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Pancreatic malignant neoplasm is an extremely deadly malig-
nancy well known for its resistance to traditional therapeutic
approaches. Enhanced treatments are imperative for individ-
uals diagnosed with pancreatic cancer (PC). Recent investiga-
tions have shed light on the wide-ranging anticancer proper-
ties of genetic therapy facilitated by oncolytic vaccinia virus.
To illuminate the precise impacts of Aphrocallistes vastus lec-
tin-armed oncolytic vaccinia virus (oncoVV-AVL) on PC,
AsPC-1 and PANC-1 cells underwent treatment with on-
coVV-AVL. Our findings revealed that oncoVV-AVL pos-
sesses the capacity to heighten oncolytic effects on PC cells
and incite the production of diverse cytokines like tumor ne-
crosis factor-a, interleukin-6 (IL-6), IL-8, and interferon-I
(IFN-I), without triggering antiviral responses. Additionally,
oncoVV-AVL can significantly elevate the levels of ROS in
PC cells, initiating an oxidative stress response that pro-
motes viral replication, apoptosis, and autophagy. Moreover,
in xenograft tumor models, oncoVV-AVL notably restrained
PC growth, enhanced IFN-g levels in the bloodstream, and
reprogrammed macrophages. Our investigation indicates
that oncoVV-AVL boosts the efficacy of antitumor actions
against PC tumors by orchestrating reactive oxygen spe-
cies-triggered viral replication, fostering M1 polarization,
and reshaping the tumor microenvironment to transform
cold PC tumors into hot ones. These findings imply that on-
coVV-AVL could present a novel therapeutic approach for
treating PC tumors.

INTRODUCTION
Pancreatic cancer (PC) is a highly lethal malignancy with a low
5-year survival rate of only 11%.1 Despite substantial advancements
in treatment, the long-term survival rates for this disease have re-
mained relatively poor. Surgical removal of the tumor is currently
the primary therapy for PC, but its effectiveness has not shown sig-
nificant improvement over time. One of the major challenges in
effectively treating PC lies in diagnosing the disease at an early
stage.2 PC is often diagnosed at an advanced stage due to its deep-
seated location behind the peritoneum and the asymptomatic nature
in the early stages of the disease.3,4 For patients who are unsuited for
surgery, other therapeutic options, including radiotherapy, chemo-
therapy, and immunotherapy, are available. However, the effective-
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ness of these treatments is often constrained by factors, including tu-
mor heterogeneity, dense tumor stroma, and drug resistance.5–7

While immune-therapeutics, such as immune checkpoint inhibition,
have shown promise as a new approach for malignant tumor ther-
apy, PC has shown limited response to this type of therapy alone.8

Hence, more effective treatments are needed for patients diagnosed
with PC.

Oncolytic viruses (OVs) are a type of virus, either naturally occur-
ring or genetically engineered, that can replicate selectively in and
eliminate tumor cells while leaving normal cells unharmed.9

Through innovative strategies, viruses have been transformed
from latent pathogens into precisely engineered therapeutics that
can enhance both direct viral-mediated attacks on cancer cells
and secondary immune-mediated responses, offering a unique op-
portunity to finely tune and safely modulate the immune system’s
response for maximum antitumor efficacy.10–14 Over the past few
years, OVs have emerged as a potential and novel approach for
treating PC. Clinical trials have investigated four main types of
OVs in patients with PC, namely adenovirus, parvovirus, reovirus,
and herpes simplex virus, demonstrating the potential clinical appli-
cations of OV therapy.15 Vaccinia virus (VV) possesses several
distinct advantages that make it a promising candidate for oncolytic
virotherapy. These advantages include its rapid and efficient replica-
tion, ability to spread quickly from cell to cell within tumors, ability
to infect cells without specific cellular receptors, a well-documented
safety profile stemming from its historical use as a smallpox vaccine,
cytoplasmic replication, natural tropism for tumors, and broad
spectrum of cancer types it can target.16–18 Multiple clinical trials
involving VV-based OVs show safety and efficacy in diverse cancer
types. For instance, Olvi-Vec, also known as GLV-1 h68 or GL-
ONC1, which was engineered from the VV Lister strain with triple
mutations in the J2R (thymidine kinase [TK]), F14.5 L, and A56R
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(hemagglutinin), followed by platinum-based chemotherapy with or
without bevacizumab, displayed manageable safety and promising
progression-free survival in patients with platinum-resistant or re-
fractory ovarian cancer in this phase 2 nonrandomized clinical
trial.19 JX-594, an engineered VV derived from the Wyeth strain,
armed with granulocyte-macrophage colony-stimulating factor and
inactivated TK, in conjunction with low-dose cyclophosphamide
and avelumab in a phase 2 trial, demonstrated safety and enhanced
CD8+ cell density, thereby altering the tumor microenvironment
(TME) in soft tissue sarcomas.20

