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ABSTRACT

Background Immune evasion is a crucial event in the
progression of pancreatic ductal adenocarcinoma (PDAC).
The identification of new immunotherapeutic targets

may provide a promising platform for advancing PDAC
treatment. This study aims to investigate the role of beta-
1,4-galactosyltransferase-5 (B4GALT5) in immune evasion
by pancreatic cancer cells and evaluate its potential as an
immunotherapeutic target.

Methods We conducted a comprehensive analysis

using RNA sequencing data and tissue microarrays from
patients with PDAC to investigate the association between
B4GALT5 expression and patient prognosis. Using animal
models, we further explored the impact of B4GALT5 on
the quantity and activity of tumor-infiltrating CD8" T cells.
RNA sequencing and co-immunoprecipitation were used to
explore the mechanism by which B4GALT5 regulates major
histocompatibility complex (MHC-I) levels.

Results Our study demonstrates that high expression

of B4GALT5 in tumor cells is significantly associated

with poor prognosis in patients with PDAC and reduced
cytotoxic activity of tumor-infiltrating CD8* T cells.
Specifically, BAGALT5 suppresses MHC-I expression in
tumor cells through the endoplasmic reticulum-associated
degradation pathway, enabling them to evade immune
surveillance by CD8* T cells.

Conclusions B4GALT5 impairs CD8* T-cell recognition of
tumor cells by regulating MHC-I levels, thereby promoting
immune evasion. This makes B4GALT5 a highly promising
immunotherapeutic target for improving the poor
prognosis of patients with PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC)
accounts for over 90% of pancreatic cancer
and is one of the most challenging malig-
nancies of the digestive system. Despite
significant advances in surgery, radiotherapy,
chemotherapy, and comprehensive treatment
methods, the prognosis and overall mortality
rate for patients with PDAC have only
improved marginally.'! * Pancreatic cancer
cells often downregulate major histocom-
patibility complex (MHC)-I on their surface,
thereby evading host immune surveillance

2,3

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Pancreatic ductal adenocarcinoma (PDAC) cells of-
ten downregulate major histocompatibility complex
(MHC)-I on their surface, enabling them to evade
immune surveillance, leading to immune evasion
and even resistance to immune checkpoint inhibitor
therapy.

WHAT THIS STUDY ADDS

= This study first identifies beta-1,4-
galactosyltransferase-5 (B4GALT5) as a novel nega-
tive regulator of MHC-1in PDAC, which promotes the
ubiquitination and degradation of MHC-I via the en-
doplasmic reticulum-associated degradation (ERAD)
pathway, ultimately impairing antigen presentation
and suppressing CD8" T cell responses.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= By highlighting B4GALT5 as a key driver of immune
evasion in PDAC, this study demonstrates that tar-
geting B4GALT5 can restore MHC-l expression,
enhance CD8* Tcell responses, and improve the
efficacy of immunotherapy, providing a promising
therapeutic target for PDAC treatment, potentially
revolutionizing current treatment strategies.

and facilitating immune escape, which
promotes resistance to immune checkpoint
inhibitor therapies and is a significant factor
in poor clinical outcomes.” * Therefore, a
deep understanding of the molecular mech-
anisms behind tumor cell immune evasion
is crucial for revealing new tumor immune
targets and developing effective tumor treat-
ment strategies.

Under normal circumstances, MHC-I mole-
cules help the immune system monitor and
maintain healthy body states by presenting
normal peptides from intracellular proteins,
preventing viral infections or the spread of
tumor cells.” However, in most PDAC cells,
the expression of MHC-I molecules is often
suppressed, allowing tumor cells to more

BM) Group

Xing X, et al. J Immunother Cancer 2025;13:010908. doi:10.1136/jitc-2024-010908 1

‘salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw erep pue 1xa1 01 pale[al sasn Joj Buipnjoul ‘1ybluAdoos Agq paloslold

" jooyasaboysnwselg
V11-739 wewuedsq 1e G20z ‘02 AN uo jwod fwq onuly:dny woly papeojumoq ‘520Z AeIN ¢ U0 8060T0-7202-OMI/9ETT 0T Se paysiignd 1s41y :J9dued Jsyjounwwy| ¢


https://jitc.bmj.com/
http://orcid.org/0000-0002-4766-4926
http://orcid.org/0000-0001-8306-0639
https://doi.org/10.1136/jitc-2024-010908
https://doi.org/10.1136/jitc-2024-010908
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2024-010908&domain=pdf&date_stamp=2025-05-02
http://jitc.bmj.com/

easily evade recognition and killing by CD8" T cells, thus
facilitating their growth and spread in the body. This
immune evasion caused by tumor cells is one of the chal-
lenges that need to be overcome in cancer therapy.*®”
Recent studies have demonstrated that glycosyltrans-
ferases play a significant role in regulating protein
glycosylation, thus having a profound impact on cancer
development.® * The abnormal expression of these
enzymes directly affects various biological characteristics
of tumors, including cell signaling, tumor cell invasion
and metastasis, as well as immune modulation func-
tions.'” "' Their abnormal expression or activity is often
associated with tumor malignancy. Therefore, glycosyl-
transferases themselves or their glycosylation products
can serve as biomarkers for diagnosing tumors, moni-
toring disease progression, or treatment response.12 1
Beta-1,4-galactosyltransferase-5 (B4GALT)), an
important member of the beta-1,4-galactosyltransferase
gene family, encodes a type II membrane-bound
glycoprotein with specificity for the donor substrate
uridine diphosphate (UDP) galactose. Each beta-1,4-
galactosyltransferase gene plays a unique role in the
biosynthesis of various glycoconjugates and sugar struc-
tures. As type II membrane proteins, they have an N-ter-
minal hydrophobic signal sequence responsible for
protein transfer to the Golgi and serve as a transmembrane
anchor.'* Previous studies have shown that BAGALT5 plays
an irreplaceable role in diabetes and heart disease. For
example, B4GALT5 can regulate adipogenesis and inhibit
M1 macrophage infiltration, thereby modulating insulin
resistance.'” BAGALT5 and UDP-glucose ceramide glycos-
yltransferase (UGCG) synergistically play important roles
in the occurrence and development of myocardial hyper-
trophy.'® Although B4GALT5 expression is significantly
increased in PDAC," its potential role has not yet been
explored. In this study, we revealed that B4GALT5 inter-
acted with the MHC-I heavy chain, hindering its assembly
with beta-2 microglobulin (B2M), thus leading to its
degradation via the endoplasmic reticulum-associated
degradation (ERAD) pathway. This allows tumor cells to
more easily evade surveillance by the hostimmune system,
ultimately leading to immune escape by the tumor cells.
Furthermore, we have validated in vitro and in vivo that
knocking out B4GALTS5 significantly improves the activity
of CD8" T cells, indicating the important clinical signifi-
cance of B4GALT5 in pancreatic cancer immunotherapy.

