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GM-CSF and IL-21-armed
oncolytic vaccinia virus
significantly enhances anti-
tumor activity and synergizes
with anti-PD1 immunotherapy
in pancreatic cancer
Yujing Xuan1, Wenyi Yan1, Ruimin Wang2, Xibin Wang1,
Yu Guo1, Huilin Dun1, Ziyan Huan1, Lihua Xu1, Ruxia Han1,
Xianlei Sun1, Lingling Si1, Nicholas R. Lemoine1,3,
Yaohe Wang1,3 and Pengju Wang1*

1Sino-British Research Centre for Molecular Oncology, National Centre for International Research in
Cell and Gene Therapy, State Key Laboratory of Esophageal Cancer Prevention & Treatment, School
of Basic Medical Sciences, Academy of Medical Sciences, Zhengzhou University, Zhengzhou, China,
2Department of Pathology, Zhengzhou People’s Hospital, Fifth Clinical Medical College of Henan
University of Chinese Medicine, Zhengzhou, China, 3Centre for Biomarkers & Biotherapeutics, Barts
Cancer Institute, Queen Mary University of London, London, United Kingdom
Pancreatic cancer is one of the most aggressive cancers and poses significant

challenges to current therapies because of its complex immunosuppressive tumor

microenvironment (TME). Oncolytic viruses armed with immunoregulatory

molecules are promising strategies to overcome limited efficacy and target

inaccessible and metastatic tumors. In this study, we constructed a tumor-

selective vaccinia virus (VV) with deletions of the TK and A49 genes

(VVLDTKDA49, VVL-DD) using CRISPR-Cas9-based homologous recombination.

VVL-DD exhibited significant tumor selectivity in vitro and anti-tumor potency in

vivo in a murine pancreatic cancer model. Then, VVL-DD was armed with an

optimal combination of immunomodulatory molecules, granulocyte-macrophage

colony-stimulating factor (GM-CSF) and interleukin-21 (IL-21), to produce VVL-

GL21. VVL-GL21 induced significant tumor regression after intratumoral and

systemic administration. Moreover, VVL-GL21 increased the infiltration of

dendritic cells (DCs), macrophages, and T cells; induced DC maturation;

increased the transition from M2 to M1 macrophages; improved the formation

of immune memory; prevented tumor recurrence; and effectively bolstered the

immune response against tumors in multiple key immune compartments.

Interestingly, mice bearing-pancreatic cancer tumors treated with VVL-GL21

showed anti-tumor immunity against lung and colon cancer tumors.

Importantly, treatment with VVL-GL21 enhanced the responsiveness of tumors
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to the immune checkpoint inhibitor anti-PD1. Taken together, VVL-GL21 remodels

the suppressive TME and has powerful anti-tumor activities as monotherapy or in

combination with anti-PD1 by intratumoral or systemic delivery for the treatment

of pancreatic cancer. VVL-GL21 could be used as a therapeutic cancer vaccine.
KEYWORDS
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1 Introduction

Approximately 20 million new cancer cases and 9.7 million

deaths from cancer were reported worldwide in 2022, and

pancreatic cancer (PaCa) was identified as the sixth leading cause

of cancer-related mortality, with 511,000 new cases and 467,000

deaths (1). PaCa has the worst prognosis and survival rates among

all cancers. Although immune checkpoint inhibitors (ICIs) achieve

durable remission in various cancer types and have revolutionized

cancer therapy, the objective response rate of advanced PaCa is

approximately 10%. Chimeric antigen receptor (CAR)-engineered

cell therapies for pancreatic cancer have not been approved for

clinical use despite numerous clinical trials (2, 3). The effectiveness

of these therapies against PaCa is limited by the hostile tumor

microenvironment (TME) characterized by fibrosis, hypoxia, and

immunosuppression, which includes a large number of M2-type

macrophages and suppressive regulatory T cells (Tregs) (4).

Oncolytic viruses (OVs) are a promising and innovative cancer

treatment strategy. By infecting cancer cells while sparing healthy

tissues, oncolytic viruses can replicate, cause cell rupture, remodel

the TME, facilitate T cell accumulation, and activate anti-tumor

immune responses (5). Oncolytic Herpes simplex virus (HSV)

encoding granulocyte-macrophage colony-stimulating factor

(GM-CSF), T-VEC was approved in 2015 and has paved the way

for the recognition of OV as validated therapeutics (6). A phase Ib

clinical trial has shown that T-VEC may improve the efficacy of

anti-programmed cell death receptor 1 (a-PD1) therapy by

changing the TME, with a high response rate in patients with

advanced melanoma (7).

Vaccinia virus (VV) is a double-stranded DNA virus that

replicates in the cytoplasm. It has been used as a vaccine for
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smallpox and can be injected into tumor sites or intravenously to

target metastatic tumors (8–10). Notably, the hypoxic environment

in solid tumors does not affect VV replication (11). Despite the

promising anti-tumor properties of VV, clinical efficacy needs to be

improved by reducing viral virulence and optimizing the

therapeutic molecules, in order to maximize benefits and

minimize adverse effects (12). JX-594 (Pexa-Vec; Jennerex Inc.), a

thymidine kinase (TK, J2R) gene-inactivated Wyeth strain VV

expressing GM-CSF, selectively targets cancer cells and has shown

promising safety and efficacy in phase II trials using intratumoral or

intravenous delivery to treat soft tissue sarcomas (13, 14). GM-CSF

induces monocyte differentiation into dendritic cells (DCs) and

macrophages, enhances DC survival, induces DC maturation, and

promotes cytokine and chemokine production. However, the

PHOCUS study, a randomized phase III clinical trial for

sequential treatment with JX-594 and sorafenib did not show

increased clinical benefits in advanced hepatocellular carcinoma,

with the results for the combined treatment being worse compared

to sorafenib administered alone (15). Clinical trials of JX-594 and T-

VEC have demonstrated that oncolytic viruses containing GM-CSF

are safe, but their anti-tumor efficacy needs to be improved.