Lectins, as proteins capable of binding to carbohydrates, are found
to be associated with various pathological processes.21,22 Marine lec-
tins, in particular, have shown promise in exerting antitumor effects
by regulating cancer cell-signaling pathways, promoting apoptosis,
inducing autophagy, and inhibiting angiogenesis.23–25 In our previ-
ous work, we found that a series of OVs carrying marine lectins had
effects on liver and breast cancers.26–28 Notably, the oncoVV-equip-
ped Aphrocallistes vastus lectin (AVL) gene (oncoVV-AVL), which
undergoes homologous recombination by cloning AVL-FLAG into
the plasmid pCB, resulting in inactivation of TK in the WR strain,
shows promise as a potential cancer drug. Due to pancreatic malig-
nancy being difficult to treat, marine lectins are unique in regulating
the antitumor mechanism of OVs. We sought to shed light on the
mechanisms underpinning the antitumor effect of oncoVV-AVL
and to lay the groundwork for novel therapeutic strategies in the
fight against PC.

Here, we evaluated the antitumor efficacy of oncoVV-AVL on PC in
cell lines and xenograft tumor models. Furthermore, we sought to
analyze the underlying mechanisms by which the virus influences
apoptosis, autophagy, and viral replication in PC cells. Moreover,
we investigated how oncoVV-AVL modulates the TME to identify
new therapeutic strategies for treating PC.

RESULTS
OncoVV-AVL shows cytotoxic effect on PC cell lines

In our previous study, we confirmed that oncoVV-AVL could express
AVL protein in human cells.28 To evaluate the antitumor activity of
oncoVV-AVL in PC cell lines, we conducted a thiazolyl blue tetrazo-
lium bromide (MTT) colorimetry assay in AsPC-1 and PANC-1 cells
after infection with OVs. In both cell lines, the cytotoxicity of the on-
coVV-AVL group was notably higher over time than that of the on-
coVV group. The data showed that oncoVV-AVL exhibited dose-
related and time-dependent antitumor efficacy in AsPC-1 and
PANC-1 cells (Figure 1A). We sought to investigate how oncoVV-
AVL induces cytotoxicity, apoptosis rate of PC cells was determined
utilizing flow cytometry 12, 24, and 48 h after infection. The results
Figure 1. The cytotoxic effect of oncoVV-AVL on pancreatic cancer cells

(A) Cytopathic effect of oncoVV-AVL in vitro. Cell viability was assessed in AsPC-1 and PA

at 24 h, 48 h, and 72 h. Data are presented as themean ±SD (n = 5). (B–D) Flow cytometr

or oncoVV-AVL for 12, 24, and 48 h. (E) Western blotting showing the expression of ca

functioned as a loading control.
indicated that the apoptosis rate of PANC-1 cells treated with on-
coVV-AVL increased from 16.77% to 53.47% post-infection from
12 to 48 h. The apoptosis rate of AsPC-1 cells infected with on-
coVV-AVL increased from 8.56% to 73.6% and demonstrated that
oncoVV-AVL substantially promoted cell apoptosis compared to
the PBS and oncoVV groups (Figures 1B–1D). We further examined
the apoptotic pathway in PANC-1 and AsPC-1 cells 36 h after viral
infection using western blotting. The findings revealed pronounced
activation of caspase-3, -8, and -9 in AsPC-1 cells in comparison to
the oncoVV-treated group and activation of cleaved-caspase-3 and
cleaved-caspase-9. Consistent results were illustrated in PANC-1
cells, with a notable rise in the expression level of Bax (Figure 1E).
These data indicate that oncoVV-AVL exhibits great potency against
PC cell lines.

OncoVV-AVL enhances viral replication

To determine whether oncoVV-AVL promotes viral replication, a
TCID50 (50% tissue culture infectious dose) assay was conducted to
determine viral yields in PC cells. As depicted in Figures 2A and
2B, oncoVV-AVL exhibited markedly greater virus production than
oncoVV. The protein A27L serves as a genetic marker for VV.29 To
further explore the impact of oncoVV-AVL on viral reproduction,
we examined the expression of A27L in cells 36 h after infection
with the virus. The results showed a marked increase in A27L expres-
sion in the oncoVV-AVL group. These findings suggest that AVL
may boost the oncolytic effect of VV on PC cells by improving the
replication capacity of the virus.