METHODS

Data mining and bioinformatics analysis

Based on a gene signature consisting of eight genes
(HLA-A, HLA-E, HLA-F, HLA-G, HLA-H, AZGP1, B2M
and TAP2). Derived from the MSigDB database associ-
ated with “antigen processing and presentation of peptide
antigen via MHGCI”, the enrichment scores for each
sample were calculated using Gene Set Variation Analysis
(GSVA) on the expression matrix for 143 PDAC samples
from The Cancer Genome Atlas (TCGA) database.

Samples were divided into high-risk and low-risk groups
based on the median value. The differentially expressed
genes (DEGs) between high-risk and low-risk groups
were identified using the two-tailed Wilcoxon signed-
rank test and false discovery rate correction procedure
(Benjamini-Hochberg method), and the fold change
(log,FC) between the two groups was calculated. TCGA-
PDAC plus GTEx database (the latter includes normal
pancreatic samples), and two Gene Expression Omnibus
data sets (GSE16515 and GSE28735) were used in this
study to determine the expression of different genes.

CIBERSORT V.1.03 was employed to assess immune
cell infiltration in each sample based on RNA sequencing
(RNA-seq) data from 143 PDAC samples obtained from
the TCGA database. After obtaining immune infiltration
scores for each sample, Spearman correlation coefficient
analysis was used to evaluate the relationship between
B4GALTY5 expression and immune cell infiltration. Three
publicly available single-cell RNA-seq (scRNA-seq) data
sets from GSE212461, GSE202051 and GSE156405 were
used to analyze the messenger RNA (mRNA) expression
of B4GALT5 across different cell types under different
conditions. Cell clustering analysis was conducted by
Seurat V.4.4.0 with default parameters.

Clinical samples

The 100 tissue samples used to construct the tissue
microarray were collected from patients treated surgically
for PDAC at the Department of Hepatobiliary Surgery,
Ren Ji Hospital, affiliated with Shanghai Jiao Tong Univer-
sity, and were confirmed by postoperative pathology. All
tissue samples were obtained with informed consent,
and all procedures were conducted in accordance with
the regulations of the China Ethical Review Committee.
Follow-up time was calculated from the date of surgery to
the date of death related to pancreatic cancer or the last
known follow-up date. Relevant information is provided
in online supplemental table 1.

Cell culture

Human PDAC cell lines (PATUS8988, PANC-1, MIA-PaCa-2,
SW1990, Capan-1, AsPC-1, and CFPAC-1), along with the
human pancreatic ductal cell line HPNE, and mouse
PDAC cell lines KPC1199 and PANCO02, were preserved
in Shanghai Cancer Institute, Shanghai Jiao Tong Univer-
sity, and maintained at 37°C. All cell lines were cultured
in Roswell Park Memorial Institute medium 1640 (RPMI-
1640) or Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and
1% antibiotic additives. The cells were incubated at 37°C
in a humidified atmosphere with 5% CO .

Transient transfection

Small interfering RNA (siRNA) duplex oligonucle-
otides targeting human B4GALT5 were purchased from
Biotend Biotechnology (Shanghai, China). The siRNA
duplex oligonucleotide sequences are si-B4GALTS-1:
5-GACATGAAACAUGAGUGAAATT-3’;  si-B4GALT5-2:
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5’-GCTTATGCCAAGAGGAACATT-3’. Multiple plasmids
were purchased from several companies, among them,
pcDNA3.1(+)-B4GALT5-3xFlag and the negative control
plasmid pcDNA3.1(+)-MCS-3xFlag were purchased from
Obio Technology (Shanghai, China); pcDNA3.1(+) HLA-
A0201-N110Q-3xFlag was purchased from Bio-lifespan
(Shanghai, China). Transfection was carried out using
JetPRIME (Polyplus transfection, 101000046) according
to the manufacturer’s instructions.

Stable cell line construction

Lentiviral particles targeting the mouse sh-B4galt5 gene
were purchased from Obio Technology (Shanghai,
China). The sequences used for knocking down B4galth
are: sh-B4galt5>-1, 5-CATACCTGAGAGTGACCGAAA-3’;
sh-B4galt5-2, 5’ GCAGCCTGAATGACTCAGATT-3’. Lenti-
viral particles for overexpression targeting human HLA-
A2 (XM_041680767.1) were purchased from Bio-lifespan
(Shanghai, China). Lentiviral particles for overexpres-
sion of mouse OVA were purchased from GeneChem
(Shanghai, China). Cells were cultured in 6-well plates
and transfected with lentiviral particles in the presence of
polybrene when they reached 50% confluence, following
the manufacturer’s instructions. After 48 hours of trans-
fection, the cells were treated with 2pg/mL puromycin
(Yeasen, 60210ES60) for 7days to select stable knock-
down or overexpressing cells.

Quantitative real-time PCR

Total RNA extraction was conducted using TRIzol reagent
(Takara), followed by reverse transcription to obtain
complementary DNA (cDNA). Quantitative real-time
PCR was performed using a 7500 Real-Time PCR system
(Applied Biosystems, USA) with recommended cycling
settings. The cycling conditions included an initial cycle
at 95°C for 2min, followed by 35 cycles of 5s at 95°C and
31s at 60°C. The 2-ACT method was employed for eval-
uation and normalization, with 18S mRNA levels used
for relative mRNA expression calculations. The primers
mentioned are listed in online supplemental table 2.

