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ABSTRACT
Pancreatic ductal adenocarcinoma (PDAC) is currently difficult to treat, even when therapies are combined 
with immune checkpoint blockade (ICB). A novel strategy for immunotherapy would be to maximize the 
therapeutic potential of oncolytic viruses (OVs), which have been proven to engage the regulation of 
tumor microenvironment (TME) and cause-specific T-cell responses. To boost tumor sensitivity to ICB 
therapy, this study aimed to investigate how glutathione peroxide 4 (GPX4)-loaded OVs affect CD8+ T cells 
and repair the immunosuppressive environment. Here, we successfully constructed a novel recombinant 
oncolytic vaccinia virus (OVV) encoding the mouse GPX4 gene. We found the OVV-GPX4 effectively 
replicated in tumor cells and prompted the expression of GPX4 in T cells. Our research indicated that OVV- 
GPX4 could reshape the TME, rectify the depletion of CD8+T cells, and enhance the antitumor effects of 
ICB therapy.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a fatal gastroin-
testinal tumor with a 5-year survival rate of 12%.1 Only 11% of 
patients are diagnosed when the disease first appears locally, 
and 52% of PDACs are metastatic when detected, resulting in 
a high death rate.2 Its difficult-to-access anatomical position, 
the absence of biomarkers for its early identification, and 
asymptomatic or unrecognized localized conditions make 
diagnosis difficult. Surgical resection combined with radiother-
apy and chemotherapy are the conventional treatments for 
PDAC.1,2 Farren et al. investigated the total and spatial expres-
sion of immune-related transcripts and proteins in the tumor 
microenvironment (TME) of PDAC patients and found that 
immune-related genes were differentially regulated by different 
treatments.3

In addition to conventional treatments, immunotherapies 
to alter the TME of PDAC are essential and promising. Only 
a tiny proportion of the TME comprises cancer cells, but its 
increased fibroblast population, dense extracellular matrix, 
poor vascularization, and immunosuppressive cells drive its 
invasiveness, heterogeneity, and drug resistance.4 

A prominent feature of PDAC “cold” tumors is the absence 
of CD8+ T lymphocytes and the low activation markers.5,6 

Immune checkpoint blockade (ICB) treatments targeting 
CTLA-4 or PD-1/PD-L1 have limited effectiveness in PDAC, 
a phenomenon that may be attributable to the scarcity of T cells 
in these tumors.7–9

Oncolytic viruses (OVs) are promising cancer treatments 
because they can lyse tumor cells while activating the innate 
and adaptive immune systems, accumulate tumor-infiltrating 
lymphocytes (TILs) and transform immunological “cold” 
tumors into “hot”.10,11 Recently, researchers have modified 
OV vectors to boost their anti-tumor effects.11,12 This is 
accomplished by equipping co-stimulatory molecules to 
enhance the ability of antigen-presenting cells.13–15 

Additionally, armed chemokines16,17 and cytokines18,19 attract 
lymphocytes and boost anti-tumor activity. Added tumor- 
related antigens20 can facilitate adaptive immunity, while 
immune checkpoint inhibitors21,22 alleviate immunosuppres-
sion. OVs offer the potential to utilize adoptive T cells as 
vehicles for treating secondary tumors,23 virus particles can 
adhere to the surface of T cells or internalize into T cell 
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compartments.24 Recent research has indicated thatmyxoma 
virus-infected CAR-T and TCR-T cells could induce tumor 
cells autosis25 and infected cell carriers exhibited greater resi-
lience against antiviral immunity.26 T-cell engager-armed 
oncolytic vaccinia virus (OVV) was also verified to enhance 
antitumor therapy significantly.27

Glutathione peroxide 4 (GPX4) has been identified as 
the central regulatory factor of ferroptosis, catalyzing the 
reduction of lipid peroxides. The absence of GPX4 would 
lead to cell death from lipid peroxidation.28 Although 
GPX4 inhibitors exhibit great potential for inhibiting can-
cer cells via ferroptosis, the sensitivity of distinct tumor cell 
lines to it varied considerably.29 Conventional GPX4 inhi-
bitors have notable deficiencies, including inadequate phar-
macokinetics, limited selectivity,30 and remarkable 
sensitivity toward CD8+T cells. At concentrations that do 
not impact the quantity of B16 melanoma or MC38 color-
ectal cancer cells, GPX4 inhibitors stimulate ferroptosis in 
CD8+T cells via lipid peroxidation, diminishing their 
survival.31 Therefore, the application of GPX4 inhibitors 
in tumor therapy is severely restricted. Immune cell phe-
notype and function are influenced by TME lipid metabo-
lism changes. T regulatory cells (Tregs), regulatory B cells, 
M2 macrophages, myeloid-derived suppressor cells 
(MDSCs), and N2 neutrophils are inclined to exercise 
their immunosuppressive capacity inside tumors through 
lipid metabolism.32 Effector T cells prefer glycolysis and 
aerobic respiration to get their ATP,33 but passively absorb-
ing harmful lipids like oxidized low-density lipoprotein (ox- 
LDL) affects their cytokine secretion and mortality.32–34 

GPX4 maintains homeostasis by degrading toxic lipid 
peroxides28,35 and is closely related to CD36,36 which reg-
ulates lipid uptake and metabolism. Studies show that 
increasing CD36 on CD8+T cells in TME is linked to 
tumor progression and poor prognosis. CD36-deficient 
mice have more CD8+ effector T cells and GPX4 mRNA 
in their TILs, delaying tumor growth.37,38 Transduction of 
GPX4-overexpressing retroviruses into T cells can reduce 
lipid peroxidation and increase IFN-γ and TFN-α produc-
tion, enhancing antitumor effects.38

This study proposed to exert the ability of OVV to lyse 
tumor cells while increasing GPX4 expression in effector 
T cells to reduce lipid peroxidation, reverse T-cell deple-
tion, and alleviate the immunosuppressive microenviron-
ment. We also aimed to use the OVV platform with ICB 
to create a synergistic effect and investigate treatment 
mechanisms.