OncoVV-AVL promotes cytokine transcription in PC cells

Cytokines are crucial factors in cancer therapy. To investigate
whether oncoVV-AVL induces the production of inflammatory cyto-
kines, the expressions of tumor necrosis factor a (TNF-a), interleu-
kins (IL-6, IL-8), and interferons (IFN-a/b, IFN-g) were assessed
via qPCR. The qPCR results revealed that the expressions of TNF-
a, IL-6, IL-8, and IFN-a/b, and IFN-g were upregulated upon infec-
tion with oncoVV-AVL in AsPC-1 cells (Figures 3A and 3C). Simi-
larly, in PANC-1 cells, the levels of cytokine expressions were also
elevated (Figures 3B and 3D).

To clarify the molecular mechanism driving the enhancement of type
I IFN (IFN-I) expression by oncoVV-AVL, a dual-luciferase reporter
gene assay was conducted to assess the transcriptional activities of
AP-1 and IRF-3/7. The results illuminated that the transcriptional
activities of AP-1, IRF-3, and IRF-7 were noticeably upregulated
in the oncoVV-AVL treatment compared to the control in PC
cells (Figures 4A–4C). This was further supported by western
blotting analysis (Figures 4E and 4F), which showed increased phos-
phorylation of IRF-3/7 and the AP-1 components c-fos/c-jun in
NC-1 cells after infection with oncoVV or oncoVV-AVL at various MOIs of 1, 2, and 5

y analyses of apoptosis. AsPC-1 (B) and PANC-1 (C) cells were infectedwith oncoVV

spase-3/-8/-9, cleaved-caspase-3, and BAX in AsPC-1 and PANC-1 cells. GAPDH
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Figure 2. OncoVV-AVL promotes viral reproduction

(A) Viral yields in AsPC-1 and PANC-1 cells. (B) Cells were

infected with oncoVV or oncoVV-AVL. Data are shown in

mean ± SD (n = 3). Western blotting shows the

expression of A27L in cells, with GAPDH serving as an

internal reference.
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oncoVV-AVL-infected cells, implying the activation of IRF-3/7 and
AP-1 to initiate an inflammatory response.

The IFN-I stimulated response element (ISRE) binds the IFN-stimu-
lated gene factor 3, inducing the transcription of over 300 IFN-stim-
ulated genes that enhance the antiviral state.30,31 Interestingly, the
transcriptional activity of ISRE showed no significant changes in
PC cells in the oncoVV-AVL group compared to those treated with
PBS and oncoVV (Figure 4D), suggesting that while oncoVV-AVL
enhances IFN production, it does not induce antiviral responses.
Collectively, these discoveries support the hypothesis that oncoVV-
AVL can activate transcription factors to enhance the cytokine tran-
scription without eliciting antiviral responses, thereby enhancing the
antitumor effects.
OncoVV-AVL promotes viral replication through eliciting

autophagy

To ascertain the mechanism of oncoVV-AVL replication in PC cells,
monodansylcadaverine (MDC) staining was used to detect autophagic
vacuoles. The results displayed a significant shift in the staining peak of
the oncoVV-AVL group (Figures 5A and 5B), indicating that oncoVV-
AVL induces autophagy in AsPC-1 and PANC-1 cells. Furthermore,
western blotting analysis in PC cells demonstrated that the oncoVV-
AVL group displayed an appreciable increase in Beclin1 expression
4 Molecular Therapy: Oncology Vol. 32 December 2024
and an elevated ratio of LC3II/I, while showing
a decrease in p62 expression (Figure 5C).

The PI3K-Akt-mTOR (phosphoinositol-Akt-
mammalian target of rapamycin) pathway
serves as the key upstream regulator of the auto-
phagic pathway. Protein expression levels of
PI3K and AKT were examined to assess their
involvement in oncoVV-AVL-induced auto-
phagy. The findings indicated that oncoVV-
AVL activated the phosphorylation of PI3K
and AKT, suggesting their role in promoting
autophagy. We inferred that oncoVV-AVL en-
hances tumor cell autophagy to facilitate viral
replication. To further investigate the influence
of autophagy on viral replication, autophagy
pathway inhibitors such as the PI3K inhibitor
were utilized. The results demonstrated that
the combination of oncoVV-AVL and 3-meth-
yladenine (3-MA) notably reduced the viral
replication ability in PC cells (Figure 5D). These
findings provide additional evidence that AVL enhances viral repli-
cation through the autophagy pathway in PC cells.

OncoVV-AVL induces oxidative stress in PC cells

After treatment with oncoVV-AVL, reactive oxygen species (ROS)
levels were increased remarkably in PC cells (Figure 6A). The nuclear
factor erythroid 2-related factor 2 (Nrf-2) is known to be an inducible
transcription factor that interacts with antioxidant response elements
and regulates the upregulation of genes in response to oxidative stress.32

We subsequently evaluated the expression levels of Nrf-2 in PC cells af-
ter 36hof viral infection andobserved a vast reduction in the expression
levels of Nrf-2 in PC cells treated with oncoVV-AVL (Figure 6B). This
suggests that oncoVV-AVL induces elevated ROS levels.