Western blotting

For cell protein extraction, cells were lysed in Cell Lysis
Buffer for western and IP (Yoche; YSDO0101) supple-
mented with Protease and Phosphatase Inhibitor Cock-
tail (New Cell and Molecular Biotech; P002) on ice for
10min, followed by centrifugation at 12,000rpm for
15min at 4°C. The supernatants were collected, and
the protein concentration was determined using a BCA
Protein Assay Kit (share-bio, SB-WB013) followed by
standardization. Subsequently, 5xSDSPAGE Sample
Loading Buffer (Beyotime; P0015) was added, and the
samples were boiled in a water bath for 10min. Protein
lysates were separated via 8-12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto nitrocellulose (NC) membranes. After
blocking for non-specific binding with 5% non-fat dried
milk, the membranes were incubated with primary

antibodies overnight at 4°C, followed by incubation with
a horseradish peroxidase (HRP) conjugated secondary
antibody. Detailed information on antibodies is listed in
online supplemental table 3.

Co-immunoprecipitation

Cells expressing or not expressing B4GALT5-Flag and
HLA-A-HA were lysed according to the western blot
(WB) method previously described, and protein quan-
tification was performed using the bicinchoninic acid
(BCA) method. Immunoprecipitation was carried out
with Anti-Flag (Selleck, B26102) or Anti-Ha magnetic
beads (Thermo Fisher Scientific, 88836) by rotating
continuously at 4°C for 12 hours. The beads were then
thoroughly washed with phosphate-buffered saline (PBS)
containing 0.1% Tween, followed by the addition of SDS
sample buffer. The proteins were dissociated from the
beads by heating at 100°C for 10min, and the superna-
tant was collected for mass spectrometry analysis (Biopro-
file, Shanghai, China) or WB analysis.

RNA sequencing

Total RNA was extracted from AsPC-1 cells in the NC
and si-B4GALT5 groups using TRIzol (Takara). Poly(A)
RNA was isolated from 1pg total RNA, and a ¢cDNA
library was generated according to the protocol of the
TruSeq RNA Sample Prep Kit. Subsequently, sequencing
was performed using the Illumina NovaSeq 6000 plat-
form. For RNA-seq analysis, paired-end clean reads were
aligned to the human reference genome (GRCh38) using
HISAT2. The aligned reads were then used to quantify
mRNA expression, and DESeq2 was used for data normal-
ization and differential expression analysis of RNA-seq
counts. The raw RNA-seq data has been uploaded to the
public database (GSE285130).

Animal studies

Mice were housed and used according to protocols
approved by the Shanghai Jiao Tong University Animal
Care Commission. All animals received humane care
according to the criteria outlined in the “Guide for the
Care and Use of Laboratory Animals” prepared by the
National Academy of Sciences and published by the
National Institutes of Health (NTH).

The counted tumor cells (KPC1199=6x10°,
PANC02=1x10%) were suspended in 25pul. PBS and
implanted into the pancreas of C57BL/6] mice following
surgical exposure. Tumor progression in the mice was
monitored on days 7, 14, 21, and 28 using the living
image system.

In the H-2Kb blocking experiment in mice, the
orthotopic PDAC model was divided into four groups:
IgG sh-NC group, IgG sh-B4galt5 group, aH-2Kb sh-NC
group, and otH-2Kb sh-B4galt5 group. Starting from day 3
after model establishment, mice were administered anti-
H-2Kb antibody or IgG isotype control antibody (200 pg)
via intraperitoneal injection every 3days. At the end of
the experiment, mice were euthanized, and tumor tissues
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were collected for analysis to evaluate the therapeutic
effect of H-2Kb blockade.

Co-culture experiments

36 hours prior to co-culture, tumor cells were seeded
into a 24-well plate (2x10*/well) and a 96-well plate
(3x10° /well). CD8" T cells from the spleen of OT-1 mice
(the OT-1 mice were generously provided by Professor
Minjuan Xu of Shanghai Jiao Tong University) were
isolated using CD8" T Cell Isolation Beads (Miltenyi,
130-104-453). Primary CD8" T cells were activated with
aCD3 (bpg/mL) and aCD28 (2pg/mL) antibodies in
RPMI 1640 medium supplemented with 10% FBS, and
cultured at 37°C with 5% CO, for 36 hours. Different
ratios of immune cells were then added to the tumor
cells in the 24-well and 96-well plates for co-culture. After
24 hours of co-culture, the suspended CD8" T cells were
removed, and the plates were washed three times with
PBS. According to the manufacturer’s instructions, tumor
cell apoptosis was assessed using an Apoptosis Assay Kit
(Share-Bio, SB-Y6026) by flow cytometry. Tumor cell
viability was assessed using a Cell Counting Kit-8 (CCK8)
assay kit (Share-Bio, SB-CCKSS).

KPC1199-OVA cells with different B4AGALT5 expression
levels were incubated at 4°C with either H-2Kb-SIINFEKL
antibody or IgG control antibody (100 pg/mL) for 30 min.
Subsequently, activated OT-1 CD8" T cells were co-cul-
tured with the tumor cells at a 5:1 ratio for 12 hours. The
cytotoxic activity of CD8" T cells was then assessed using
flow cytometry.

ELISA

Activated OT-1 CD8" T cells were co-cultured with
KPC1199-OVA and PANCO02-OVA cells for 12 hours.
Subsequently, the cell culture supernatants were collected
and analyzed using GZMB (Animalunion Biotech-
nology, LV30229), TNF-0. (Animalunion Biotechnology,
LV30536), and IFN-y (Animalunion Biotechnology,
LV30253) ELISA kits, following the manufacturer’s
instructions. Finally, the absorbance was measured at
450 nm using a microplate reader to quantify the expres-
sion levels of the target molecules.

Flow cytometry
Adherent tumor cells were digested with trypsin, and the
digestion was stopped with DMEM complete medium
containing 10% FBS. The cells were then transferred to
a 1.bmL Eppendorf tube. Using FACS Buffer (2% FBS
in PBS), fluorescently labeled antibodies against human
HLA-ABC, mouse H-2Kb, and OVA257-264 were diluted
at a 1:200 ratio. The diluted antibodies were incubated
with the cells at 4°C for 30 min. After incubation, 500 pL of
FACS Buffer was added, followed by centrifugation at 4°C
at 3,000rpm for 5min. The supernatant was discarded,
and the cells were resuspended in 300 pL. of FACS Buffer
before being transferred to a flow cytometry tube.