Materials and methods

Cell lines and cell culture

The American Type Culture Collection (ATCC; Manassas, 
USA) provided the cell lines HEK293 (CRL-1573), Hela-S3 
(CCL-2.2), Vero (CCL-81), Panc02(CRL-2553), CT26 (CRL- 
2638) and Hepa1–6(CRL-1830). MC38 cell line was stored in 
our lab. All cells were incubated in DMEM (Gibco Thermo 
Fisher Scientific, USA, Cat # 11965092) with 10% FBS (Gibco 
Cat # 16000044) at 37°C and 5% CO2.

Recombinant OVV construction

GenScript (Nanjing, China) produced the GPX4 gene fragment, 
which was then subcloned into the shuttle plasmid pVV-Control 
to create the recombinant plasmid pVV-GPX4. In this plasmid, 
GPX4 is expressed by a synthetic early/later promoter (pSE/L), 
whereas enhanced green fluorescent protein (EGFP) and guanine- 
hypoxanthine phosphoribosyl transferase (GPT) are expressed by 
a VV p7.5K early/later promoter. To generate OVV-GPX4, the 
shuttle plasmid pVV-GPX4 was homologously recombined with 
a western reserve strain of VV (WR-VV; VR-1354; ATCC). In 
brief, HEK293 cells were infected for 2 h with the WR-VV at 
a MOI of 1 before being transfected with the pVV-GPX4 using 
the lipofectamine transfection reagent (Cat#A12621, 
ThermoFisher). The EGFP-positive plaques were chosen and 48  
hours later planted in plates containing Hela-S3 cells. 
A conditional DMEM medium containing 250 g/mL xanthine 
(Cat#A601197, Sangon Biotech, Shanghai, China), 25 g/mL myco-
phenolic acid (Cat#A600640, Sangon), and 15 g/mL hypoxanthine 
(Cat#A500336, Sangon) was used to limit the growth of WR-VV. 
PCR and DNA sequencing were done after many picking and 
seeding cycles to demonstrate that the recombinant virus was no 
longer infected with WR-VV. The purified virus was then grown 
in 6-well plates, cell culture dishes, and cell culture spinner flasks 
by Hela-S3 cells. The virus titer was determined using the TCID50 
method. The following is the calculating formula: Virus titer =  
0.7 × 10 × 10(1+S (D−0.5)), where S is log10 (dilution) and D is the 
total of the positive EGFP ratios in each dilution.

Western blot

Protein samples were obtained from Vero cell lysates or super-
natants that were infected with either OVV or OVV-GPX4. The 
instructions of BCA assay kit(Cat#23227, Thermo) were fol-
lowed to measure protein concentrations in the samples. 
Protein samples were separated on a 10–15% SDS/PAGE gel 
and transferred to a PVDF membrane. The proteins were 
detected by GPX4 Monoclonal antibody (Cat# 67763–1-Ig, 
Proteintech). Then, the imprint was detected in one hour with 
the second antibody (Cat# HA1001, Hua’an Biotechnology).

CCK8 assay

Panc02, CT26, MC38, and Hepa 1–6 cells were cultured at 5 ×  
103 cells per well in 96-well plates and then infected with OVV 
or OVV-GPX4 at designated MOIs (0.005, 0.05, 0.5, 5) in 
triplicate. After 48 hours of incubation, CCK8 solution (Cat# 
C0037, Beyotime) was added 10 μl to each well and incubated 
for an additional hour. Molecular Devices Spectra Max M3 was 
used to measure 450 nm absorbance. Cell viability can be 
calculated using this equation: Cell viability (%) = (A treat-
ment- blank)/(A control- blank) × 100%.

The infectivity of oncolytic vaccinia virus in tumor cells

Tumor cells (Panc02, CT26, MC38, and Hepa1–6) were 
infected in a 24-well plate at 5 × 104 cells per well with recom-
binant OVV and OVV-GPX4-GFP at 0.1 MOIs in a 5% CO2 
and 37°C incubator. Cells were collected after 24, 48, 72, and 
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96 hours, centrifuged at 300×g for 3 minutes. The percentage of 
infected cells was detected by the FITC channel of flow cyto-
metry (NovoCyte Quanteon, Agilent).

Peripheral blood mononuclear cells (PBMCs) preparation 
and T cell isolation

The Ethics Committee of Zhejiang Provincial People’s Hospital 
has approved all animal studies conducted. C57BL/6 mouse 
blood was collected. PBMCs were separated by Ficoll density 
gradient centrifugation. These cells were resuspended in 10% 
FBS AIMV (Cat# 087-0112DK, Gibco) media. T cells were 
isolated by the Pan T cell Isolation kit (Cat# 130-095-130, 
MiltenyiBiotec) from PBMCs. Subsequently, these cells were 
resuspended with IL-2 (300 IU/ml), IL-7 (5 ng/ml), and IL-15 
(5 ng/ml) (Prime Gene). T-activator CD3/CD28 (Cat#11456D, 
Gibco) was added to activate T cells.

The expression of GPX4 in T cells by real-time quantitative 
polymerase chain reaction (RT-qPCR)

After co-incubation of OVV, OVV-GPX4 (MOI = 10) or PBS 
with isolated T cells for 48 hours, centrifuged 400×g for 3  
minutes and collected cell precipitates. The RNA samples 
were obtained through the utilization of the FastPure Cell/ 
Tissue Total RNA Isolation Kit (Cat# RC101–01, Vazyme 
Biotech) to eliminate any presence of genomic DNA. Reverse 
transcription was performed using HiScript II Reverse 
Transcriptase (Cat# R201–01, Vazyme Biotech) on a sample 
of RNA (1 μg). 40 ng complementary DNA (cDNA) was uti-
lized for quantification. Real-time analysis was performed in 
7500 Fast Real-Time PCR System according to HiScript III RT 
SuperMix for qPCR (+gDNA wiper) (Cat# R323, Vazyme 
Biotech). The PCR conditions were: 40 cycles at 95°C for 10  
minutes, 95°C for 15 seconds, 60°C for 1 minute, and 72°C for 
7 minutes. The primers used in the experiment were:

Gpx4-F: 5’-GAGGCAAAACTGACGTAAACTACAC-3’
Gpx4-R: 5’-TCTTGATTACTTCCTGGCTCCTG-3’

T cell in vitro by flow cytometry analysis

Isolated T cells were labeled with carboxy fluoroscein succini-
midyl ester (CFSE) fluorescent dye (Cat# C1031, Beyotime), co- 
cultured with Panc02 cells at a ratio of 6:1 (CD3+T: Panc02 cells), 
and added OVV, OVV-GPX4 viral supernatant (MOI = 10) or 
PBS. After 48 hours, the proliferation of T cells was tested by 
flow cytometry. In other parallel experiments, T cells were co- 
incubated with OVV, OVV-GPX4 viral supernatant (MOI = 10) 
or PBS for 48 h. T cells suspension was stained with the following 
antibodies: anti-CD8(Cat# 100706, Biolegend), anti-CD25(Cat# 
102021, Biolegend), anti-CD36(Cat# 102611, Biolegend) and 
Bodipy 581/591 C11 (Cat# D3861, Invitrogen).