Next, we investigated how ROS levels affect tumor cell apoptosis. For
this purpose, we treated withNADPH andNADH,which play a role in
combating oxidative stress bymaintaining glutathione and thioredoxin
in a reduced state.33 The results showed that when NADPH or NADH
was added, the apoptosis rate of oncoVV-AVL-treated cells decreased
(Figures 6C and 6D), and the expressions of caspase-3 and caspase-9,
both involved in apoptosis, were downregulated (Figure 6E).

Several studies have shown that elevated ROS levels promote viral
reproduction.34–36 To support this hypothesis, we added NADPH
or NADH to various treatment groups. After neutralizing high levels



Figure 3. OncoVV-AVL enhances cytokine production in PC cells

(A and B) The mRNA levels of IL-6/-8 and TNF-a in AsPC-1 (A) and PANC-1 (B) cell lines. (C and D) The mRNA expression of IFN-a/-b/-g in AsPC-1 (C) and PANC-1 (D) cell

lines. The mRNA levels were detected by qPCR.
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of ROS with NADPH or NADH, the viral yields of oncoVV-AVL
treatment decreased (Figures 6F and 6G). OncoVV-AVL promotes
viral replication and enhances antitumor efficiency by increasing
ROS levels in PC cells.

OncoVV-AVL suppresses PC growth in the xenograft tumor

model

To evaluate the therapeutic potency of oncoVV-AVL in pancreatic
tumor xenograft mouse models, tumors were generated in BALB/c
nude mice using AsPC-1 cells, and the established tumors were
treated with either viruses or 0.9% NaCl on day 12. The results
demonstrated that the oncoVV-AVL group exhibited a remarkable
reduction in tumor volume compared to the groups treated with
0.9%NaCl or oncoVV alone, suggesting that oncoVV-AVL has a sub-
stantially greater impact on tumor regression than oncoVV treatment
(Figures 7A–7C).

Although the decrease in tumor size from oncoVV-AVL treatment
was not huge, pathological analysis reveals that a majority of the tissue
has undergone necrosis. Histopathological analyses revealed pro-
nounced karyorrhexis and coagulative necrosis specifically within
the tumors treated with oncoVV-AVL, highlighting significant
morphological alterations associated with oncoVV-AVL treatment
compared to the other two groups (Figure 7D). Furthermore, western
blotting assays demonstrated a notable increase in A27L expression in
cells infected with oncoVV-AVL compared to those treated with on-
coVV, suggesting that oncoVV-AVL promotes its oncolytic effects by
enhancing viral replication, as evidenced by the elevated levels of
A27L protein.

The combination of these observations suggests that oncoVV-AVL
exhibits potent therapeutic efficacy in pancreatic tumor xenografts
by enhancing viral replication to induce tumor regression.

OncoVV-AVL induces antitumor immunity in vivo

IFN-g, a cytokine known as type II interferon and associated with
antitumor immunity, has the potential to enhance the effectiveness
of immunotherapy by activating immune cells within the tumor
Molecular Therapy: Oncology Vol. 32 December 2024 5
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Figure 4. The oncoVV-AVL enhances the transcriptional activity of cytokines in PC cells and activates the cytokine synthesis pathway

(A–D) Transcriptional activity of AP-1 (A), IRF-3 (B), IRF-7 (C), and ISRE (D) in PANC-1 and AsPC-1 cells. Data are presented as themean ±SD (n = 3). (E and F) The expression

of c-Jun, c-Fos, p-c-Jun, p-c-Fos, IRF-3/-7, and p-IRF-3/-7 in AsPC-1 (E) and PANC-1 (F) cells.Western blotting was determined after cells were treated with oncoVV-AVL or

oncoVV. GAPDH was used as an internal reference.
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microenvironment.37–41 In comparison to the oncoVV group, treat-
ment with oncoVV-AVL resulted in significantly higher levels of
serum IFN-g, while there were no notable variances in serum
IFN-b (Figures 8A and 8B). These observations demonstrate that
oncoVV armed with AVL efficiently enhances the antitumor ability
by modifying the tumor immune microenvironment. Furthermore,
in the presence of NADPH, the treatment with oncoVV-AVL
showed notably lower levels of serum IFN-g compared to the on-
coVV group (Figure 8A). This indicates that NADPH has the ability
to neutralize ROS, thereby resulting in a reduction in inflammatory
factors.