For the analysis of tumor-infiltrating CD8' T cells,
on day 28 of the mouse PDAC model, the mice were

euthanized, and fresh tumor tissues were collected. The
tissues were cut into small pieces with surgical scissors
and then digested with collagenase D (Sigma) for 20 min,
neutralized with FBS (Gibco), and filtered through a
70pm nylon filter to obtain a single-cell suspension.
Tumor-infiltrating T cells were isolated by centrifugation
over a Ficoll gradient. To assess the function of CD8" T
cells, cells were first stimulated for 4 hours in the presence
of a leukocyte activation cocktail (BD, 550583). For cell
surface fluorescence staining, antibodies against CD45,
S780, and CD8 were used. For intracellular fluorescence
staining, the cells were first fixed and permeabilized with
4% Paraformaldehyde (PFA) Fix Solution, then stained
with fluorescein-labeled granzyme B (GZMB), Tumour
necrosis factor (TNF)-o,, and interferon (IFN)-y. Flow
cytometry analysis was conducted using a BD Fortessa
FACS with Flow]Jo software V.10.8.

Immunohistochemistry

Tumor tissues were fixed in 4% PFA, followed by tissue
dehydration, embedding in paraffin, and subsequent
sectioning into 5pm thick slices. These sections were
then incubated in 10% bovine serum albumin (BSA)
after antigen retrieval, and primary antibodies were
applied at optimal dilutions overnight at 4°C. Afterward,
the sections were treated with an HRP-labeled secondary
antibody for 1 hour at room temperature. Color develop-
ment was achieved using 3,3’-Diaminobenzidine (DAB,
servicebio, G1212-200T). Finally, the sections were coun-
terstained with hematoxylin for visualization. All sections
were examined and photographed using a microscope
(Carl Zeiss, Germany). The calculation formula for the
histochemistry score is as previously described.' '

Multiplexed immunohistochemistry

Multiplexed  immunohistochemistry  (mIHC)  was
performed using the TSA 7-Color Kit (abs50015-100T,
Absinbio, Shanghai). Following the standard immunohis-
tochemistry protocol described above, sequential staining
was performed with the following primary antibodies and
fluorescent dyes: anti-B4GALT5/TSA 570, anti-CD8/TSA
520, anti-GZMB/TSA 480, and anti-HLA-A B C/TSA 620,
with DAPI used for nuclear staining. Finally, two drops of
DAPI (abs47047616, Absinbio, Shanghai) were added to
each slide, followed by washing with distilled water and
manual coverslipping.

Immunofluorescence

Tissue sections underwent heat-mediated antigen
retrieval in sodium citrate buffer solution at pH 6.0 for
10 min. Subsequently, they were blocked with 10% BSA
and co-incubated overnight at 4°C with primary anti-
bodies at optimal dilutions. For cell staining, sections were
fixed in 4% formaldehyde for 10 min at room tempera-
ture, permeabilized with 0.1% Triton X-100 for 10min,
and blocked with 3% BSA. Primary antibody incubation
occurred overnight at 4°C. Following primary antibody
incubation, sections were treated with a species-specific
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secondary antibody for lhour at room temperature.
4’,6-diamidino-2’-phenylindole  (DAPI) staining was
applied for 5min to label nuclei. After three washes with
1xPBS, immunofluorescence signals were visualized using
confocal microscopy (Carl Zeiss).

Statistical analysis

Data are presented as mean+SD. All statistics were carried
out using GraphPad Prism V.8. Student’s t-test was used
to compare the differences between two groups. One-way
analysis of variance and Tukey’s multiple comparisons test
were used for the three or more groups comparisons. At
least three independent biological replicates have been
performed for each experiment. Survival analysis was
done using the Kaplan-Meier method, as assessed using
a log-rank Mantel-Cox test. The number of independent
experiments is indicated. P value<0.05 was considered to
be statistically significant.

RESULTS

B4GALTS5, as a potential negative regulator of MHC-I, is highly
expressed in PDAG and negatively correlates with prognosis
To analyze the potential negative regulators of MHC-I in
PDAC, we scored 143 PDAC samples from the TCGA data-
base using the GSVA algorithm based on an eight-gene
“antigen processing and presentation of peptide antigen
via MHC-I” signature.20 Based on these scores, we cate-
gorized PDAC samples into two groups (high risk vs low
risk) and identified 117 DEGs that negatively correlated
with MHC-I (online supplemental figure SI1A, online
supplemental table 4). Among these DEGs, several top
genes, such as MUC2, MAGEC2, MMPI and IDOI, have
also been identified by other research groups as nega-
tive regulators of MHC-I, demonstrating the reliability
of our analysis.”’** Additionally, we conducted differen-
tial analysis on 50 paired cancer and adjacent normal
RNA-seq data from Renji Hospital,25 along with paired
data from GSE16515% and GSE28735,% to identify genes
significantly upregulated in tumor tissues. By integrating
the above data and considering the clinical information
provided by the TCGA database, we ultimately identi-
fied four candidate genes (ADAMY, B4GALTS5, ECT2,
and TUBAIC) (figure 1A-E, online supplemental figure
S1B-D). Notably, ADAM9 has been reported to promote
PDAC progression by modulating KRAS.*® ECT2 plays a
significant role in PDAC progression by increasing EGFR
stability through the inhibition of Grb2 ubiquitination.29
TUBAIC may promote PDAC invasion and migration
via the cell Cycle.30 Given the known roles of these three
candidates, we focused on investigating the function of
B4GALT5 in PDAC in our study.

To explore the expression pattern of B4GALTH in
PDAC, we analyzed the scRNA-seq data from GSE212461%!
of PDAC tumor tissues, which revealed that B4AGALTb5 is
primarily expressed in tumor cells (figure 1F). To further
ascertain the expression of the B4GALT5 protein, we
performed immunohistochemical (IHC) staining on

pancreatic cancer tissue microarrays from the Depart-
ment of Hepatobiliary and Pancreatic Surgery at Renji
Hospital. We found that B4GALT5 expression increased
from normal pancreas to PanINs and PDAC, and B4GALTb5
expression is significantly positively correlated with tumor
size in patients (figure 1G and online supplemental figure
S2A). Additionally, combining the clinical information,
survival analysis showed that B4GALT5 expression was
significantly negatively correlated with patient prognosis,
which was consistent with previous analyses (figure 1H).
Furthermore, KPC mice exhibited a higher expression of
B4GALTY5 in tumor tissues compared with normal pancre-
atic tissue (figure 1I).