Establishment of syngeneic mice models

Panc02 cells were subcutaneously injected at a concentration of 
1.5 × 106 cells per 100 μl into C57BL/6 mice that were 5 weeks 
old. In the investigation of in vivo anti-tumor effects, following 
the establishment of tumors, we administered intratumoral 

injections of phosphate-buffered saline (PBS), OVV, OVV- 
GPX4 at a dosage of 2 × 107 plaque-forming units (pfu)/ 
mouse or GPX4 protein (1 μg/mouse) for five times. In parallel 
experiments to depleted CD8+ and CD4+ T cells, we adminis-
tered PBS, OVV-GPX4, OVV-GPX4 combined with anti-CD8 
or anti-CD4 antibody alone. The infection of OVV-GPX4 (2 ×  
107 pfu/mouse) or PBS was at day 0,2,4,6,8 and anti-CD8 or 
anti-CD4 antibody (100 μg/mouse) at day 3,5,7. To test the 
combined effect with anti-PD-1 antibodies, Panc02 models 
were injected with PBS or OVV-GPX4 (2 × 107 pfu/mouse) 
alone at day 0,2,4,6,8 and anti-PD-1 antibody on day 
1,3,5,7,9. To verify abscopal effect, the mice were bilaterally 
inoculated with Panc02 cells on the right flank (1.5 × 106 cells) 
and left flank (7.5 × 105 cells) by subcutaneous injection on day 
−5. Then mice were injected OVV, OVV-GPX4 (2 × 107 pfu/ 
mouse) or PBS for five times on the right flank. Subcutaneous 
tumor volume was determined by measuring their diameter 
with a digital caliper. To calculate tumor volume, use the 
formula: volume = length × width × width × 0.5. All animals 
must have their tumors measured consistently.

In the investigation for flow cytometry analysis, the intra-
tumoral injections of PBS, OVV, OVV-GPX4 (2 × 107 pfu/ 
mouse) or GPX4 protein (1 μg/mouse) was repeated three 
times, with a two-day interval between each injection. The 
mice’s tumors and spleens were then collected for analysis 2  
days after the injection.

Immune microenvironment and systemic immunity in vivo 
by flow cytometry analysis

Fresh tumor and spleen samples were minced, treated with 200  
U/ml Collagenase I (Cat#ST2294, Beyotime Biotechnology), 
and filtered with a 100 μm filter to make a suspension of single 
cells. 2 × 106 Cells were stained at 100 μl in PBS. Single-cell 
suspension is stained with the following antibodies: Live/Dead 
Fixable Violet Dead Cell (Cat# 2549272, Invitrogen), anti-CD3 
(Cat# 100236, Biolegend), anti-CD4 (Cat# 100406; 100408, 
Biolegend), anti-CD8 (Cat# 100706, Biolegend), anti-Ki67 
(Cat# 652425, Biolegend), anti-IFN-γ (Cat# 505860, 
Biolegend), anti-Perforin (Cat# 154306, Biolegend), anti- 
Foxp3 (Cat# 126404, Biolegend), anti-CD11b (Cat# 101212, 
Biolegend), anti-CD11c (Cat# 117352, Biolegend), anti-Gr-1 
(Cat# 108406, Biolegend), anti-TIM-3(Cat# 119727, 
Biolegend), anti-LAG-3 (Cat# 125241, Biolegend) and anti- 
PD-1 (Cat# 135227, Biolegend). Surface antigens were detected 
by NovoCyte Quanteon (Agilent) after staining with antibodies 
for 30 minutes in the dark. To detect intracellular cytokines, 
the samples were fixed with Fixation/Permeabilization 
Solution KiT (Cat# 554714, BD Biosciences) and incubated 
with intracellular antibodies for 30 minutes before running 
the machine. Datas were analyzed by NovoExpress.

Immunohistochemistry (IHC)

Successfully constructed the Panc02 model as described above, we 
administered intratumoral injections of PBS, OVV, OVV-GPX4 
(2 × 107 pfu/mouse) or GPX4 protein (1 μg/mouse) for three 
times. The injection interval was one day. After injection, the 
tumor tissues of mice were extracted and soaked in 4% 
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paraformaldehyde solution. Paraffin-embedded 3–5 mm sections 
were deparaffinized and hydrated. Samples were steamed at 95°C 
for 20 minutes in a pH 9.0 Tris-EDTA buffer to retrieve antigens. 
A hydrophobic barrier was created around tissue sections with 
a Pap pen. The sections were incubated with 3% H2O2 in PBS for 
15 minutes. Slides were blocked in 1.5% bovine serum albumin in 
PBST (0.1% Tween 20) for 30 minutes. The sections were incu-
bated with blocking buffer-diluted CD8 (Cat# 85336S, Cell 
Signalling, 1:300) primary antibodies. The incubation process 
lasted overnight at 4°C or 3 hours at room temperature. The slides 
were incubated with biotinylated anti-rabbit secondary antibodies 
(Cat#BA-1000, Vector Laboratories, 1:250) for 30 minutes for 
CD8 immunohistochemistry. After Diaminobenzidine dyeing, 
slides were counterstained with hematoxylin. Recorded and ana-
lyzed images by microscope (Nikon eclipse 100).

RNA sequencing (RNA-seq)

TRIzol (Cat#:15596018, Invitrogen) was used to isolate and purify 
total RNA from mouse tumor tissues. RNA integrity was assessed 
by denatured agarose gel electrophoresis. After fragmentation, 
complementary DNA from poly (A) RNA was created by 
SuperScript II Reverse Transcriptase (Cat#:1896649, Invitrogen). 
PCR amplified interconnected products after pretreatment. The 
final cDNA library inserted averages 300 ± 50 base pairs. Total 
RNA was extracted, purified, library, and sequenced by LC-Bio 
Technology. The PE150 sequencing mode was chosen and paired 
sequencing was conducted by the Illumina Novaseq 6000 plat-
form in accordance with established protocols.