The TME exerts a significant influence on the advancement of tu-
mors and their response to treatment, involving a diverse array of
cell categories such as immune cells, lymphatics, endothelial cells,
malignant cells, and stromal cells.42–44 Tumor-associated macro-
phages (TAMs) can make up to 50% of certain solid tumors.45 To
assess the impact of treatment, we examined changes in macro-
phages using the F4/80 antibody and natural killer (NK) cells using
the CD49b antibody.46,47 As illustrated in Figure 8C, the findings
indicated a roughly 36% increase in the proportion of M1 macro-
phages in the peritoneal exudate in the group treated with
oncoVV-AVL compared to the group treated with oncoVV. The
proportion of macrophages in myeloid cells was higher in the on-
coVV-AVL treatment compared to the control group, while there
were no notable differences in NK cells between the oncoVV-
AVL group and the controls. The percentage of M2 macrophages
(marked as IL-4+ F4/80+) remained constant without any alteration
(Figure 8F). Additionally, there was a significant increase in the
proportion of cells with both IFN-g and F4/80 markers in the
6 Molecular Therapy: Oncology Vol. 32 December 2024
oncoVV-AVL treatment compared to the control group, indicating
that oncoVV-AVL treatment can stimulate the proliferation of
macrophage cells and drive them toward the M1 phenotype, result-
ing in an increased ratio of M1 to M2 macrophages (Figure 8G).
These findings collectively indicate that oncoVV-AVL effectively
enhances the polarization of TAMs into the M1 phenotype and ac-
tivates antitumor immune responses within the TME in vivo.

To further verify that oncoVV-AVL boosts antitumor immunity in
immunocompetent mice rather than in immunodeficient mice, we
established a tumor-bearing mouse model by implanting Pan02 cells
into C57BL/6 mice. The findings indicated that serum IFN-g levels
indeed rose in mice treated with oncoVV-AVL, yet no significant
variance was observed in the control groups (Figure S1A). Addition-
ally, the data showed a corresponding decline in serum IFN-g levels
when NADPH was present, suggesting that elevated ROS levels
bolster antitumor immunity (Figure S1A). Furthermore, the study
revealed an increase in the proportion of macrophages in the peri-
toneal exudate and myeloid cells of oncoVV-AVL-treated mice
compared to controls, with no marked differences in NK cells be-
tween the oncoVV-AVL group and the 0.9% NaCl group within
myeloid cells (Figures S1B and S1C). Similar trends were observed
in C57BL/6 mouse models as in immunodeficient mice, where the
quantity of macrophages and the ratio of M1 macrophages were
higher in oncoVV-AVL-treated mice than in the control groups,
while the percentage of M2 macrophages remained relatively stable
across different treatments (Figures S1D–S1F). These results suggest
that oncoVV-AVL effectively promotes the polarization of TAMs
toward the M1 phenotype in tumor-bearing immunocompe-
tent mice.



Figure 5. OncoVV-AVL promotes viral replication by eliciting autophagy

(A and B) Quantification of autophagy cells. AsPC-1 (A) and PANC-1 (B) cells were infected with oncoVV or oncoVV-AVL and stained via MDC. (C) Protein expression of LC3I/

II, p62, Beclin-1, PI3K, p-PI3K, AKT, and p-AKT in PANC-1 and AsPC-1 cells. Western blotting was conducted at 36 h post-oncoVV-AVL infection; GAPDH was used as a

loading control. (D and E) Viral replication in the presence of 3-MA. After treatment with 3-MA in AsPC-1 (D) and PANC-1 (E) cells, the viral replication was analyzed. Data are

presented as mean ± SD of three independent experiments (n = 3). **p < 0.01.
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DISCUSSION
The development of new interventions for patients with PC is crucial.
One promising approach is the utilization of OVs, a novel class of
cancer therapeutics that demonstrate significant potential in treating
a wide range of cancer types.48–51 OncoVV-AVL has demonstrated
effectiveness against multiple categories of cancer cells. Nevertheless,
the underlying mechanism behind its antitumor activity has not yet
been elucidated. Here, oncoVV-AVL has demonstrated a strong anti-
tumor effect on PC both in vivo and in vitro.

There are two primary strategies for OV therapy: direct oncolytic
activity through immediate infection and replication, and a delayed
effect via the induction of specific antitumor immunity.52 Viruses, as
obligate parasites in cells, have evolved various mechanisms to sub-
vert the host antiviral system and hijack cellular resources to maxi-
mize their replication.53 During the infection process, mitochondria
play a crucial role in generating energy, controlling metabolism, and
producing ROS.54 Increasing evidence illustrates that elevated levels
of ROS may benefit virus replication by influencing oxidative mod-
ifications of viral proteins and modulating host signaling pathways.
It has been established that oncolytic Newcastle disease virus exten-
sively alters carbohydrate metabolism through mitophagy and
boosts intracellular ROS levels to support viral replication.35,36 Simi-
larly, recent studies have shown that enterovirus 71 (EV-A71) har-
nesses the oxidative stress response to facilitate its reproduction and
dissemination of viral progeny.34 Elevated ROS levels have been
found to reduce Nrf2 levels and activate endoplasmic reticulum
stress autophagy signaling pathways, which can be mitigated by
ROS scavengers, resulting in reduced EV-A71 replication.55,56