We previously reported that the Lister strain VV (VVL) with TK

gene deletion (VVLDTK) is a tractable platform for the development

of a new generation of oncolytic VVs (16). VV protein A49, a small

intracellular protein with a B cell lymphoma (Bcl)-2-like fold,

promotes virus virulence and inhibits NF-kB activation (17). VVs

engineered to lack A49 exhibit lower virulence than wild-type viruses

(17). Therefore, deletion of TKs and A49 may enhance the

immunogenicity and reduce the virulence of VVL. VVL-expressing

interleukin-21 (IL-21) exhibits good safety and anti-tumor efficacy

against various types of tumors (18). IL-21 is crucial to promote the

proliferation and cytotoxicity of T cells and natural killer T (NKT)

cells, memory T cell differentiation, macrophage transition from M2

to M1, and angiogenesis inhibition in vivo (19). Importantly, high

doses of IL-21 doses are not associated with adverse effects. However,

clinical trials have shown limited effectiveness of stand-alone anti-

tumor therapy (20). The combination of GM-CSF and IL-21 may

activate both innate and adaptive immunity, potentially reversing the

immunosuppressive TME and enhancing anti-tumor immunity.

Here, we report a re-engineering of VVL with deletion of the TK

and A49 genes (VVLDTKDA49, double deletion, VVL-DD) that
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showed high tumor selectivity and promising anti-tumor potency.

We armed VVL-DD with an optimal combination of GM-CSF and

IL-21 to create VVLDTK-GM-CSFDA49-IL-21 (hereafter, VVL-

GL21), and investigated its function in remodeling TME as well

as its anti-tumor efficacy when administered either alone or in

combination with a-PD1 via intratumoral and intravenous delivery

in the PaCa mouse model.
2 Materials and methods

2.1 Cell lines

CV1 (African monkey kidney) cells were obtained from the

American Type Culture Collection (ATCC, VA, USA). DT6606 and

DT4994 cells are pancreatic ductal adenocarcinoma (PDAC) cell lines

derived from LSL-KrasG12D; Pdx-1-Cre mice that had developed

PDAC. TB11381 cells are a PDAC cell line derived from Pdx-1-Cre/

KrasG12D/p53R172H mice that had developed PDAC. DT6606,

DT4994, and TB11381 cells were gifted by Professor David Tuveson

(Cambridge Research Institute). MC38 (mouse colon carcinoma cells),

CMT64 (mouse lung carcinoma cells), TC-1 (mouse lung epithelial

cells), MRC-5 (human lung fibroblasts), HeLa (human cervical cancer

cell), HepG2 (hepatocarcinoma cells), EC1 (human esophageal cancer

cells), SKOV3 (human ovarian cancer cells), and SUIT-2 (human

pancreatic cancer cells) cells were obtained from the Cell Resource

Center, Peking Union Medical College (part of the National Science

and Technology Infrastructure, the National Biomedical Cell-Line

Resource, NSTI-BMCR. http://cellresource.cn. CV1, DT6606,

TB11381, DT4994, MRC-5, HeLa, HepG2, SKOV3, EC1, and

CMT-64 cells were cultured in Dulbecco’s modified Eagle

medium (DMEM; Cat# 11965092, Gibco-Thermo Fisher

Scientific, USA) supplemented with 10% fetal bovine serum (FBS;

Cat#16000044, Gibco), 1% streptomycin, and 1% penicillin. SUIT-

2, MC38, and TC-1 cells were cultured in RPMI-1640 medium

(Sigma-Aldrich) supplemented with 10% FBS, 1% streptomycin,

and 1% penicillin. All cells were incubated at 37°C with 5%

CO2 atmosphere.
2.2 Recombinant VV construction,
purification, and expansion

To generate recombinant oncolytic VVs, a Lister strain was

used as the parental virus for homologous recombination using the

CRISPR/Cas9 system (21). The specific alterations introduced in the

virus involved the removal of the TK gene and its replacement with

the GM-CSF gene, while simultaneously deleting the A49 gene and

replacing it with the either the IL-21 or the red fluorescent protein

(RFP) genes. The shuttle vectors pTK and pA49 were synthesized by

GENEWIZ (Azenta Life Sciences, Suzhou, China). The pTK vector

containing RFP flanked by LoxP sites was used, as previously

described (22). The pA49 vector containing RFP flanked by FRT

sites was modified similarly to the N1L region, as previously

described (22). Murine GM-CSF and IL-21 genes were

synthesized by GENEWIZ with Sal I and Nhe I sites in the
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pUC57 vectors. GM-CSF and IL-21 were released from pUC57

using Sal I and Nhe I restriction enzymes and cloned into the Sal I

and Nhe I sites of the pTK and pA49 shuttle vectors, respectively.

Guide RNA (gRNA) sequences for the TK and A49 regions of VV

were selected as previously described (23). gRNA oligos with extra

ends were synthesized (GENEWIZ, China) and cloned into the

gRNA cloning vector PB-gRNA-Bsa1 (24). Viral construction and

production were performed in CV1 cells as previously

described (25).
2.3 Vaccinia virus replication and cell
cytotoxicity assays

Tumor cells were infected with viruses at a multiplicity of

infection (MOI) of 1 PFU/cell. The cells and supernatants were

collected at 24-, 48-, and 72-h post-infection. The median tissue

culture infective dose (TCID50) for each sample was calculated by

detecting the cytopathic effect seven days after infection, as

described previously for indicator CV1 cells.

The cytotoxicity of the viruses in each cell line was assessed

in triplicate 6 d after infection using an MTS non-radioactive

cell proliferation assay kit (Promega) according to the

manufacturer’s instructions.
2.4 ELISA

Tumor cells were seeded in triplicate and infected with

viruses 16 h later at an MOI of 1 PFU/cell. Supernatants were

collected at 24-, 48-, and 72-h post-infection and cytokine levels

were measured using ELISA. GM-CSF (Invitrogen) and IL-21

(Invitrogen) levels were detected using ELISA in accordance with

the manufacturer’s instructions.