TME in vivo by RT-qPCR

In liquid nitrogen, frozen mouse tissues were broken by mortar 
and pestle. To detect virus enrichment in different tissues, viral 
DNA was extracted from a 25 mg homogenate tissue sample by 
Viral DNA/RNA Kit (Cat#: CW0548S, Cowin Biotech). To 
detect chemokines, cytokines and co-stimulatory molecules in 
tumors, RNA was extracted by FastPure Cell/Tissue Total RNA 
Isolation Kit (Cat# RC101–01, Vazyme Biotech). A 1 μg RNA 
sample was reverse transcribed using HiScript II Reverse 
Transcriptase (Cat# R201–01, Vazyme Biotech) to cDNA. 
The 100 ng DNA viral genome and 40 ng cDNA were used 
for quantification. Real-time analysis was performed in 7500 
Fast Real-Time PCR System according to HiScript III RT 
SuperMix for qPCR (+gDNA wiper) (Cat# R323, Vazyme 
Biotech). The PCR conditions were: 40 cycles at 95°C for 10  
minutes, 95°C for 15 seconds, 60°C for 1 minute, and 72°C for 
7 minutes. The primers used in the experiment were:

C11-F:5’-AAACACACACTGAGAAACAGCATAAA-3’
C11-R:5’-ACTCGGCGAATGATCTGATTA-3’
CXCL9-F:5’-ACGGAGATCAAACCTGCCTAGAT-3’
CXCL9-R:5’-TCAGGGTGCTTGTTGGTAAAGTA-3’
CXCL10-F:5’-GTGTTGAGATCATTGCCACGATG-3’
CXCL10-R:5’-TCAGAAGACCAAGGGCAATTAGG-3’
CCL4-F:5’-CCTCCCACTTCCTGCTGTTT-3’
CCL4-R:5’-ACTCCAAGTCACTCATGTACTCAG-3’
CXCL13-F:5’-GGTGTTCTGGAGTGATTTCAACTG-3’
CXCL13-R:5’-ATTTGGCACGAGGATTCACACAT-3’
CD28-F:5’-AGTGACAGTGGCTCTTTGTGTTA-3’

CD28-R:5’-GCAGTGATGATGAGCAGGTAGAC-3’
ICOS-F:5’-TTACTTCTGCAGCCTGTCCATTT-3’
ICOS-R:5’-TCATGCACACTGGATCCGTATTT-3’
GZMB-F:5’-AAAGACCAAACGTGCTTCCTTTC-3’
GZMB-R:5’-AGCTCTAGGGACGATGGGTAATC-3’
GAPDH-F: 5’-GGAGCGAGATCCCTCCAAAAT-3’
GAPDH-R: 5’-GGCTGTTGTCATACTTCTCATGG-3’

Statistical analysis

The GraphPad Prism was used for statistical analysis. 
Continuous data was represented by mean and standard devia-
tion (SD). These dates compared by unpaired two-tailed 
Student’s t-test or two-way ANOVAs with Tukey’s multiple 
comparison tests. The Kaplan-Meier curve is employed for the 
assessment of survival outcomes. The typical significance 
threshold is p < 0.05.

Results

GPX4 expression by the oncolytic vaccinia virus

Figure 1a depicted the design of a novel OVV in which the GPX4 
gene was inserted at the thymidine kinase (TK) gene deletion site 
under the control of Pse/L and a green fluorescent gene was 
added. Western blotting on the OVV-GPX4-infected Vero cell 
lysates and supernatants showed that OVV-GPX4 increased 
intracellular and extracellular GPX4 levels (Figure 1b). These 
results showed that OVV-GPX4 produced and released GPX4.

To determine whether insertion of the GPX4 gene influ-
enced the cytotoxicity and infectivity of the virus, we infected 
four cell lines (Panc02, CT26, MC38, and Hepa 1–6) for 48  
hours with GFP-expressing OVV and OVV-GPX4. In 
Figure 1c, OVV and OVV-GPX4 had similar cytotoxic effects 
on tumor cell lines at different MOIs. By flow cytometry, the 
similar proportion of tumor cells carried fluorescence indi-
cated that there was no significant difference in the infectivity 
of OVV and OVV-GPX4 (Figure 1d). These cytotoxicity and 
infectivity experiments showed that GPX4 gene insertion did 
not affect the cytotoxicity and infectivity of virus.

Effect of OVV-GPX4 on T cells in vitro

To assess how OVV-GPX4 impacts T cells, the CD3+T cells 
were labeled with carboxy fluoroscein succinimidyl ester 
(CFSE) fluorescent dye,39 co-cultured with Panc02 cells at 
a ratio of 6:1 (CD3+T: Panc02 cells), and added OVV or OVV- 
GPX4 viral supernatant. As depicted in Figure 2a,b 
CD3+T cells in the OVV-GPX4 group demonstrated a greater 
capacity for proliferation. T cells were also incubated with PBS, 
OVV, and OVV-GPX4 (MOI = 10) for 48 hours. We found 
GPX4 transcription increased significantly in the OVV-GPX4 
group by qPCR (Figure 2c), confirming that OVV-GPX4 could 
significantly promote the expression of GPX4 in T cells. 
During the co-incubation for 24 and 48 hours, there was an 
elevation in activation marker CD25+ on CD8+T cells 
(Figure 2d).

We subsequently utilized flow cytometry to detect CD36, 
a lipid metabolism protein, on the surface of CD8+ T cells 
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(Figure 2a,e). Additionally, we measured lipid peroxidation in 
these cells with a fluorescent Lipid probe (Bodipy 581/591 
C11)40 by flow cytometry (Figure 2a,f). OVV-GPX4 signifi-
cantly reduced CD36 expression on CD8+ T cells, decreasing 
lipid accumulation and peroxidation.