B4GALT5 promotes PDAG progression in vivo

To further validate the impact of B4GALT) expression on
the progression of pancreatic cancer, we knocked down
the expression of B4galt5 in murine pancreatic cancer
cells KPC1199 and PANCO2 cells (figure 2A,B), while
simultaneously transfecting them with the luciferase fluo-
rescent protein for observation of tumor progression
in mice using the living image system. We established a
murine pancreatic cancer orthotopic model in C57BL/6
mice and monitored tumor progression in the mice every
7days. The results showed that knocking down B4galt5
significantly inhibited tumor progression (figure 2C,D).
Tumors were harvested on day 28, and their size and
weight were measured. The results also indicated a signif-
icant reduction in tumor size and weight in the sh-B4galt5
group compared with the sh-NC group (figure 2EF).
Additionally, we performed Cleaved Caspase-3 staining
on tumor tissues and found that the number of Cleaved
Caspase-3" cells was significantly higher in the sh-B4galt5
group than in the sh-NC group, indicating that Bfgalt5
knockdown significantly promotes tumor cell apoptosis
(figure 2G,H, online supplemental figure S2B,C).

B4GALTS5 suppresses the presentation of MHC-1 molecules on
PDAC cell membrane

The above results suggest that B4GALTb plays an
important role in the progression of pancreatic cancer.
To verify whether B4GALTS5 promotes the progression of
pancreatic cancer by affecting MHC-I-mediated antigen
presentation, we analyzed the expression levels of H-2Kb
(murine MHC-I) on the surface of murine PDAC cells
(KPC1199 and PANCO02) in both sh-NC and sh-B4galt5
groups using flow cytometry. The results revealed that the
expression level of H-2Kb was significantly elevated on
the surface of murine PDAC cells after knocking down
Bdgalt5 (figure 3A and online supplemental figure S3A).
Furthermore, we checked the expression of B4GALTbH
in human pancreatic cancer cell lines and normal duct
cells (HPNE) (online supplemental figure S3B,C).
We then knocked down the expression of B4GALTS in
AsPC-1 and Capan-1 cells, which have relatively high
B4GALT5 expression, while exogenously overexpressing
B4GALT5 in PANCI1 and MIA-PaCa-2 cells, which have
relatively low B4GALT5 expression (figure 3B,C and
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TCGA database. (F) Quantitative analysis of B4GALT5 mRNA expression in stromal cells, immune cells, and tumor cells in the
GSE212461 single-cell RNA sequencing data set using log2 (TPM+1). (G) Left: representative immunohistochemical staining
images showing differences in B4GALT5 expression from normal pancreas, through PanIN stages to PDAC (Scale bar: 50 um).
Right: correlation analysis of B4GALT5 expression with tumor size of patients with PDAC from Reniji cohort (Fisher’s exact
test). (H) Analysis of the relationship between B4GALT5 expression and patient prognosis based on immunohistochemical
staining of patient with PDAC tissue microarrays from Renji Hospital, combined with clinical information using KM survival
curves (log-rank test) (n=50 per group). (I) Representative immunohistochemical images showing differences in BAGALT5
expression between normal C57BL/6 mouse pancreas (NP) and KPC mouse pancreas (scale bar: 50 um). B4GALT5, beta-1,4-
galactosyltransferase-5; mRNA, messenger RNA; PDAC, pancreatic ductal adenocarcinoma; TCGA, The Cancer Genome Atla;
KM, Kaplan-Meie; TPM, Transcript per million.
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Figure 2 B4GALT5 promotes PDAC progression in vivo. (A-B) Verification of B4galt5 knockdown efficiency by quantitative
PCR (A) and western blot (B) in KPC1199 and PANCO02 cell lines. (C-D) Living Image system used to observe the progression

of tumors in orthotopic PDAC mouse models using KPC1199 (C) and PANCO02 (D) cells. n=5, per group. (E-F) Tumor size and
weight on day 28 were analyzed. KPC1199 (E), PANCO02 (F). (G-H) Immunofluorescence detection of Cleaved Caspase-3*

cells in the sh-NC and sh-B4galt5 groups of mouse PDAC models inoculated with the KPC1199 (G) and PANCO2 cells

(H), respectively. n=5, per group. Bars represent mean+SD. The p values presented, except for those in C and E, were
calculated using an unpaired t-test. The p values for C and E were derived from a two-way analysis of variance. BAGALT5, beta-
1,4-galactosyltransferase-5; PDAC, pancreatic ductal adenocarcinoma.
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online supplemental figure S3D,E). Flow cytometry anal-
ysis revealed that knocking down B4GALTS significantly
increased MHC-I expression on the cell membrane, while
overexpressing B4GALTS5 led to a marked decrease in its
expression. These results are consistent with observations
in murine cells (figure 3D,E and online supplemental
figure S3F,G). We also extracted total cellular protein
and performed WB analysis. We found that total MHC-I
protein levels significantly increased following B4GALT5
knockdown but decreased with B4GALT5 overexpres-
sion (figure 3F,G and online supplemental figure S3H,I).
Therefore, the results above suggest that B4GALT5 can
inhibit the protein level of MHC-I in tumor cells, thereby
promoting the progression of PDAC.

B4GALTS5 regulates MHC-I via endoplasmic reticulum-
associated degradation pathway

To further investigate the underlying molecular mecha-
nism by which B4GALT5 influences MHC-I expression,
we performed RNA-seq analysis in AsPC-1 cells with
B4GALT5 knockdown. We found that in 1,660 DEGs,
1,030 genes had significantly increased expression, while
630 genes had significantly decreased expression (online
supplemental figure S4A,B). Gene Ontology enrichment
analysis of these DEGs revealed that knocking down
B4GALT5 activated several ubiquitin and endoplasmic
reticulum (ER)-related pathways (figure 4A). By confocal
microscopy, we observed that B4GALT) is predominantly
expressed in proximity to the nuclear, with remarkable
colocalization with the ER marker calnexin (CANX)
(figure 4B). It is well known that after translation, MHC-I
is transported to the ER via the SEC61 complex.”® After
glycosylation and folding with molecular chaperones like
CANX, MHC-I forms a mature complex with B2M. The
mature MHC-I then binds antigen peptides delivered
by tapasin and is finally transported to the cell surface
through the Golgi apparatus for CD8" T cells to recognize
via their T-cell receptor.” If the proteins synthesized in the
ER cannot fold or undergo glycosylation correctly, they
enter the ERAD pathway for ubiquitination and degrada-
tion by the proteasome.”*® **