Six-week-old male C57BL/6 mice were subcutaneously injected

with 2 × 106 DT6606 cells. VVL-GL21 or phosphate-buffered saline

(PBS) was injected intratumorally on day 7. Blood samples and

subcutaneous tumors were collected at 24 h post-injection. The

serum was extracted by centrifugation at 3000 rpm for 20 min at

4°C from blood samples laid 2 h at room temperature. Cytokine levels

in the tumor homogenates and serum samples were evaluated using

ELISA, in accordance with the manufacturer’s instructions.
2.5 In vivo studies

All animals were obtained from Vital River Corp. (Beijing, China).

All experiments on mice were approved by the Animal Welfare and

Research Ethics Committee of Zhengzhou (Zhengzhou, China) for the

2019YFC1316101 project to PW (ID: V3A02022000001). Tumor

volume (V = p × length × width × width/6) was measured until the

tumor volume reached 2000 mm3 or the tumor ulcerated, at which

point the animals were euthanized.Mice were randomly grouped based

on tumor sizes. Tumor growth curves were stopped after the first

animal in each group died or was sacrificed. Animal survival was

monitored until the experimental endpoint.
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2.6 Treatment of subcutaneous PaCa or
colon cancer

Six-week-old male C57BL/6 mice were subcutaneously

implanted with 2 × 106 DT6606 cells. Seven days later, treatment

was initiated, when the average tumor volume was about 100-120

mm3. Ten days later, when the average tumor volume was about

160 mm3, treatment was initiated in advanced cancers. Six or seven

mice per group were injected intratumorally or intravenously with

different viruses or PBS on days 0, 2 and 4. When virotherapy was

combined with ICI, a-PD1 (clone 29F.1A12, Bio X Cell) was

administered at a dose of 200 mg/injection in 100 mL PBS via

intraperitoneal injection on days 4, 7, 11, and 14 (n=7).

Six-week-old female C57BL/6 mice were subcutaneously

implanted with 1.5 × 106 TB11381 cells. Seven days later, when

tumor xenograft volume reached approximately 160 mm3, PBS or

other viruses were intratumorally injected on days 0, 2, and 4 (n=7).

Six-week-old female C57BL/6 mice were subcutaneously

implanted with 5 × 105 murine colorectal cancer MC38 cells. Seven

days later, when the tumor xenograft volume reached approximately

100 mm3, PBS or other viruses were intratumorally injected on days

0, 2, and 4 (n=7).
2.7 Immune cell depletion

When the subcutaneous DT6606 xenograft volume reached

approximately 122 mm3, 250 mg of anti-CD8 IgG (clone TIB210),

anti-CD4 IgG (clone GK1.5), anti-NK IgG (clone PK136), control

IgG, or 200 mL of clodronate liposomes (Yeasen) and control

liposomes (Yeasen) were injected intraperitoneally to deplete CD8

+ T cells, CD4+ T cells, NK cells, or macrophages. Liposomes were

injected once a week, and anti-body injections were continued twice

a week during the experiment. Depletion was verified by

fluorescence-activated cell sorting (FACS) assessment of blood or

spleen cell populations 24 h after administration. Intratumoral

injections containing different viruses or PBS were administered

three times every other day starting 24 h after the first depletion.

Tumor size was measured twice weekly using digital calipers.
2.8 Immunohistochemistry

DT6606 subcutaneous tumors were collected and immediately

fixed in a 4% paraformaldehyde solution for 48 h. Samples were

embedded in paraffin, followed by immunohistochemical (IHC)

staining to detect CD8 expression (Servicebio, GB15068-50). In

brief, 3-mm paraffin sections were prepared, blocked with 3% bovine

serum albumin, incubated with the 300× diluted anti-body, washed,

incubated with anti-rabbit anti-body conjugated with HRP, and

stained with DAB chromogen solution and followed by

hematoxylin counterstain. Imaging of the slides was performed

with a KONFOONG Digital Pathological Slice Scanner (KF-PRO-

005, Konfoong bioinformation tech CO., LTD). Images were

analyzed using the Indica lab HALO pathological section

analysis platform.
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2.9 FACS analysis

The tumors, spleens, and draining lymph nodes were extracted

from the mice. Tumors were homogenized and incubated in

collagenase IV (1 mg/mL, Sigma), collagenase I (1 mg/mL, Sigma) in

RPMI-1640, at 37°C for 40min on a shaker. Homogenates were filtered

through 70-mm cell strainers. Spleens and draining lymph nodes were

smashed and pushed through a 70-mm cell strainer to create a single

cell suspension. Splenocytes were centrifuged, and the pellet was

incubated for 10 min in 5 ml red blood cell lysis buffer (Beyotime).

Tumor cells, splenocytes, and lymph node cells (1 × 106) were washed

with PBS twice then stained with Zombie NIR™ Fixable Viability Kit

(Biolegend, 423105), TruStain FcXTM Antibody (Biolegend, 101320),

PerCP/Cyanine5.5 anti-mouse CD45 (Biolegend, 103132), FITC anti-

mouse CD3 (Biolegend, 100204), Brilliant Violet 510™ anti-mouse

CD4 (Biolegend, 100559), Brilliant Violet 650™ anti-mouse CD8a

(Biolegend, 100742), Brilliant Violet 421™ anti-mouse NK-1.1

(Biolegend, 108741), PE/Dazzle™ 594 anti-mouse/human

CD44 (Biolegend, 103055), Brilliant Violet 785™ anti-mouse CD62L

(Biolegend, 104440), PE/Cyanine7 anti-mouse CD122 (Biolegend,

123215), FITC anti-mouse/human CD11b (Biolegend, 101206),

Brilliant Violet 785™ anti-mouse CD86 (Biolegend, 105043), PE/

Cyanine7 anti-mouse F4/80 (Biolegend, 123114), Brilliant Violet

421™ anti-mouse CD11c (Biolegend, 117343), and APC anti-mouse

I-A/I-E (Biolegend, 107614), PE/Cyanine7 anti-mouse CD40

(Biolegend, 124621), APC anti-mouse PD-1 (Biolegend, 109111),

Brilliant Violet 421™ anti-mouse Tim3 (Biolegend, 119723), Alexa

Fluor 488 conjugate TCF1/TCF7 Rabbit mAb (Cell signaling

technology, 6444S). Cells were acquired on the BD FACS scanner

and data were analyzed using FlowJo software (Tree Star Inc.).
2.10 IFN-g release assay of spleen cells