OVV-GPX4 enhanced antitumor activity in vivo

After demonstrating that OVV-GPX4 affected T cells in vitro, 
we proceeded with a subcutaneous pancreatic cancer tumor 
model (Panc02) in C57BL/6 mice. The objective of this experi-
ment was to assess the potential enhancement in the anti-tumor 
efficacy of OVV-GPX4. When the tumor volume of all mice was 
within the range of 50-100 mm3, it was considered as day 0. 
Refer to Figure 3a for the detailed injection scheme. Compared 
to other groups, the average tumor volume growth of the OVV- 

GPX4 group was the smallest (Figure 3b). The OVV-GPX4 
group had a significantly longer survival period (Figure 3c). 
The tumor growth curve for each mouse in Figure 3d showed 
that the OVV-GPX4 group had the slowest tumor growth. 
Simultaneously, we investigated the survival rate of CD8+ 

T cells in Panc02 model. The diagram was displayed in Figure 
S1a. Tumor tissues were collected from each group of mice on 
days 0, 2, 4, and 6, with day 0 being the first day after injection. 
The survival rate of CD8+ T cells was detected by flow cytometry 
indicating a time-dependent decrease in the survival rate of 
CD8+ T cells across all groups, but the OVV-GPX4 group 
maintained the highest level of survival rate (Figure S1b, c). 
The result suggested that OVV-GPX4 could enhance the survi-
val rate of CD8+ T cells in Panc02 tumors.

Our experiments compared the distribution and abundance 
of OVV and OVV-GPX4 in tumor and normal tissue after 

Figure 1. Generation of a GPX4-expressing oncolytic vaccinia virus and its oncolytic properties in vitro (a) Schematic representation of OVV-GPX4 structure. The GPX4 
gene under the control of the promoter Pse/l was inserted into the TK gene of the vaccinia virus. TKR, right flank sequences of thymidine kinase gene; TKL, left flank 
sequences of thymidine kinase gene; gpt, guanine phosphoribosyl transferase; EGFP, enhanced green fluorescent protein; P7.5, vaccinia virus P7.5 early/late promoter; 
Pse/l, synthesized vaccinia virus early/late promoter. (b) Detection of GPX4 expression and secretion by western blot. Vero cells were infected with OVV or OVV-GPX4 at 
MOI 1. At 48 h post-infection, cell lysates and supernatants were collected, and GPX4 was detected with anti-GPX4 antibody. (c) Comparative cytotoxicity of OVV and 
OVV-GPX4. Panc02, CT26, MC38, and Hepa 1–6 cells infected with serial dilutions of OVV or OVV-GPX4. Cell viability was measured 48 h post-infection by CCK8. (d) Viral 
infectivity of OVV-GPX4. Panc02, CT26, MC38, and Hepa 1–6 cells infected with OVV or OVV-GPX4 at MOI of 0.1. At indicated time points, cells were harvested and 
detected by flow cytometry. Data represent the mean ± standard deviation (SD) of ≥three independent experiments.
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intratumoral injection. After tumor formation, we conducted 
animal experiments in which OVV and OVV-GPX4 were 
injected into the tumors every other day. After three times 
injections, their tumor tissues and vital organs, including the 
heart, liver, spleen, lung, and kidney, were extracted. In tumor 
tissue, viral DNA was detected by qPCR, which rarely accu-
mulated in other organs. (Figure 3e).

Effect of OVV-GPX4 on the immune microenvironment and 
systemic immunity

To understand the enhanced anti-tumor efficacy of OVV- 
GPX4, Parallel tumor models were constructed to compare 
TME and spleen changes among different treatment groups. 
After establishing the Panc02 syngeneic model, tumors in mice 
were injected with PBS, OVV, OVV-GPX4, or GPX4 protein 

Figure 2. Effect of OVV-GPX4 on T cells in vitro (a) After staining T cells with CFSE and co-incubating them with tumor cells at a ratio of 6:1 (CD3+T: Panc02 cells), and 
adding OVV or OVV-GPX4 viral supernatant, T cell proliferation was measured by flow cytometry. In a parallel experiment, Co-culture of T cells with OVV or OVV-GPX4 
(MOI = 10). After 48 h, the expression of CD36 and lipid peroxidation levels in CD8+T cells was evaluated by flow cytometry. (b) Representative diagram of flow 
cytometric analysis of T cell proliferation. (c) Bar chart showing expression of GPX4 in T cells. MOI for OVV or OVV-GPX4 infection of T cells was 10. Cells were collected 
48 h after infection, RNA was extracted, and cDNA was reverse-transcribed. qPCR was utilized to detect GPX4 expression in cells. (d) Representative diagram of flow 
cytometric analysis of the activation indicator CD25 in CD8+ T cells. (e) Representative diagram of flow cytometric analysis of the expression of CD36 in CD8+ T cells. (f) 
Representative diagram of flow cytometric analysis of lipid peroxidation levels in CD8+T cells. Data represent the mean ± standard deviation (SD) of ≥three independent 
experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Figure 3. Intratumoral injection of OVV-GPX4 enhanced antitumor efficacy in subcutaneous Panc02 tumor models (a) C57BL/6 mice bearing subcutaneous Panc02 
tumors were treated with PBS, OVV, OVV-GPX4 (2 × 107 pfu/tumor, I.T.), or GPX4 (1 µg/tumor, I.T.) for five times. (b) Plot of mouse tumor progression. (c) Mouse survival 
curves. (d) Tumor growth curve for each mouse. (e) Bar chart showing the abundance of OVV and OVV-GPX4 in important organs and tumors of mice. Data represent the 
mean ± standard deviation (SD) of ≥three independent experiments. *p < 0.05.
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for three times. After a two-day interval, the tumor and spleen 
tissue of the mice were processed into single-cell suspensions 
and the proportion of different immune cell populations was 
analyzed by flow cytometry analysis. The OVV-GPX4 group 
could more significantly increase the proportion of 
CD8+T cells in TME than the PBS and GPX4 protein groups 
(Figure 4a,b) and the expression of ki67 was significantly 
higher than others (Figure 4a,c). In the spleen, the OVV- 
GPX4 group had a higher ratio of CD8+T cells to CD3+T cells 
than PBS, OVV and GPX4 protein groups (Figure 5a,b) and 
higher ki67 expression in CD8+ T cells (Figure 5a,c). 
Meanwhile, compared with the spleen, we could see changes 
in the subtypes of T cells in TME, with a significant increase in 
the proportion of CD8+T cells. These evidences indicated that 
the OVV-GPX4 group were more capable of recruiting 
CD8+T cells with primary tumor-killing effects and promoting 
their proliferation. OVV and OVV-GPX4 treatment also 
reduced MDSC cells in the TME and spleen (Figures 4a,d 5a, 
d), indicating less immunosuppressive cell infiltration, but this 
phenomenon is more significant in the OVV-GPX4 group. To 
confirm T cells producing more cytokines in response to cyto-
toxicity, our subsequent experiments demonstrated heightened 
levels of CD8+ T cells secreting IFN-γ in the OVV-GPX4 
group’s tumors and spleens compared with PBS and OVV 
group. The average levels of CD8+ T cells secreting IFN-γ in 
the spleen was higher than that in the tumor in OVV-GPX4, it 
indicated that the function of CD8+T was inhibited in TME 
(Figures 4e, 5e). However, there was not outstanding difference 
in the ability of CD8+T cells to secrete IFN-γ between OVV- 
GPX4 and GPX4 protein group in spleens (Figure 5e). In the 
OVV-GPX4 group, the levels of CD8+ T cells producing per-
forin-1 were significantly different from the PBS group in 
spleens (Figure 5f), but this phenomenon lacks significance in 
tumors (Figure 4f). The TIM-3 marker on the surface of T cells 
in OVV-GPX4 group noticeable declined compared to PBS and 
GPX4 protein groups (Figure 4h). We also detected that LAG-3 
marker decreased on the surface of T cells in the OVV-GPX4 
group than others (Figure 4i), but the expression of PD-1 was 
remarkable higher than PBS and GPX4 protein groups 
(Figure 4a,g). Lastly, OVV-GPX4 diminished Foxp3+ 