We further established stable cell lines of AsPC-1 and
Mia-PaCa-2 pancreatic cancer cells overexpressing HLA-
A-HA. Subsequently, we manipulated the expression
of B4GALT5 and examined the ubiquitination level of
HLA-A-HA. The results showed that knocking down
B4GALTS significantly reduced the ubiquitination levels
of HLA-A, whereas overexpression of B4GALT5 signifi-
cantly increased them (figure 4C). This indicates that
B4GALTY5 expression affects the ubiquitination of HLA-A.
To confirm whether the expression of B4GALT5 promotes
the degradation of HLA-A, we treated the AsPC-1 cells
(both si-NC and si-B4GALT5 groups) with cycloheximide
(10pM) for 0, 2, 4, and 6hours, collected the whole
cell lysates, and detected HLA-A protein levels via WB.
We found that knocking down B4GALTS5 significantly
prolonged the half-life of HLA-A (figure 4D). The results
indicate that knocking down B4GALT5 significantly

reduced the ubiquitination level of HLA-A, whereas over-
expressing B4GALTS5 significantly increased the ubiquiti-
nation level of HLA-A.

Next, using PANCI cells overexpressing B4GALTb-
Flag, we extracted total cell lysates, and performed
immunoprecipitation-mass spectrometry (IP-MS) anal-
ysis. We identified several proteins that interact with
B4GALTS5, including HLA-A (online supplemental figure
S4C). Interestingly, further validation through co-immu-
noprecipitation (Co-IP) revealed that B4GALTb5 not only
interacts with HLA-A (figure 4E) but also with SEC61A,
an important transporter of MHC-I (figure 4F). Thus, we
hypothesized that the degradation of HLA-A could be
due to the interaction between B4GALT5 and HLA-A. To
verify this hypothesis, we manipulated B4GALT5 expres-
sion in pancreatic cancer cells AsPC-1 and MIA-PaCa-1,
which overexpressed HLA-A-HA, and assessed the
binding of HLA-A with CANX and B2M through co-im-
munoprecipitation. The results showed that knocking
down B4GALT5 significantly enhanced the binding of
HLA-A with CANX and B2M (figure 4H; online supple-
mental figure S4D), indicating a substantial increase
in mature HLA-A levels. Conversely, overexpression of
B4GALT5 significantly reduced the binding of HLA-A
with CANX and B2M (figure 4I; online supplemental
figure S4E).

Given that B4GALT5 has galactosyltransferase activity
and that the proper folding of MHC-1 is dependent on its
glycosylation,” we explored whether BAGALT5 influences
the glycosylation of HLA-A, thereby leading to its degra-
dation. In AsPC-1 cells, after knocking down B4GALTS5, we
assessed HLA-A glycosylation using a biotinylated WGA
lectin via Co-IP. The results showed that knocking down
B4GALT5 did not affect the glycosylation of HLA-A (online
supplemental figure S4F). Furthermore, we constructed a
mutant plasmid where the 110th N residue of HLA-A was
mutated to Q to prevent normal glycosylation. We trans-
fected MIA-PaCa-2 cells with control plasmid, HLA-A-
Flag, and HLA-A(N110Q)-Flag expression plasmids and
found through Co-IP that the glycosylation site mutation
prevented HLA-A from binding to CANX and B2M, but
did not affect its binding with B4GALTb5 (online supple-
mental figure S4G). Therefore, these results indicate that
the interaction between B4GALT5 and HLA-A occurs
before the glycosylation of HLA-A. Since the degrada-
tion of HLA-A in the ER mainly occurs via the ERAD
pathway, we next used Co-IP to examine the entry of
HLA-A into the ERAD pathway following the knocking
down or increasing B4GALT5. Knocking down B4GALTS
significantly reduced the binding of HLA-A to key ERAD
pathway molecules VCP and HRDI1 (figure 4J; online
supplemental figure S3H), whereas overexpression of
B4GALTS5 significantly increased their binding (figure 4K;
online supplemental figure S4I). This indicates that the
entry of HLA-A2 into the ERAD pathway for degradation
was reduced.

These results collectively revealed that the interaction
between B4GALT5 and immature HLA-A in the ER affects
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HILA-A’s association with CANX and B2M, promoting its
degradation through the ERAD pathway (figure 4L).

B4GALT5 inhibits the cytotoxicity of CD8* T cells by
suppressing MHC-I in vitro

To determine the impact of B4GALT5 on CD8" T
cell cytotoxicity in PDAC cells, we constructed OVA-
overexpressing murine PDAC cell lines KPC1199 and
PANCO2 using lentiviral vector-OVA. The OVA,_ .,
(SIINFEKL) antigen peptide can be presented on the cell
surface by H-2Kb and is specifically recognized by CD8"
T cells from OT-I mice.”® We then knocked down Bdgalt5
expression in these KPC1199 and PANCO2 cells. Flow
cytometry analysis showed that knockdown of Bgalt5
significantly increased the levels of SIINFEKL-H-2Kb on
the surface of murine PDAC cells compared with the NC
group (online supplemental figure S5A,B).

To further verify whether the regulation of MHC-I
by B4GALT5H affects the function of CD8" T cells, we
conducted a co-culture experiment with OVA-Tumor
cells and OT-1 CD8" T cells. We first measured the levels
of GZMB, IFN-y, and TNF-o in the supernatants of OT-1
CD8" T cells co-cultured with tumor cells expressing
different levels of B4GALT5 by ELISA assay. The results
showed that, compared with the NC group, the Bgalt5
knockdown group exhibited significantly higher levels of
GZMB, IFN-y, and TNF-o. in the supernatant, indicating
that B4galt5 knockdown enhances the cytotoxicity of
CDS8" T cells (figure 5A,B). Next, we analyzed the tumor
cell apoptosis after co-culture with OT-1 CD8" T cells
using flow cytometry. The results showed that the Bfgalt5
group knockdown group exhibited a significant increase
in apoptotic tumor cells compared with the sh-NC group
(figure 5C,D). Meanwhile, we assessed tumor cell viability
using the CCKS8 assay. The results indicated that tumor
cells in the B4galt5 knockdown group exhibited a signifi-
cantly reduced survival rate compared with the sh-NC
group (figure 5E,F). Microscopic observations further
supported this finding, showing that B4galt5 knockdown
significantly enhances the cytotoxic effect of CD8" T cells
against tumor cells (online supplemental figure S5D,E).
Additionally, blocking SIINFEKL (OVA,, .., antigen
peptide) significantly reversed this enhanced CD8" T
cell-mediated cytotoxic effect, further confirming that
this phenomenon is MHC-I dependent (figure 5G,H). In
summary, these results indicate that B4galt5 knockdown
enhances CD8" T cell-mediated tumor cytotoxicity by
upregulating MHC-I levels in vitro.