Harvested spleens were crushed and flushed through 70-mm BD

Falcon cell strainers. Red blood cells were lysed using RBC lysis buffer

(Beyotime) and washed with PBS. Splenocytes were resuspended in

complete T cell medium (TCM) containing RPMI-1640, 10% FBS,

1% streptomycin/penicillin, 1% sodium pyruvate, and 1% non-

essential amino acids (Gibco). Then, 5 × 105 splenocytes (100 mL)
were added into each well of a 96-well plate and co-cultured with 10

mg chicken ovalbumin (OVA) peptide (SIINFEKL, 100 mL), 10 mg
B8R peptide per well (TSYKFESV, 100 mL), 5 × 104 Mitomytin C-

DT6606 cells, Mitomytin C-CMT64 cells, or Mitomytin C-MC38

cells (100 mL). After 72 h, the 96-well plate was centrifuged at 1,600

rpm for 5 min, and the supernatant was collected to detect the

concentration of IFN-g using ELISA assay according to the

manufacturers’ instructions (Invitrogen; 88-7314-88; Thermo Fisher

Scientific). Data were analyzed as previously reported.
2.11 Detection and quantification of PD-L1
expression via FACS and western blot

A total of 2 × 105 DT6606 cells were seeded into six-well plates

containing the appropriate units/ml (U/mL) of IFN-g. After 60 h,
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the cells were collected and stained with anti-mouse PD-L1

(124307, Biolegend). Cells were acquired on the BD FACS

scanner, and data were analyzed using FlowJo software (Tree

Star Inc.).

Six-week-old male C57BL/6 mice were subcutaneously injected

with 2 × 106 DT6606 cells. When the tumor xenografts reached

approximately 150 mm3 in volume, VVL-GL21 or PBS was injected

intratumorally on days 0 and 2, respectively. As mentioned above,

subcutaneous tumors were collected and digested into single-cell

suspensions on day 4. Cells were processed for FACS analysis as

previously described. Total protein from tumor tissues was

extracted to detect PD-L1 expression via western blotting using

an anti-mouse PD-L1 antibody (clone 10F.9G2, Bio X Cell).

GADPH (glyceraldehyde-3-phosphate dehydrogenase) was used

as the endogenous control. The conditions were evaluated in

triplicate. The density of the protein bands was quantified using

ImageJ software (NIH, 1.53a) software.
2.12 Rechallenge of tumor-free animals

The C57BL/6 mice that underwent complete subcutaneous tumor

regression following VVL-GL21(intratumoral) plus IgG (n = 4), VVL-

GL21(intratumoral) plus a-PD1 (n = 7), or VVL-GL21(intravenous)

plus a-PD1 (n = 6) treatment were rechallenged with 4 × 106 DT6606

(twice the number of cells compared to the primary tumor cell

inoculation), 5 × 106 CMT64, or 5 × 105 MC38 cells after primary

tumors had been cleared for 42 d or 50 d. Tumor volumes were

measured twice per week.
2.13 Statistical analysis

GraphPad Prism 9 was used for comparative statistical analysis.

The results are presented as mean ± SEM. Comparison between the

groups was performed using Student’s t-test, one-way analysis of

variance (ANOVA), or two-way ANOVA. Survival data were

analyzed using Kaplan–Meier plots and log-rank analysis to

determine the significance of differences between specific

treatment pairs (10). A p-value < 0.05 was considered significant.
3 Results

3.1 VVL-DD is an effective anti-tumor
therapy in murine PaCa models

Replication of VVL-DD was not significantly attenuated in

murine PaCa cell lines, but significantly attenuated in the mouse

lung epithelial cells TC-1 and in the human lung fibroblasts MRC-5

(Figures 1A–C). Deletion of A49 did not reduce cytotoxicity of

VVL-DD compared to VVLDTK in any of the murine or human

tumor cell lines (Figures 1D, E). In vivo, VVL-DD exerted

significantly greater control over the growth of murine pancreatic

DT6606 subcutaneous tumors compared to VVLDTK, with

improved survival and tumor free rate in the model (Figures 1F–H).
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3.2 VVL-GL21 replicates, causes cell death,
and produces GM-CSF and IL-21 in murine
PaCa cell lines

To further enhance anti-tumor efficacy, VVL-GL21 was created

using CRISPR/Cas9-based homologous recombination to insert the

GM-CSF or IL-21 gene into the TK or A49 region of the VVL

genome (22, 26). VVLDTK-GM-CSFDA49 and VVLDTKDA49-IL-
21 (referred to hereafter as VVL-GF and VVL-IL21, respectively)

made specific alterations that detailed the construction of mutant

viruses (Supplementary Figure S1). The 50% tissue culture

infectious dose (TCID50) assay of viral titers at each time point

indicated that all viruses replicated effectively in DT6606, DT4994,

and TB11381 cells (Figure 2A). GM-CSF and IL-21 expression was

confirmed in the cell supernatant using ELISA (Figures 2B, C). All

viruses exhibited low EC50 values, indicating high cytotoxicity

against the tumor cell lines (Figure 2D). A significant difference

in cytotoxicity was observed between VVL-DD and GM-CSF- and/

or IL-21-armed viruses, indicating that the addition of GM-CSF

and/or IL-21 affected the viral cytotoxic effect in vitro (Figure 2D).
3.3 VVL-GL21 improves anti-tumor efficacy
in murine subcutaneous tumors