CD4+T Treg infiltration in tumors than PBS (Figure 4j). This 
series of findings indicated that OVV-GPX4 could enhance the 
proliferative abilities of T cells, reverse their depleted state, 
exert a strong effector capacity, and improve the immune- 
suppressive microenvironment.

Similar to the aforementioned outcomes, CD8+T cell infil-
tration was also examined in paraffin slices of mouse tumors 
from each group by IHC in a parallel experiment. The OVV- 
GPX4 group exhibited a greater abundance of brown marker 
staining in comparison to the other groups (Figure 4k).

To evaluate whether local injection of OVV-GPX4 could 
induce an abscopal effect, we used a bilateral Panc02 tumor 
model (Figure S2a). Although both OVV and OVV-GPX4 
exhibited therapeutic effects on primary and distant 
tumors, OVV-GPX4 distinguished itself from PBS in more 
substantial differences when compared to OVV (Figure 
S2b). The findings indicated that the therapeutic efficacy 
of OVV-GPX4 extended beyond local regions and impacted 
systemic immunity.

CD8+ T cells mediated the antitumor immunity of 
OVV-GPX4

To reveal the role of CD8+ T and CD4+ T cells in mediating the 
antitumor activity of OVV-GPX4, we depleted these two types 
of lymphocytes and analyzed whether their depletion would 
affect the antitumor efficacy of OVV-GPX4 in the Panc02 
subcutaneous syngeneic model. Initially, we verified the block-
ing effect of anti-CD8 and anti-CD4 monoclonal antibodies. 
As expected, the CD8+ T and CD4+ T cells in tumors were 
completely depleted after the injection of the corresponding 
monoclonal antibody (Figure 6a,b). Following the successful 
inhibition of the function of CD8+ T and CD4+ T cells, we 
continuously monitored the tumor volume of mice in each 
group (Figure 6c). Consistent with previous results, treatment 
of mice with OVV-GPX4 significantly decreased the tumor 
volume. Conversely, the depletion of CD8+ T cells resulted in 
the reversal of tumor volume reduction (Figure 6d,e). These 
results indicated that the depletion of CD8+ T cells partially 
abrogated the antitumor efficacy of OVV-GPX4, while the 
depletion of CD4+ cells had no obvious impact. CD8+ T cell 
is a major immune cell type that mediates the antitumor 
immunity of OVV-GPX4.

OVV-GPX4 therapy in conjunction with immune 
checkpoint inhibitors

The OVV-GPX4 group had higher PD-1 levels on CD8+T cells 
in the Panc02 syngeneic model (Figure 4a,g), suggesting that 
ICB may boost immune response and antitumor effects. Mice 
with tumor volumes between 50 and 100 mm3 were randomly 
assigned to groups and injected with PBS or OVV-GPX4 alone 
or in combination with an anti-PD-1 antibody (Figure 7a). 
Next, tumor volume was measured. On day 22, the OVV- 
GPX4 and anti-PD-1 antibody combination treatment group 
had an average tumor volume of 327.342 mm3, while the PBS 
and anti-PD-1 antibody-only groups had 1263.02 and 907.07  
mm3, respectively (Figure 7b). We plotted the survival curves 
of mice and found that the combined group survived longer 
than the others (Figure 7c). Individual tumor growth curves 
indicated that combination therapy significantly slowed tumor 
growth without causing regression (Figure 7d).

Immune mediation mechanism for OVV-GPX4

Targeted transcriptome analysis helped us to understand signal 
pathways and immune-mediating mechanisms of OVV-GPX4. 
After establishing the Panc02 syngeneic model, tumors were 
injected with PBS, OVV, or OVV-GPX4 and subsequently 
underwent RNA sequencing. The research findings suggested 
that the OVV-GPX4 group exhibited the most pronounced 
differences in genes associated with chemokine signaling path-
ways compared to the PBS and OVV groups. The maximum 
number of differentially expressed genes were in the cytokine- 
cytokine receptor interaction pathways (Figure 8a). The ther-
mographic representation in Figure 8b,c shows the differential 
genes in the chemokine signaling pathway and cytokine- 
cytokine receptor interaction pathway. Genes for the C-type 
lectin receptor signaling pathway, leukocyte transendothelial 
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migration, and other innate immune system signaling path-
ways were also enriched (Figure 8a). After that, we used qPCR 
to confirm that the OVV-GPX4 experimental group had 
increased levels of chemokines like CCL4, CXCL9, CXCL10, 

and CXCL13. Moreover, there were notable differences in the 
expression of surface co-stimulatory molecules, specifically 
CD28 and ICOS, as well as the cytokine granzyme B (GZMB) 
(Figure 8d).