B4GALTS5 inhibits the expression of MHC-I and CD8" T-cell
infiltration in mouse tumor models and clinical samples

We assessed immune cell scores in PDAC samples
from the TCGA-PDAC cohort using CIBERSORT and
performed correlation analysis. The results demonstrated
that B4GALTH expression was significantly negatively
correlated with CD8" T-cell infiltration in PDAC patients
(online supplemental figure S6A). Furthermore, we
analyzed the correlation between B4GALT5 expression

and MHGC levels in tumor tissues of PDAC patients
using IHC. The results showed that, compared with
patients with high B4GALT5 expression, patients with low
B4GALTY5 expression exhibited significantly higher levels
of MHC-I in tumor tissues (figure 6A). Additionally, we
used mIHC to examine the infiltration of CD8" GZMB" T
cells in tumor tissues of patients with PDAC with different
B4GALT5 expression levels. The results indicated that
patients with low B4GALT5 expression had significantly
higher levels of CD8" GZMB" T-cell infiltration in tumor
tissues (figure 6B). To further validate these findings, we
examined the correlation between B4GALT5 and tumor-
infiltrating CD8" T cells in a murine PDAC orthotopic
model using flow cytometry and immunofluorescence.
The results showed that knockdown of B4galt5 signifi-
cantly increased CD8" T-cell infiltration in tumor tissues
(figure 6C and online supplemental figure S6B-E).
Furthermore, we assessed the cytokine secretion capacity
of CD8" T cells and found that tumor-infiltrating CD8" T
cells in the B4galt5 knockdown group exhibited signifi-
cantly higher expression levels of GZMB, TNF-a, and
IFN-y (figure 6D and online supplemental figure S6F),
further supporting the role of B4GALT5 in regulating
immune responses within the tumor microenvironment.

Furthermore, to check the role of B4GALT5 in influ-
encing the CD8" T cells is MHC-I dependent, we blocked
MHC-I-mediated antigen presentation using an H-2Kb
antibody in the murine PDAC model and evaluated the
impact of B4galt5 knockdown on tumor progression in
vivo. The results demonstrated that blocking MHC-I
reversed the tumor growth inhibition effect induced
by Bdgalt5 knockdown (figure 6LE,F), indicating that
B4GALT5 influences tumor immune evasion by regu-
lating MHC-I-mediated antigen presentation, thereby
modulating CD8" T cell-mediated antitumor immune
responses.

Finally, based on recently published single-cell
sequencing data from PDAC,”* we performed single-cell
clustering analysis to compare B4GALT5 expression in
tumor cells of untreated and neoadjuvant-treated patients
with PDAC. The results revealed that B4AGALT5 expres-
sion was significantly reduced in tumor cells following
neoadjuvant treatment (figure 6G,H), suggesting that
B4GALT5 may play a crucial role in PDAC immune
evasion and that its expression could be influenced by
therapy.

DISCUSSION

Immune surveillance is considered a crucial protec-
tive mechanism for the host to suppress the occurrence
and development of tumors and maintain intracellular
homeostasis. Initially, newly transformed tumor cells can
be eliminated through innate immune responses, such as
natural killer cells. However, during the progression of the
tumor, even though antigen-specific T cells can trigger an
adaptive immune response, the selection by the immune
system can induce mutations in tumor cells, such as the
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Figure 5 Beta-1,4-galactosyltransferase-5 inhibits the cytotoxicity of CD8"* T cells in vitro by suppressing major
histocompatibility complex-I. (A-B) ELISA was used to detect the levels of GZMB, IFN-y, and TNF-a in the supernatant of co-
cultures of KPC1199-OVA (A) and PANC02-OVA (B) cells with OT-1 CD8" T cells for 12 hours. n=3 per group. (C-D) OT-1 mouse
CD8" T cells were co-cultured with OVA-KPC1199 (C) or OVA-PANCO02 (D) for 12 hours, and then flow cytometry was used to
assess the levels of apoptosis of the tumor cells (CD8" T cells: tumor cells=5:1; n=3 per group). Three independent experiments.
(E-F) Different ratios of CD8" T cells were co-cultured with KPC1199-OVA (E) or PANC02-OVA (F) (ratios: 5:1, 10:1, 15:1, 20:1)
for 24 hours, and then CCK8 assay was used to assess tumor cell viabilities. n=3 per group, three independent experiments.
(G-H) OT-1 mouse CD8" T cells were co-cultured with KPC1199-OVA (G) or PANC02-OVA (H) and treated with aSIINFEKL
antibody for 12 hours, followed by flow cytometry analysis to assess tumor cell apoptosis (CD8" T cells: tumor cells=5:1; n=3
per group). Three independent experiments. Bars represent mean+SD. The p values shown were calculated using an unpaired
t-test. GZMB, granzyme B; IFN, interferon; TNF, tumor necrosis factor.
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Figure 6 BA4GALTS5 inhibits CD8* T-cell infiltration in mouse models. (A) Left: representative immunohistochemistry staining
results demonstrated significant differences in MHC-I staining in tumor tissues from tissue microarrays of patients with PDAC
with high and low B4GALT5 expression. Scale bars: 100 um (left); 50 um (right). Right: HLA-A B C expression between patients
with low and high expression levels of B4GALT5 was compared. Two-tailed t-test. (B) Multiplexed immunohistochemistry