Subcutaneous DT6606 tumors were established in

immunocompetent mice and treated with three intratumoral

injections of PBS or viruses (2 × 108 PFU/injection) on days 0, 2,

and 4 (Figure 3A). VVL-GF and VVL-IL21 delayed tumor growth and

cured 2/7 and 3/7 mice, respectively. The therapeutic virus (VVL-

GL21) was significantly more effective than either of these treatments,

with complete tumor clearance and long-term survival observed in 6/7

mice treated (Figures 3B, C). Sera and tumors were collected at 24 h

after the treatment. GM-CSF and IL-21 expression was detected in

homogenized tumors and sera by ELISA. The expression of GM-CSF

and IL-21 was stable in the tumors (Figures 3E, F). VVL-GL21 showed

significantly superior anti-tumor efficacy against tumors with a high

burden (160 mm3) cured 6/7 mice (Figures 3G–I). Furthermore, the in

vivo anti-tumor efficacy of VVL-GL21 was confirmed in a murine

PaCa TB11381 model (Supplementary Figure S2).

We also evaluated the efficacy of VVL-GL21 in a murine

colorectal cancer MC38 model (Figure 3J). VVL-GL21 significantly

inhibited tumor growth and improved survival (Figures 3K, L). VVL-

GL21 did not significantly affect the weight of mice (Figures 3D, M,

Supplementary Figure S2D). Meanwhile, no pathological changes

were observed in the lungs, liver, kidneys, and heart upon treatment

with VVL-GL21 (Supplementary Figure S4E).
3.4 VVL-GL21 modulates the TME, draining
lymph nodes, and splenic
lymphocyte subsets

To elucidate the therapeutic effects of VVL-GL21, we detected T

cells, macrophages, and DC populations infiltrating DT6606

subcutaneous tumors. FACS analysis showed that VVL-GL21
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increased the number of DCs and activated DCs within the tumor

on day 7 after treatment (Figure 4A). CD8+ T cell infiltration into

tumors increased after VVL-GL21 treatment from 7th day to 14th

day, as detected by FACS and immunohistochemistry (IHC)

(Figures 4A, B, Supplementary Figures S4A, B). VVL-GL21

treatment increased the number of effector memory T cell (Tem)

subsets on day 7 and increased the CD8+ Tem and CD8+ central

memory (Tcm) subset infiltration on day 14 (Figures 4A, B).

Next, changes in T cell subsets were examined following

intratumoral virus injection in the spleen. On day 7, total CD3+, CD8
Frontiers in Immunology 06
+, CD8+ Tem, and CD8+ Tcm cells in the spleens of mice treated with

the viruses were significantly increased compared to those ofmice treated

with PBS (Figure 4C). An increase in splenic CD4+ Tem, CD8+ Tem,

and NKT cells was observed on day 14 after VVL-GL21 treatment

compared with the control group (Supplementary Figure S4C).

We also assessed the T cell and macrophage populations in

draining lymph nodes on day 7 after virus treatment. The total

number of CD3+, CD4+, CD4+ Tem, CD8+, and CD8+ Tem cells,

macrophages, and M1 macrophages from draining lymph nodes in

mice treated with VVL-GL21 was significantly higher than that in
FIGURE 1

Deletion of the A49 gene of VVLDTK improves tumor selectivity and anti-tumor efficacy of VV. Virus replication was determined in murine DT6606
and TB11381 (A), mouse lung epithelial cells TC-1 (B), and human lung fibroblasts MRC-5 (C) cells over 24–72 h Virus production was determined via
titration of a mixture of the supernatant and whole cell lysates (n = 3). (D, E) The EC50 value (dose required to kill 50% of the cells) of VVLDTK and
VVL-DD was compared using MTS assays in murine and human cell lines (n = 3). (F) Schematic for the in vivo treatment protocol. Wild-type mice
were subcutaneously engrafted with DT6606 cells. Seven days later (average tumor size 100 mm3), mice were treated with intratumoral injection of
VVLDTK or VVL-DD (2 × 108 PFU/injection) on days 0, 2, 4, 6, and 8 (n = 6). (G) Tumor size was monitored twice weekly. (H) Survival curve of
DT6606 tumors. Data are presented as the mean ± SEM. The data in (A–E) were analyzed using an unpaired Student’s t-test. The data in (G) were
analyzed using a one-way ANOVA with Tukey’s multiple comparison post-test. The data in (H) were analyzed using Kaplan–Meier survival analysis
with log rank (Mantel-Cox) tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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mice treated with PBS (Figures 4D, E). The numbers of CD4+ Tem

cells, CD8+ Tem cells, and M1 macrophages remained high on day

14 (Supplementary Figure S4D).

We also measured T cells infiltrating MC38 subcutaneous

tumors. FACS analysis showed that VVL-GL21 increased the

number of CD4+ and CD8+ T cells within the tumor after

treatment (Supplementary Figure S4F).

These findings suggest that the inhibitory effect of VVL-GL21

on tumor growth may be attributed to its ability to reverse the

suppressive characteristics of the TME.
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3.5 VVL-GL21 activates the anti-viral and
anti-tumor immunity of splenic T cells

To determine the activity of VVL-GL21, IFN-g production of

splenocytes was evaluated in vitro. T cell medium, VV peptide

B8R, chicken ovalbumin (OVA), mouse PaCa DT6606, mouse

lung cancer CMT64, and mouse colon cancer MC38 cells were

used to stimulate splenocytes collected on days 7 and 14 after

treatment ex vivo, and IFN-g production was assessed 72 h later.