Consistent with these conclusions, the present study reveals that on-
coVV-AVL infection triggers the significant production of ROS,
promoting viral replication and inducing autophagy. Additionally,
previous research has demonstrated that ROS predominantly regu-
late mitochondrial cytochrome c and induce apoptosis. In line with
this notion, our results indicate that oncoVV-AVL enhances
apoptosis by elevating ROS levels, thereby exerting an antitumor ef-
fect. In summary, our observations suggest that the production
of ROS triggered by oncoVV-AVL infection promotes viral replica-
tion, reinforces cell apoptosis, and ultimately enhances the anti-
tumor effect.

PC is characterized by an immunologically suppressed environment,
where immunosuppressive cells like myeloid-derived suppressor
cells, regulatory T cells, and TAMs are dominant.57 Notably,
TAMs, as the most abundant inflammatory cells in the TME, play
a pivotal role in modulating immune cell function, tumor progres-
sion, and response to therapy.58 In the TME, TAMs can dynami-
cally transform between M1 and M2 types, while M1 and M2
Molecular Therapy: Oncology Vol. 32 December 2024 7
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Figure 6. OncoVV-AVL induces oxidative stress in PC cells

(A) Detection of ROS. Levels of ROS were evaluated in PC cells after infection with oncoVV-AVL for 36 h. (B) The expression of Nrf-2 in PC cells. Apoptosis proportion in

AsPC-1 (C) and PANC-1 (D) cells’ treatment with ROS scavengers. Data are presented as the mean ± SD (n = 3). (E) Western blotting detection of apoptosis-related proteins.

(F and G) Viral yields in the presence of ROS scavengers. AsPC-1 (F) and PANC-1 (G) cells were treated with NADPH or NADH, followed by oncoVV or oncoVV-AVL infection.

A27L and GAPDH protein levels were detected via western blotting in PC cells.
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have the opposite function, the former is tumor-suppressing macro-
phage. Higher ratios of M1 macrophages are associated with longer
survival in pancreatic adenocarcinoma.59 Approaches to reprogram
TAMs from M2 to M1 are actively being pursued, with IFN-g
known to induce polarization toward M1-like macrophages.60 Addi-
tionally, ROS generated from mitochondria can directly reinforce
the production of inflammatory cytokines through distinct path-
ways.61 Based on this, we hypothesize that the activation of ROS
by oncoVV-AVL would induce IFN-g production, leading to M1
polarization. In both BALB/c nude mice and C57BL/6 mice, we
observed an increase in IFN-g levels in oncoVV-AVL treatment,
which decreased following the addition of an ROS neutralizer.
The increase in IFN-g levels in the oncoVV-AVL group was signif-
icantly more pronounced in nude mice compared to their controls.
Conversely, in C57BL/6 mice, although IFN-g levels were also pro-
8 Molecular Therapy: Oncology Vol. 32 December 2024
moted, there was no statistically significant difference between on-
coVV-AVL treatment and controls. We hypothesized that C57BL/
6 mice may have a variety of immune cells within them that regulate
one another, forcing even a rise in IFN-g to be insignificant.
Notably, macrophages from either BALB/c nude mice or C57BL/6
mice differentiated significantly toward the M1 type, indicating
that oncoVV-AVL induces the polarization of M1-type cells and
promotes the M1/M2 ratio. OncoVV-AVL triggers antitumor im-
munity and enhances the activation of M1-polarized macrophages.

In summary, we have shown that oncoVV-AVL enhances antitumor
efficacy against PC tumors by mediating ROS-induced viral replica-
tion, promotingM1 polarization, andmodulating the TME to convert
cold PC tumors into hot ones. This suggests that oncoVV-AVL could
serve as a novel therapeutic approach to overcome PC tumors.



Figure 7. OncoVV-AVL suppressed PC growth in xenograft tumor model

(A) The experimental schedule. (B) Tumor volume curve. The measurement of tumor volume occurred at 5-day intervals. Data are expressed as mean tumor volume ± SD

(n = 7). (C) Comparison of tumor size. At the end of the experiment, tumor weights were compared among groups. (D) Tumor weight. Harvested tumor tissues were weighed.

