals have also reported that dietary supplemen-
tation with vitamin B, can enhance immune function.
Furthermore, some studies have pointed out that vitamin
B, metabolism is strongly correlated with the prolifera-
tion and functionality of CD8" effector T cells.” Never-
theless, the role of vitamin B, in tumor immunotherapy
remains unexplored. Our further experiment demon-
strated for the first time that vitamin B, supplementation
or targeting PDXK could enhance the efficacy of PD-1
inhibitors. The findings of our studies hold significant
clinical implications for immunotherapeutic applications
and could provide novel ideas about TLS-inducing agents.

Of note, we found that although the number of TLSs
within the tumor increased in the MS023 monotherapy
group or highvitamin B, dietgroup (without the treatment
of immunotherapy), there was no significant difference
in tumor size compared with the control group in vivo.
In fact, there are no reports in the literature indicating
a definite linear relationship between TLS density and
tumor size. The tumor microenvironment is composed of
a variety of cells including protumorigenic immune cells,
such as M2 macrophages, regulatory T cells, and myeloid-
derived suppressor cells.* TLSs are also regulated by
these immunosuppressive factors.*’ Previous research
using animal models has found that tumor progression
was associated with the infiltration of regulatory T cells
(Tregs), rather than TLSs, and these Tregs were predom-
inantly located in the T-cell zones of TLSs.** Therefore,
the above result is reasonable. Furthermore, the survival
outcomes in mice appeared to be inconsistent with

clinical statistical results. The MS023 monotherapy group
and high vitamin B, diet group (without the treatment
of immunotherapy) did not enhance the survival time of
mice compared with the control group. We think this may
be related to immunotherapy or chemotherapy because
appropriate adjuvant therapy is commonly administered
postoperatively in clinical practice for gastric cancer,
except for early gastric cancer (T1a).*

Furthermore, for the first time, we discovered that
vitamin B, could inhibit the binding of MDM2 to HIF-
lo, thereby decreasing the ubiquitination and degra-
dation of HIF-lo. by MDM2. HIFIA is a well-known
oncogene involved in the adaptive metabolic response to
hypoxia, contributing to increased tumor cell growth.44
However, HIF1A is equally important for the survival of
immune cells in a hypoxic environment.” * In our study,
we demonstrated that HIF1A was critical for CXCL13"
CD160" CD8" T cells and TLS formation.

Several limitations exist in this study. First, this study
was retrospective and conducted at a single center, and
the number of sample cases was too small to construct
a predictive model. Second, the exact mechanism of the
direct interaction between vitamin B, and MDM2 remains
to be investigated. Third, although bioinformatic anal-
ysis supported a strong link between CXCL13" CD160"
CDS8' T cells and CXCR5" cells through CXCL13-CXCR5
signaling pathway, further studies are needed to demon-
strate whether CXCL13 derived from CD160" CD8" T
cells exerts a chemotactic effect on CXCR5" B cells in
vitro and in vivo. There was evidence of the critical role
of CXCLI13-CXCRb5 signaling axis in regulating B-cell acti-
vation.*” Nonetheless, further investigation is required to
determine the influence of CXCL13" CD160" CD8" T
cells on B-cell differentiation and function.

In summary, our study was the first to propose that the
number and maturity of TLSs, along with the extent of
CXCL13" CD160" CD8" T cell infiltration, could serve as
biomarkers for immunotherapy in gastric cancer. We also
identified that vitamin B, supplementation could substan-
tially enhance the efficacies of cancer immunotherapies.
Moreover, we demonstrated vitamin B, could promote the
secretion of CXCL13 by CD160" CD8" T cells by reducing
the degradation of HIF-1a, thereby promoting the forma-
tion of TLSs (online supplemental figure S6). Our study
was expected to refine the theory of immunotherapy and
shed important new light on the clinical application of
a more effective immunotherapy for advanced gastric
cancer.
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