Figure 4. Intratumoral injection of OVV-GPX4 improved immune microenvironment in Panc02 tumor model (a) C57BL/6 mice bearing subcutaneous Panc02 tumors 
were treated with PBS, OVV, OVV-GPX4 (2 × 107 pfu/tumor, I.T.), or GPX4 (1 µg/tumor, I.T.). On day 2 after virus injection, tumors were harvested, and a cell suspension 
was prepared. Percentages of CD8+T cells were analyzed by flow cytometry. In other parallel experiments, CD8+T cell proliferation indicator Ki67, percentages of MDSCs 
and the expression of PD-1 on the surface of CD8+T cells in tumors was analyzed by flow cytometry. (b) Representative diagram of flow cytometric analysis of 
percentages of CD8+T cells in tumors. (c) Representative diagram of flow cytometric analysis of CD8+T cell proliferation indicator Ki67 in tumors. (d) Representative 
diagram of flow cytometric analysis showing percentages of MDSCs in tumors. (e) Representative diagram of flow cytometric analysis of IFN-γ producing in CD8+T cells, 
which exert effector functions in tumors. (f) Representative diagram of flow cytometric analysis of producing perforin-1 in CD8+T cell in tumors. (g) Representative 
diagram of flow cytometric analysis of PD-1 on the surface of CD8+T cells in tumors. (h,i) Representative diagram of flow cytometric analysis of depletion indexes tim-3 
and LAG-3 on the surface of CD8+T cell in tumors. (j) Representative diagram of flow cytometric analysis of percentage of Foxp3+ CD4+ Treg cells in tumors. (k) Detection 
of CD8+T infiltration in tumors by immunohistochemistry. Scale bar,100 µm. (n = 3 per group). Data represent the mean ± standard deviation (SD) of three independent 
experiments. *p < 0.05; **p < 0.01; ***p < 0.0001.
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Discussion

Solid tumor immunotherapies have gained popularity in recent 
years. However, insufficient CTLs, IFN-γ activation markers, 
and low GZMB expression in the tumor core have limited the 
efficacy of these therapies.5,6 Only a small percentage of 
patients with high TIL counts benefit from ICB monotherapy. 
Thus, OVs are promising immunotherapies because they can 
mobilize immune cells to reenter the tumor in the PDAC 
microenvironment. The vaccinia virus was chosen as the pay-
load for this experiment due to its ability to express recombi-
nant genes, facilitated by its large genome to insert exogenous 
genes up to 40kd.41 Meanwhile, the OVV has an efficient life 
cycle and can generate virus offspring in just 6 hours. The OVV 
replicated within the host cytoplasm without integrating into 
DNA, combined with its history as a smallpox vaccine, ensures 
its safety.12 We deleted the TK gene and added GPX4 in OVV, 
which didn’t affect its ability to infect and kill tumor cells. 
Further proof also showed that the virus could increase the 
expression of GPX4 in T cells. OVs have the potential to serve 
as an in situ cancer vaccine because they induce highly immu-
nogenic cell death, resulting in the release of tumor-associated 
antigens, danger-associated molecular patterns and pathogen- 
associated molecular patterns. However, if the activation of this 
antiviral immune response is excessively potent, which can 
lead to rapid virus clearance, thereby limiting the induction 
of antitumor responses.42 Hence, it is crucial to find the opti-
mal balance between antiviral immune response and antitumor 

immune response. Our limitation was the lack of real-time 
measurement of the virus titers and antiviral antibodies. In 
future research, we will compare the virus titers and antiviral 
antibodies generated through various injection techniques and 
dosages. The objective is to attain a prolonged viral infection 
and reduce the levels of neutralizing antibodies, thereby opti-
mizing the anti-tumor efficacy. Currently, many strategies have 
also emerged to extend the half-life of proteins to achieve better 
therapeutic effects, including sequential modification, attach-
ment of fatty acids to peptides,43 improving the affinity of the 
neonatal Fc receptor,44 and so on. These strategies suggest that 
monitoring and increasing the half-life of GPX4 combined 
with OVV may have more significant therapeutic effects on 
tumors, and we will conduct research in the future.

GPX4 assumes a crucial function in safeguarding cells against 
the detrimental effects of lipid peroxidation. Studies have shown 
that the ferroptosis-inducer erastin and RSL3((1S,3 R)-RSL3) 
derivatives inhibit the growth of tumor cells by consuming 
glutathione and by binding to and inactivating GPX4 in xeno-
transplantation model mice, respectively.28 Despite that cancer 
cells avoid ferroptosis by activating antioxidant signaling path-
ways, such as the SLC7A11/GPX4 axis,45 T cells were found to 
undergo metabolic challenges in TME, and GPX4 inhibitor 
compounds were more toxic to CD8+T cells than tumor cells.31 

Furthermore, the deficiency of GPX4 in T cell significantly 
compromises the peripheral bloodstream CD8+T cell effector 
function and homeostasis.46 According to some studies, 

Figure 5. Intratumoral injection of OVV-GPX4 improved systemic immunity in Panc02 tumor model (a) C57BL/6 mice bearing subcutaneous Panc02 tumors were treated 
with PBS, OVV, OVV-GPX4 (2 × 107 pfu/tumor, I.T.), or GPX4 (1 µg/tumor, I.T.). On day 2 after virus injection, spleens were harvested, and a cell suspension was prepared. 
Percentages of CD8+T cells, proliferation indicator Ki67 and percentages of MDSCs in spleens were analyzed by flow cytometry. (b) Representative diagram of flow 
cytometric analysis of percentages of CD8+T cells in spleens. (c) Representative diagram of flow cytometric analysis of CD8+T cell proliferation indicator Ki67 in spleens. 
(d) Representative diagram of flow cytometric analysis showing percentages of MDSCs in spleens. (e) Representative diagram of flow cytometric analysis of IFN-γ 
producing in CD8+T cells in spleens. (f) Representative diagram of flow cytometric analysis of perforin-1 producing in CD8+T cells in spleens. Data represent the mean ±  
standard deviation (SD) of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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CD8+T cells underwent CD36-mediated excessive uptake of 
fatty acids and GPX4 inhibitors, leading to ferroptosis and 
tumor immune evasion.37 In contrast, T cells transduced with 
a retrovirus overexpressing GPX4 showed reduced levels of lipid 

peroxidation, alleviated depletion, and a stronger antitumor 
effect.38 Similar results have been confirmed by our experiments, 
both CD36 expression on the surface of mouse peripheral blood 
T lymphocytes and lipid peroxidation decreased after co- 