Data are presented as the mean ± SD (n = 7). (E) Expression of A27L determined by western blotting. (F) Pathological analysis of tumor tissue.
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MATERIALS AND METHODS
Cell culture

HEK293A, human PC cell lines AsPC-1 and PANC-1, and mouse
cell line Pan02 used in this investigation were sourced from the Chi-
nese Academy of Sciences. AsPC-1 cells were cultured in RPMI-
1640 medium with a concentration of 100 U/mL penicillin and
100 mg/mL streptomycin solution and supplemented with 10% fetal
bovine serum (FBS), under a 5% CO2 environment at 37�C. Like-
wise, the PANC-1 and HEK293A cells were cultivated in DMEM
under identical conditions. The Pan02 cells were cultured in
DMEM in combination with 5% FBS and 100 U/mL penicillin
and 100 mg/mL streptomycin.

Cell viability assay

AsPC-1 and PANC-1 cells were plated in 96-well plates with a density
of 1 � 104 cells per well and cultured for 12 h. Following infection
with oncolytic VVs for 24, 48, and 72 h, the cells were collected
and assessed using the MTT assay. PBS served as the control, while
the cells were infected with oncolytic VV at different MOI levels—
1, 2, or 5. Cell viability was determined by adding MTT solution
(5 mg/mL) to each well and incubating at 37�C for 4 h. Subsequently,
the liquid was aspirated, and DMSO was added to each well and
mixed thoroughly on an oscillation instrument for 10 min. The mea-
surement was conducted with a microplate reader (Multiskan,
Thermo Scientific, Waltham, MA).
Flow cytometer assay

To assess apoptosis, cells were stained using the FITC Annexin V
Apoptosis Detection Kit (BD Biosciences, San Jose, CA) following
the guidelines provided by the manufacturer. For ROS analysis, cells
were washed with cold PBS and treated with a diluted solution of
diacetyldichlorofluorescein (1:10,000; CA1410, Solarbio, Beijing,
China) for 15 min at 37�C in a cell culture chamber. After digestion
with pancreatic enzyme, the cells were collected and analyzed. To
measure autophagy, cells were stained with an Autophagy Staining
Assay Kit containing MDC (C3018; Beyotime Biotech, Jiangsu,
China) for 30 min. Following digestion with pancreatic enzyme, cells
were washed three times with 1� assay buffer.

To detect cell types in mice, AsPC-1 cells (8 � 106 cells) and Pan02
cells (1 � 107 cells) were injected intradermally into the right flanks
of BALB/c nude mice or C57BL/6 mice, respectively. Mice bearing
subcutaneous tumors were intratumorally treated with 0.9% NaCl,
oncoVV, or oncoVV-AVL (1 � 107 PFU per tumor). After 2 weeks
of treatment, the mice were sacrificed. Myeloid cells were obtained
from the femurs and tibiae of donor mice. The cell suspensions
were passed through a 300-mesh nylon filter and washed twice with
1% FBS in PBS. Erythrocytes were eliminated by incubating with
RBC Lysis Buffer (420302; BioLegend, San Diego, CA). The single-
cell suspension was stained with the flow cytometry antibodies listed
in Schedule 3. All washes and staining procedures were carried out
Molecular Therapy: Oncology Vol. 32 December 2024 9
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Figure 8. OncoVV-AVL induced antitumor immunity in BALB/c nude mice

(A and B) Cytokines IFN-g/-b in the mouse serum. Cytokines were detected by ELISA kit. (C) Peritoneal exudate cell analysis. Percentage of F4/80+ cells in peritoneal exudate

cells was analyzed by flow cytometry. (D and E) Myeloid cells analysis. Percentage of CD49b+ cells and F4/80+ cells for detection in the myeloid cells by flow cytometry.

(F and G) Polarization of macrophages. Percentages of IFN-g+, IL-4+ within the F4/80+ cells in each group. All data are presented as mean ± SD (n = 5). *p < 0.05; **p < 0.01.
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using 1% FBS in PBS. Subsequently, the samples were analyzed using
a BD Fortessa flow cytometer (C6; BD Biosciences) and FlowJo10
software.

Detection of viral replication ability

To detect viral reproduction in PC cells, cells were seeded onto
24-well plates and infected with either oncoVV or oncoVV-AVL after
cultivation for 12 h in a cell incubator. Samples were gathered at
various time intervals (0, 24, and 36 h post-infection) and subjected
to three rounds of freeze-thaw processes alternating between
�80�C and room temperature (RT). The viral titer was determined
using a TCID50 assay with 293A cells. For investigating the influence
of autophagy on viral replication, the virus-infected cells were treated
with 3-MA (400 mM; S2767; Selleck Chemicals, Houston, TX). To
study viral replication influenced by ROS, PC cells were co-cultured
with NADPH (300 mM; HY-F0003; MCE, Monmouth Junction, NJ)
or NADH (100 mM; S6349; Selleck Chemicals) as part of the experi-
mental design.