IFN-g secretion significantly increased after stimulation with
FIGURE 2

VVL-GL21 remains cytotoxic and replication competent in murine PaCa cell lines. (A) Virus replication was determined in DT6606, TB11381, and
DT4994 cells over 24–72 h (n = 3). Significance is shown in relation to VVL-DD group. (B, C) Murine GM-CSF and IL-21 expression was detected in
the supernatant from the indicated cell cultures at 24, 48, and 72 h post-infection with 1PFU/cell VVL-DD, VVL-GF, VVL-IL21 or VVL-GL21 virus
using ELISA (n = 3). (D) The EC50 value (dose required to kill 50% of cells) of VVL-DD, VVL-GF, VVL-IL21, and VVL-GL21 was compared using MTS
assays in DT6606, TB11381, and DT4994 cell lines (n = 3). Data are presented as the mean ± SEM. The data in (A, D) were analyzed using one-way
ANOVA and Tukey’s multiple comparison post-test. The data in (B, C) were analyzed using an unpaired Student’s t-test. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. ND, not detected.
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FIGURE 3

VVL-GL21 improves in vivo anti-tumor efficacy in murine pancreatic cancer and colon cancer models. (A) Schematic for the in vivo treatment protocol. Wild-
type mice were subcutaneously engrafted with 2 × 106 DT6606 cells. Seven days later (average tumor size 120 mm3), mice were treated with intratumoral
injection of VVL-DD, VVL-GF, VVL-IL21, or VVL-GL21 (2 × 108 PFU/injection) on days 0, 2, and 4 (n = 7). (B) Tumor growth curve. (C) Survival curve. (D) Body
weight measurements. (E, F) Tumors were homogenized and serum was collected at 24 h after the treatment. GM-CSF and IL-21 expression was detected
using ELISA (n = 3). (G) Schematic for the in vivo treatment protocol. DT6606 tumors were established subcutaneously and once palpable (160 mm3), were
treated with intratumoral injection of VVL-DD or VVL-GL21 (2 × 108 PFU/injection) on days 0, 2, and 4 (n = 7). (H) Tumor growth curve. (I) Survival curve.
(J) Schematic for the in vivo treatment protocol. MC38 tumors were established subcutaneously and once palpable (100 mm3), were treated with intratumoral
injection of VVL-DD, VVL-GF, VVL-IL21, or VVL-GL21 (2 × 108 PFU/injection) on days 0, 2, and 4 (n = 7). (K) Tumor growth curve. (L) Survival curve. (M) Body
weight measurement. Data are presented as the mean ± SEM. The data in (B, E, F, H) were analyzed using an unpaired Student’s t-test. The data in (D, K, M)
were analyzed using two-way ANOVA with Tukey’s multiple comparison post-test. The data in (C, I, L) were analyzed using Kaplan–Meier survival analysis with
log rank (Mantel-Cox) tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ND, not detected.
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peptide B8R, suggesting an anti-viral response following

treatment (Figure 5A). Stimulation with DT6606 cells induced

IFN-g in treatment groups, with the VVL-GL21 group showing

the most significant increase (Figure 5B). The VVL-GL21 group

exhibited high levels of IFN-g from day 7 to day 14, whereas the

VVL-IL21 group showed similar levels of IFN-g on day 14

(Figure 5B). These results indicate that treatment with VVL-

GL21 activates an earlier and stronger anti-tumor response than

that in other groups. Higher levels of IFN-g were detected after

stimulation with CMT64 and MC38 cells in the splenic T cells of

mice treated with VVL-GL21 than in other groups, indicating that

VVL-GL21 generates anti-tumor immunity against other types of

tumors and that cross-antigens may exist in DT6606, CMT64, and

MC38 cells (Figure 5B).
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3.6 VVL-GL21 efficacy depends on CD8+ T,
CD4+ T, and natural killer cells

To assess the individual contribution of different immune cells

to the anti-tumor effect of VVL-GL21, macrophages, CD8+ T cells,

CD4+ T cells, and natural killer (NK) cells were depleted, and subset

depletion was confirmed using FACS (Supplementary Figure S5).

Macrophage depletion did not affect the efficacy of VVL-GL21,

whereas NK cell depletion modestly affected treatment efficacy

(Figures 5C, D). However, depletion of CD4+ T and CD8+ T

cells negatively affected the ability of VVL-GL21 to control tumor

growth and survival (Figures 5D, E), demonstrating that the anti-

tumor effects of VVL-GL21 in this model are primarily mediated by

CD8+ T, CD4+ T, and NK cells.
FIGURE 4

VVL-GL21 induces robust anti-tumor immune responses. Wild-type mice were subcutaneously engrafted with 2 × 106 DT6606 cells. Seven days
later, mice were treated with 2 × 108 PFU of VVL-DD, VVL-GF, VVL-IL21, or VVL-GL21. (A–E) Tumors, spleens, and draining lymph nodes were
collected from mice on day 7 and 14 post-treatment. FACS was performed to analyze immune cell composition using single-cell suspensions
prepared from these tissues (n = 3). Data are presented as the mean ± SEM. The data in (A–E) were analyzed using an unpaired Student’s t-test.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 5

Immune subsets affect the anti-tumor efficacy of VVL-GL21. (A, B) Wild-type mice were subcutaneously engrafted with 2 × 106 DT6606 cells. Seven
days later, mice were treated with 2 × 108 PFU of VVL-DD, VVL-GF, VVL-IL21, or VVL-GL21. Splenocytes were harvested on days 7 and 14 post-
treatment and restimulated with the indicated agents. 72 h after re-stimulation, an ELISA for IFN-g was performed (n = 3). (C) Schematic
representation of the in vivo treatment protocol. DT6606 tumors were established subcutaneously and once palpable (120 mm3), were treated with
intraperitoneal injections of anti-bodies twice a week or liposomes once a week for the duration of the experiment from day 0. Tumors were then
treated with an intratumoral injection of VVL-GL21 (2 × 108 PFU/injection) on days 1, 3, and 5 (n = 5). (D) Tumor growth curves. (E) Survival curves.
Data are presented as the mean ± SEM. The data in (A, B) were analyzed using one-way ANOVA and Tukey’s multiple comparison test. The data in
(D) were analyzed using an unpaired Student’s t-test. The data in (E) were analyzed using Kaplan–Meier survival analysis with log-rank (Mantel-Cox)
tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.7 VVL-GL21 enhances the therapeutic
effect of the checkpoint inhibitor a-PD1