Figure 6. CD8+ T cells mediated the antitumor immunity of OVV-GPX4 (a) The depletion of CD8+T and CD4+T cells in the tumor of mice was analyzed by flow cytometry. 
(b) Flow cytometric analysis of the proportion of CD8+T cells and CD4+T cells. (c) Treatment scheme of Panc02 S.C. tumor models. C57BL/6 mice bearing subcutaneous 
Panc02 tumors were injected with PBS, OVV-GPX4 (2 × 107 pfu/mouse, I.T.), OVV-GPX4 (2 × 107 pfu/mouse, I.T.) combined with anti-CD4 or anti-CD8 antibody (100 µg/ 
mouse, I.P.). Tumor volume was measured every 2 days. (d) Plot of mouse tumor progression. (e) Individual tumor growth curve. Data represent the mean ± standard 
deviation (SD) of ≥ three independent experiments. ns > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Figure 7. Intratumoral injection of OVV-GPX4 combined with anti-PD-1 antibody enhanced antitumor efficacy in subcutaneous Panc02 tumor model (a) Illustration of 
mouse injection procedure. C57BL/6 mice bearing subcutaneous Panc02 tumors were injected with PBS, OVV-GPX4 (2 × 107 pfu/mouse, I.T.), anti-PD-1 antibody (200 µg/ 
mouse, I.P.), or OVV-GPX4 combined with anti-PD-1 antibody for five times. Tumor volume was measured every 2 days. (b) Plot of mouse tumor progression. (c) Mouse 
survival curves. (d) Tumor growth curve for each mouse. Data represent the mean ± standard deviation (SD) of five independent experiments. *p < 0.05; **p < 0.01.
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Figure 8. Immune mediation mechanism of OVV-GPX4 (a) C57BL/6 mice bearing subcutaneous Panc02 tumors were treated with PBS, OVV, or OVV-GPX4 (2 × 107 pfu/ 
tumor, I.T.) for three times. On day 2 after virus injection, RNA from fresh tumor tissues was sequenced. Bubble plot of KEGG analysis of signaling pathway gene 
expression enrichment. (b) Heat map of differentially expressed genes in the chemokine signaling pathway. (c) Heat map of differentially expressed genes in the 
cytokine-cytokine receptor interaction pathways. (d) Detection of fold changes in CCL4, CXCL9, CXCL10, CXCL13, ICOS, CD28, and GZMB at mRNA level by qPCR. Data 
represent the mean ± standard deviation (SD) of ≥three independent experiments. *p < 0.05.
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incubation with the OVV-GPX4 supernatant. In addition, the 
ability of proliferation and the proportion of CD25+-activated 
T cells increased significantly in the group treated with OVV- 
GPX4. In constructed Panc02 tumor models, OVV-GPX4 pro-
longed the survival rate of CD8+T in tumors and played an 
important role in improving the immune microenvironment 
and systemic immunity.

GPX4 has the effect of promoting CD8+T, which plays an 
anti-tumor role. Still, some studies have found that Treg-specific 
GPX4 deletion increases mitochondrial superoxide, TH17 
response IL-1b, tumor growth inhibition, and anti-tumor 
immunity47 Likewise, it has been reported that GPX4 protects 
the follicular T helper cells that protect the germinal center 
reaction from ferroptosis and promote antibody responses.48 

GPX4 not only increases the effectiveness of CD8+T cells but 
also promotes the development of immunosuppressive Treg 
cells. To investigate the comprehensive effect of OVV-GPX4 in 
TME, we employed the Panc02 mouse model and discovered 
that OVV-GPX4 significantly inhibited tumor growth compared 
to the other treatments. Subsequently, we designed a CD8+T and 
CD4+T depletion experiment to investigate which immune cell 
type is primarily responsible for antitumor activity. The results 
indicated that CD8+ T is the main type of immune cell rather 
than CD4+ T for anti-tumor therapy.

Talimogene laherparepvec (T-VEC) is a herpes simplex type 1 
virus modified with a granulocyte-macrophage colony- 
stimulating gene (GM-CSF). Compared to the use of ipilimumab 
only to block cytotoxic T cell-associated antigen 4 (CTLA-4), 
a combination of ipilimumab and T-VEC induced a stronger 
immune response in a phase 2 randomized trial of advanced 
melanoma49 T-VEC also attained an objective response rate of 
62% and a complete response rate of 33% 50 when combined with 
the anti-PD-1 antibody pembrolizumab in a phase 1b trial of 
advanced melanoma treatments. Here, we demonstrated that 
GPX4-loaded OVV changed the immune state of the PDAC 
microenvironment and increased PD-1 expression on 
CD8+T cells. Combining OVV-GPX4 and anti-PD-1 monoclonal 
antibodies increased the survival of tumor-bearing mice. 
However, the combined effect of anti-PD-1 monoclonal antibody 
was also moderate, indicating other factors hindering anti-tumor 
effects. We will probe into other elements that contribute to 
tumor escape in the future.

An investigation of the immune-mediated mechanisms 
showed that the difference in gene expressions was most sig-
nificant in the chemokine signal pathway in the OVV-GPX4 
group, while the cytokine and cytokine receptor pathways were 
highlighted as having the most differentially expressed genes 
involved. However, in this study, we did not construct the 
GPX4 protein group, which is a limitation of our study. In 
our next initiatives, we will investigate the immune-mediated 
mechanisms of GPX4 protein group, increase the sample size, 
and gain a more comprehensive understanding of the TME.

In conclusion, our research results demonstrated the immu-
notherapeutic potential of OVV-GPX4. As an agent for onco-
lytic virotherapy, it can improve the TME, regulate the status of 
effector T cells, and exert a stronger anti-tumor effect. In 
addition, it can be synergistically combined with ICB therapies 
to overcome the limitations of a single-drug therapy, and based 

on our data, human studies in patients with PDAC may be 
warranted.
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