Western blotting

Cells 36 h post-infection were gathered, homogenized, quantified, and
electrophoresed by 12% SDS-PAGE. Proteins were electroblotted
onto a polyvinylidene fluoride membrane. The membranes were
immersed in a solution of 5% skim milk at RT for 2 h and then incu-
bated at 4�C overnight using the primary antibodies listed in Table S1.
After washes with TBS-T (TBS with 0.1% Tween 20) three times, the
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membranes were stained with corresponding secondary antibody for
1.5 h at RT. Following another three washes, the blots were visualized
utilizing enhanced chemiluminescence substrate (RM00021; ABclo-
nal, New Taipei City, Taiwan) and scanned with a chemilumines-
cence imaging system.

qPCR

The PANC-1 and AsPC-1 cells were seeded in triplicate into 24-well
plates and infected with the viruses for 36 h. Total RNAwas separated
utilizing the RNA-Quick Purification Kit (RN001; ES Science,
Shanghai, China), followed by reverse transcription into cDNA using
the ReverTra Ace qPCR RT Kit (FSQ-101; Toyobo, Osaka, Japan).
Approximately 5 ng of cDNA was amplified using the SYBR Green
Real-time PCR Master Mix (QPK-201; Toyobo,) following the in-
structions provided by the manufacturer. The expression levels of
each gene were standardized adopting glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as a reference, and mRNA expression
was analyzed using comparative Ct (cycle threshold) values. A tabu-
lation of qPCR primers used in this study is described in Table S2.

Dual-luciferase reporter gene assay

Following a 12-h incubation of AsPC-1 and PANC-1 cells in a 96-well
microplate (655080; Greiner Bio-One, Monroe, NC), the Renilla
luciferase reporter vector PRL-TK and plasmids carrying the target
genes (IRF-3, IRF-7, AP-1) were introduced into the cells via co-
transfection at a mass ratio of 1:500. The PRL-TK vector was used
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as an internal control. Following 4–6 h of co-transfection, the media
was partially replaced, and the cells were further incubated for 24 h.
Subsequently, PC cells were subjected to treatment with PBS, on-
coVV, or oncoVV-AVL at an MOI of 2 for 36 h. Following the in-
structions, luciferase activity was measured utilizing a chemilumines-
cence instrument with the Dual-Glo Luciferase Assay System (E2920;
Promega, Madison, WI). Finally, the ratio of luminescence from the
experimental reporter to that from the control reporter was
computed.

Tumor growth experiments

Female BALB/c nude mice (6 weeks old) were obtained from SLAC
Laboratory Animal Company (Shanghai, China) and were subcutane-
ously injected with 8 � 106 AsPC-1 cells into the right axilla. These
mice were allocated a conventional diet and resided in an environ-
ment free from specific pathogens. Once the tumor size reached
around 200 mm3, the mice were assigned randomly to one of three
treatment groups (n = 7/group). Each mouse in the blank control
group, negative control group, and experimental group received in-
jections of 100 mL physiological saline, 1 � 107 PFU oncoVV, or on-
coVV-AVL. Tumor volume was monitored every 5 days using cali-
pers and calculated using the formula half the length multiplied by
the square of the width. After 35 days, the mice were humanely eutha-
nized by cervical dislocation. The tumors were harvested, fixed with
4% formalin, and used for downstream analysis as mentioned above.
All animal experiments at Zhejiang Sci-Tech University were sanc-
tioned by the Ethics Committee for Animal Experimentation.

H&E staining

AsPC-1 tumor tissues were separated subcutaneously from the eutha-
nized tumor-bearing mice, immersed in 4% paraformaldehyde for
48 h, and preserved in 75% ethanol. Paraffin-embedded sections were
prepared and stained with H&E to assess the tumor regions. The histo-
logical analysis was carried out by HaoKe Biotechnology Company
(Hangzhou, China), and sections were observed under a microscope.

ELISA

On the 14th day of treatment with oncoVV or oncoVV-AVL, blood
samples were collected from the mouse’s orbit and centrifuged to
obtain the mouse serum. The concentration of IFN-b or IFN-g in
the serum was detected utilizing the Mouse IFN-b ELISA Kit
(EK2236; Multi Science, Hangzhou, China) and the Mouse IFN-g
ELISA Kit (EK280; Multi Science), following the instructions.

Data analysis

Statistical analysis was performed using GraphPad Prism 8.0
(GraphPad Software, San Diego, CA). The one-way ANOVA test
was performed for comparison among groups. All results were shown
in mean ± SD, and *p < 0.05 or **p < 0.01 was considered statistically
significant; ns indicated no significance.
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