To increase the possibility of clinical translation and reduce

medication costs, we investigated the potency of low-dose VVL-

GL21 (Figure 6A). Although VVL-GL21 slowed down tumor

growth, its ability to control tumor growth was significantly

weakened (Figure 6B). Serum and tumor IFN-g levels increased

after VVL-GL21 treatment (Figure 6C). However, the IFN-g level

increase in the TME resulting from viral infection could upregulate

the expression of PD-L1 in tumor cells (18). We found that

DT6606, TB11381, DT4994, CMT64, and MC38 cells expressed

low levels of PD-L1, which were significantly increased after IFN-g
treatment in vitro (Supplementary Figures S6A, B). FACS and

western blot assays demonstrated that PD-L1 expression in the

tumors significantly increased after VVL-GL21 treatment in vivo

(Figures 6D, E, Supplementary Figure S6C). Further, FACS analysis

showed the PD-L1 expression increased in tumor cells, myeloid

cells and DCs (Supplementary Figure S6D).

Because of the lack of CD8+ T cells in the majority of tumor

lesions, treatment with anti-PD1 or anti-PD-L1 antibodies shows

clinical benefits only in a subset of patients (7). Our results showed

that VVL-GL21 treatment significantly increased CD8+ T-cell

infiltration and PD-L1 expression in tumors (Figures 4A, B, 6D, E).

We hypothesized that VVL-GL21 treatment could synergize with

a-PD1 immunotherapy. We found that the combination of VVL-

GL21 with a-PD1 cured all mice with no recurrence during the 105-

day observation period (Figures 6F–H). FACS results indicated that

VVL-GL21 and VVL-GL21 plus PD-1 antibody treatments expanded

activated PD-1+Tim-3-CD8+ T cells and stem-like PD-1+TCF1+

precursor CD8+ T cells (Supplementary Figure S6E).

An advantage of VV is that it can be administered intravenously.

To determine the anti-tumor efficacy of VVL-GL21 delivered by

intravenous injection, established subcutaneous DT6606 tumors (120

mm3) were treated with viruses (1 × 108 PFU/injection) and a-PD1
(Figure 7A). VVL-GL21 was significantly superior to other virus

treatments in tumor suppression (Figure 7B). The combination of

VVL-GL21 witha-PD1 therapy significantly inhibited tumor growth,

with long-term survival in 6/7 mice treated (Figures 7B, C). There was

no significant change in weight, indicating that intravenous injection

of VVL-GL21 was safe (Figure 7D). These data support the

suggestion that VVL-GL21 facilitates immune cell infiltration and

therefore improved a-PD1-mediated anti-tumor efficacy.
3.8 VVL-GL21 promotes memory T-cell
differentiation and prevents
tumor recurrence

VVL-GL21 significantly promoted CD8+ Tem and CD8+ Tcm

formation on days 7 and 14 after the first viral treatment (Figure 4).

To assess whether these cells had robust anti-tumor effects and

could prevent recurrence, 50 days after primary tumors were

cleared by VVL-GL21 or VVL-GL21+a-PD1, mice were

rechallenged with DT6606 (using twice as many cells as those

originally inoculated) and CMT64 cells. Both VVL-GL21 and
Frontiers in Immunology 11
VVL-GL21 (intratumoral) +a-PD1 treated mice could reject

DT6606 cells after the rechallenge and inhibited CMT64 tumors

growth (Figures 7E, F). Similarly, tumor-free mice treated with

VVL-GL21 (intravenous) +a-PD1 were rechallenged 42 days later

with DT6606 and MC38 cells, and DT6606 tumors were rejected,

and the growth of MC38 tumors was also inhibited (Figures 7G, H).

These results were consistent with the ability of CMT64 and MC38

to induce IFN-g release of splenocytes from VVL-GL21-treated

mice (Figure 5B). These findings demonstrate that OV therapy

eradicates primary tumors and induces long-term anti-tumor

immunity to prevent tumor recurrence. In vitro and in vivo

studies have shown that VVL-GL21 treatment has protective

effects against other types of tumors, indicating the potential of

VVL-GL21 as a therapeutic tumor vaccine.
4 Discussion

Limited therapeutic efficacy of VV has been observed in various

clinical trials (12, 27). To overcome these limitations, a strategy is to

optimize the anti-tumor potency of VV and reduce its virulence.

VV encodes 16 proteins that intercept NF-kB activation, namely

A46, A49, A52, B14, K7, F14, and N1L (28). Lack of individual

inhibitors reduced VV virulence. Our group previously reported

that deletion of the TK and N1L genes results in tumor selectivity

for VV and further enhances the induction of anti-tumor immune

responses through various mechanisms (10). The removal of the TK

and A49 genes resulted in increased tumor selectivity in vitro and

superior anti-tumor efficacy in a murine PaCa model.

Another strategy is to optimize the therapeutic gene expression

based on the TME. Immune regulatory molecules (cytokines,

chemokines, costimulatory factors, and ICI), metabolic enzymes,

and enzymes that degrade the extracellular matrix (hyaluronidase)

can be used to arm OVs (29–31). GM-CSF was expressed by VV to

treat patients with cutaneous melanoma 25 years ago and was also

inserted into oncolytic adenovirus or HSV to treat patients with

cancers (32–34). GM-CSF promotes the maturation of DCs and

boosts antigen presentation, which is the first signal of T-cell

activation. Clinical trials of OVs expressing GM-CSF have

demonstrated that GM-CSF is a safe, but limited effect therapeutic

gene (15, 27, 35). These findings highlight the need to explore the use

of therapeutic genes combined with GM-CSF to increase the anti-

tumor efficacy of OVs. IL-21 has been extensively studied for its

effects on the proliferation and functionality of T cells (20, 36, 37).

Our group previously reported that VV armed with IL-21 exhibited

effectiveness against tumors in murine PaCa, colorectal cancer, and

glioma models (18, 38, 39). Here, we reported that VVL expressing

GM-CSF and IL-21 and VVL-GL21 had outstanding effectiveness in

combating aggressive PaCa tumor growth even in high tumor

burden. The combination of GM-CSF and IL-21 in other OVs and

cytokine therapies could improve treatment outcomes.