was used to detect the levels of CD8" GZMB™ T cells (shown in white arrow) in tumor tissues of patients with PDAC with low
B4GALT5 (up) and high BAGALT5 (down) expression. Scale bars: 100 um (left); 50 um (right). (C) Flow cytometry analysis of
GZMB, TNF-q, and IFN-y levels within tumor-infiltrating CD8" T cells in tumor tissues from different groups (sh-NC, sh-B4galt5)
with orthotopic PDAC models of KPC1199 mice (n=4 per group). (E-F) The Living Image system was used to observe tumor
progression in an orthotopic PDAC mouse model constructed with KPC1199 cells after aH-2Kb blockade (E). Tumor size and
weight were measured after aH-2Kb treatment (F). n=5, per group. (G-H) B4GALT5 expression across different cell types and
treatment conditions of pancreatic cancer patients in the Gene Expression Omnibus data sets GSE202051 (G) and GSE156405
(H). Left: B4GALT5 expression across various cell types. Right: B4GALT5 expression of epithelial cells between the treatment

and non-treatment groups. B4GALT5, beta-1,4-galactosyltransferase-5; IFN, interferon; MHC, major histocompatibility complex;

PDAC, pancreatic ductal adenocarcinoma.
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Figure 7

Inhibition of BAGALTS5 restores surface MHC-I expression by preventing BAGALT5-mediated MHC-I degradation

through the endoplasmic reticulum-associated degradation pathway, thereby promoting CD8" T-cell infiltration and
enhancing its antitumor effect against pancreatic ductal adenocarcinoma. B2M, beta-2 microglobulin; B4GALT5, beta-1,4-
galactosyltransferase-5; CANX, calnexin; ER, endoplasmic reticulum; MHC, major histocompatibility complex.

loss of MHC-I molecules, preventing tumor antigens from
being presented on the cell surface, making tumor cells
unrecognizable by the immune system, thereby allowing
immune cells to evade the body’s immune attack.™*' In
this study, based on the “antigen processing and presen-
tation of peptide antigen via MHC-I” gene signature,
we identified four DEGs negatively associated with it.
Among these, we verified that B4GALT5 was a crucial
factor in PDAC cells for inhibiting MHC-I expression,
leading to impaired antitumor CD8" T-cell responses in
the tumor microenvironment. Our study demonstrates
that B4GALT5 interacts with MHC-I, thereby enhancing
the binding of MHC-I to the key ERAD pathway mole-
cules VCP and HRDI, promoting its ubiquitination and
accelerating its degradation, ultimately leading to a
reduction in overall MHC-I levels. This process decreases
MHC-I expression on the tumor cell membrane, thereby
impairing the activation of CD8" T cells in the tumor
microenvironment and weakening their antitumor
immune response (figure 7).

Under normal physiological conditions, the HC of the
MHGC molecule, once translated on ribosomes, enters the
ER with the help of the SEC61 complex, where the HC is in
an unfolded state. In the ER, the HC binds with molecular
chaperones and glycosylation-related enzymes to form a prop-
erly folded glycoprotein. The formation of HC-B2M dimers
signifies the maturation of MHCI molecules. Only mature
MHC- molecules can assemble with peptides transported by

tapasin to be presented on the cell surface for recognition by
CD8' T cells.” #** Our study indicates that BAGALT5 inter-
acts with HLA-A and the expression of B4GALTH is nega-
tively correlated with HLA-A, knocking down B4GALT5 can
significantly restore the expression level of MHC-I molecules
in PDAC cells. Given the glycosyltransferase activity inherent
in B4GALTD5, we previously suspected that this phenomenon
was caused by the enzymatic activity of B4GALT5. Therefore,
we knocked down B4GALT5 in PDAC cells and then tested
the glycosylation level of HLA-A. Surprisingly, this change
did not alter the glycosylation level of HLA-A. Furthermore,
we also mutated the glycosylation sites of HLA-A, consistent
with previous study reports, mutated HLA-A could not bind
with the molecular chaperone CANX or B2M. But we found
that the mutated glycosylation site HLA-A still interacts with
B4GALT5. These findings thus suggest that the effect of
B4GALT5 on MHC is not due to its enzymatic activity.

To investigate how B4GALT5 inhibits the expression of
MHC in PDAC cells, we conducted mass spectrometry and
immunoprecipitation analyses and found that B4GALTb5
interacts with VCP, a key molecule in the ERAD pathway.
Previous studies have reported that MHCI will enter the
ERAD pathway to maintain the homeostasis of the ER, if
MHC on the ER cannot fold correctly or undergo proper
glycosylation modifications.” As a core element of the
ubiquitin-proteasome system, VCP plays a crucial role in
ERAD. During dislocation from the ER, misfolded or misas-
sembled MHC-I HC are recognized by VCP and pulled out,
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transported to the cytoplasm, ubiquitinated on the cyto-
plasmic side of the ER membrane, and degraded by the
cytoplasmic proteasome.** * Our study demonstrates that in
the presence of B4GALT5, more HLA-A is directed towards
the ERAD pathway for degradation. Meanwhile, knocking
down B4GALTS significantly enhances the binding of HLA-A
with CANX and B2M, thereby promoting the maturation of
MHCH expression.

According to previous reports, the antigen presentation of
MHCH determines the specificity of CD8" T cells.” ***” Thus,
we co-cultured OT-1 CD8" T cells with OVA-Tumor cells in
vitro to mimic the biological process of antigen presentation
mediated by MHCH in tumor cells recognized by CD8" T
cells. Under conditions of B4GALT5 knockdown, the cyto-
toxic effects of CD8" T cells against tumor cells were signifi-
cantly enhanced. We also constructed an in situ mouse PDAC
model to validate the impact of B4GALT5 on the quantity
and activity of tumorinfiltrating CD8" T cells in vivo. The
results also showed that knocking down Bgult5 significantly
increased the number of tumor-infiltrating CD8" T cells, and
they produced more GZMB, IFN-y and TNF-0!, indicating
increased cytotoxicity against tumor cells.

In summary, MHCI holds broad prospects in tumor
immunotherapy, especially in intractable cancers like PDAC.
By enhancing HLA-A expression and function, significant
enhancements in immunotherapy effectiveness can be
achieved, overcoming the current limitations of immune
checkpoint blockade (ICB) therapy and providing better
treatment outcomes for patients."™" Our study has identi-
fied B4GALTb5 as a crucial factor inhibiting MHC-I expres-
sion in PDAC cells, providing a promising target for further
immunotherapy in PDAC.
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