It is crucial for OVs to focus on developing strategies that can

counteract the strongly immunosuppressive TME (40). We

observed a significant increase in DCs and activated DCs within

the TME and a notable increase in the total number of

macrophages, particularly the M1 macrophage subset, in draining
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lymph nodes. IL-21 affects macrophages and can induce M2 to M1

polarization when delivered directly into tumors (39, 41). A

correlation between M2 macrophages and poor prognosis has

been observed in PaCa and other cancers (42). Furthermore, we

found an increase in the number of T cells, particularly CD8+ Tems

and Tcm cells, within the TME, draining lymph nodes, and spleen.

These findings indicate that VVL-GL21 activates the systemic

immune system and induces immune memory against tumors.

We observed that the splenocytes of mice bearing-DT6606

tumors treated with VVL-GL21 produced large amounts of IFN-g
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against DT6606, CMT64, and MC38 from day 7 to day 14. In vivo,

VVL-GL21 treatment prevented DT6606 tumor recurrence, and

significantly inhibited CMT64 and MC38 tumor growth. These

results indicate that the combination of GM-CSF and IL-21

generates a powerful anti-tumor response and immune memory

in a short period, leading to a strong immune response that prevents

tumor recurrence and significantly inhibits other types of tumors.

This inhibitory effect may be due to the presence of cross-antigens

and the formation of immune memory. This study provides a basis

for developing VVL-GL21 as a therapeutic cancer vaccine.
FIGURE 6

a-PD1 can augment the anti-tumor efficacy of intratumoral-delivered VVL-GL21 in vivo. (A) Schematic for the in vivo treatment protocol. Wild-type
mice were subcutaneously engrafted with 2 × 106 DT6606 cells. Seven days later (average tumor size 100 mm3), mice were treated with
intratumoral injection of VVL-DD or VVL-GL21 (1 × 108 PFU/injection) on days 0, 2, and 4; n = 7. (B) Tumor growth curve. (C) Tumors and blood
were extracted from mice treated as (A). Tumors were homogenized and sera were collected at 24 h after the last treatment. IFN-g expression was
detected using ELISA (n = 3). (D, E) A single cell suspension and total proteins of subcutaneous DT6606 tumors were prepared for FACS and western
blot assay to assess PD-L1 expression, respectively (n = 3). (F) Schematic for the in vivo treatment protocol. DT6606 tumors were established
subcutaneously and once palpable (120 mm3), were treated with intratumoral injection of VVL-GL21 (1 × 108 PFU/injection) on days 0, 2, and 4. a-
PD1 was administered via intraperitoneal injection on days 4, 7, 11, and 14 (200 mg/injection); n = 6/7. (G) Tumor growth curve. (H) Survival curve.
Data are presented as the mean ± SEM. The data in (B-E, G) were analyzed using an unpaired Student’s t-test. The data in (H) were analyzed using
Kaplan–Meier survival analysis with log rank (Mantel-Cox) tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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T-VEC, when combined with anti-PD1 therapy, shows a

significant response in patients with advanced melanoma (7). We

found that intratumoral or intravenous injection of VVL-GL21

combined with a-PD1 cured murine subcutaneous PaCa tumors

and induced strong immune memory. After VVL-GL21 treatment,

a notable increase in PD-L1 levels in DT6606 tumor tissues was

observed, potentially explaining the positive outcome of the

combination therapy. Chen et al. reported that VV-expressing

PD-L1 inhibitors and GM-CSF was capable of activating

neoantigen-specific T cell responses through a likely synergistic

action (43). In this study, we also noted that intravenous injection of
Frontiers in Immunology 13
VVL-GL21 had a superior therapeutic effect even without idelalisib

(CAL-101) pre-treatment. Our group previously reported that

transient PI3Kd inhibition by CAL-101 enhanced the therapeutic

effect of intravenous VV delivery by preventing macrophage uptake

of the virus (44). Tumor growth may be controlled more effectively

after intravenous injection of VVL-GL21 in combination with CAL-

101 than after administration without CAL-101.

These findings suggest that the synergistic effect of GM-CSF

and IL-21 significantly enhances systemic anti-tumor activity and

that the VVL therapeutic platform can broaden the scope of ICI and

cancer vaccine treatments.
FIGURE 7

a-PD1 can augment the anti-tumor efficacy of intravenous-delivered VVL-GL21 in vivo. (A) Schematic for the in vivo treatment protocol. Wild-type
mice were subcutaneously engrafted with 2 × 106 DT6606 cells. Seven days later (average tumor size 100 mm3), mice were treated with intravenous
injection of VVL-DD, VVL-GF, VVL-IL21 or VVL-GL21 (1 × 108 PFU/injection) on days 0, 2, and 4. a-PD1 was administered by intraperitoneal injection
on days 4, 7, 11, and 14 (200 mg/injection) (n = 7). (B) Tumor growth curve. (C) Survival curve. (D) Body weights. (E, F) Mice that had achieved tumor-
free status after intratumoral treatment with VVL-GL21 or VVL-GL21+a-PD1 in the efficacy experiments were rechallenged 50 d later in the opposite
flank with 4 × 106 DT6606 and 5 × 106 CMT64 cells. VVL-GL21 (n = 4); VVL-GL21+a-PD1 (n = 7). (G, H) Mice that had achieved tumor-free status
after intravenous treatment with VVL-GL21+a-PD1 during the efficacy experiments were rechallenged 42 d later in the opposite flank with 4 × 106

DT6606 or 5 × 105 MC38 cells. VVL-GL21 +a-PD1 (n = 6). Data are presented as the mean ± SEM. Data in (B) were analyzed using two-way ANOVA
with Tukey’s multiple comparison post-test. The data in (E-H) were analyzed using an unpaired Student’s t-test. The data in (C) were analyzed using
Kaplan–Meier survival analysis with log rank (Mantel-Cox) tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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