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BispecificTcell engagers (BiTEs) representapromising immuno-
therapy, but their efficacy against immunologically cold tumors
such as pancreatic ductal adenocarcinoma remains unclear. On-
colytic viruses (OVs) can transform the immunosuppressive tu-
mor microenvironment into the active state and also serve as
transgene vectors to selectively express the desired genes in tumor
cells.This study aimed to investigatewhether the therapeutic ben-
efits of tumor-targeting Claudin18.2 BiTE can be augmented by
combining cancer selectively and immune-potentiating effects
of OVs. Claudin18.2/CD3 BiTE was inserted into herpes simplex
virus type 1 (HSV-1) to construct anOV-BiTE. Its expression and
function were assessed using reporter cells and peripheral blood
mononuclear cell (PBMC) co-culture assays. Intratumoral appli-
cation of OV-BiTE restrained tumor growth and prolonged
mouse survival compared with the unarmed OV in xenograft
models and syngeneic mice bearing CLDN18.2-expressing KPC
or Pan02 pancreatic cancer cells. Flow cytometry of tumor-infil-
trating immune cells suggested both OV-BiTE and the unarmed
OVremodeled the tumormicroenvironmentby increasingCD4+
T cell infiltration and decreasing regulatory T cells. OV-BiTE
further reprogrammed macrophages to a more pro-inflamma-
tory antitumor state, and OV-BiTE-induced macrophages ex-
hibited greater cytotoxicity on the co-cultured tumor cell. This
dual cytotoxic and immunomodulatory approach warrants
further development for pancreatic cancer before clinical investi-
gation.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal
solid tumors, with 466,003 deaths worldwide in 2020.1,2 Conventional
chemotherapy and radiation do not significantly improve life
expectancy, and immunotherapy has not been proved effective to
date.3 This lack of success is attributed to the immunosuppressive
tumor microenvironment (TME) and the presence of a dense extra-
cellular matrix, both of which contribute to resistance against
immunotherapies.4
Molecular The
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To address these challenges, bispecific T cell engagers (BiTEs) have
emerged as a promising immunotherapy approach. BiTEs are made
of two scFv with one scFv targeting a tumor-specific antigen on tumor
cells and the other targeting CD3 on T cells. BiTEs can redirect T cells
to recognize and eliminate tumor cells effectively. Claudin 18.2 is high-
ly expressed in a significant proportion of gastric cancers as well as
pancreatic and esophageal adenocarcinoma. Therefore, it is an ideal
target for antibody or chimeric antigen receptor T (CAR-T) cell-based
therapy.5–8 However, inefficient T cell trafficking into tumors, the
immunosuppressive TME, and potential on-target off-tumor toxicity
of certain bispecific antibodies have hindered the effectiveness of BiTE
therapies in pancreatic cancer treatment.9 These shortcomings could
be overcome by using vector delivery, such as oncolytic viruses (OVs).

Growing insights into antitumor immunity and the TME have
inspired the development of oncolytic virotherapy.10–16 OVs can
convert immunologically cold tumors into hot ones by activating
innate and adaptive immunity. Moreover, intratumoral delivery of
transgenes by OV enables gene expression in situ, which is important
for some immune-stimulating proteins because the systemic admin-
istration of these immune modulators is associated with severe
adverse effects.17 Talimogene laherparepvec (T-VEC) represents a
major advance as the first US Food and Drug Administration
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(FDA)-approved oncolytic immunotherapy.18 T-VEC is an engi-
neered herpes simplex virus type 1 (HSV-1) with deletions of
ICP34.5 and ICP47 genes along with the insertion of granulocyte-
macrophage colony-stimulating factor (GM-CSF) to enhance sys-
temic antitumor immunity. In a phase III trial for advanced mela-
noma, T-VEC as monotherapy demonstrated improved durable
response rates, overall response, and median overall survival
compared to GM-CSF alone.19 Moreover, T-VEC exhibits a manage-
able safety profile with minimal serious adverse events. T-VEC is now
under clinical evaluation for multiple solid tumors, including pancre-
atic ductal adenocarcinoma. Additionally, LOAd703, a TMZ-CD40L/
4-1BBL-armed oncolytic adenovirus, has shown promising efficacy
signals in early pancreatic cancer trials when combined with chemo-
therapy.20 A phase I/II study revealed favorable objective response
and safety for LOAd703 with nab-paclitaxel and gemcitabine.

In this study, we engineered and characterized a novel Claudin18.2/
CD3 BiTE-armed oncolytic HSV (OV-BiTE) against pancreatic cancer
by combining the targeted approach of BiTE therapy with the immu-
nostimulatory effects of oncolytic virotherapy. Our results suggested
OV-BiTE selectively infected and killedClaudin18.2-expressing tumors
and showed enhanced cytotoxicity when co-cultured with peripheral
blood mononuclear cells (PBMCs) versus the control virus. In subcu-
taneous syngeneic models, OV-BiTE inhibited tumor growth and pro-
longed survival compared to the control virus. Flow cytometry of tu-
mor-infiltrating lymphocytes demonstrated OV-BiTE increased
CD4+ T cells and shifted macrophages from M2 to M1 phenotype
compared to PBS or control virus. Isolated tumor-associated macro-
phages (TAMs) fromOV-BiTE-treatedmice also showed enhanced tu-
mor cell cytotoxicity in co-cultures.Our studyprovides preclinical proof
of concept for a novel immunotherapeutic approach against PDAC.

RESULTS
Generation and characterization of Claudin18.2 BiTE-armed

oncolytic HSV

To generate OV-BiTE, the Claudin18.2/CD3 BiTE expression cassette
was inserted into the backbone of ICP34.5 and ICP47 double-deleted
oncolytic HSV-1 (Figure 1A). Vero cells infected with OV-BiTE
secreted BiTE molecules, as determined by pull-down assay (Fig-
ure S1A). The pancreatic cancer cells, Panc-1, Miapaca-2, and
DAN-G, were infected with either OV-GFP or OV-BiTE, and OV-
BiTE exerted similar replication capability and tumoricidal activity
compared with OV-GFP (Figure S1B).

OV-BiTE enhanced the antitumor effect against Claudin18.2-

positive cells when co-cultured with PBMCs

The antitumor efficacy and specificity of Claudin18.2 were evaluated.
In co-culture with PBMCs, HEK293-GFP-Claudin18.1, HEK293-
Figure 1. Lytic activity and T cell engagement by OV-BiTE versus control virus

(A) Schematic of BiTE targeting Claudin18.2 and CD3ε, and HSV-1-based OV encoding

and DAN-G cells after infection with OV-BiTE or OV-GFP and co-culture with PBMCs.

Jurkat-GFP-IL2 reporter cells by infected tumor cells. (E) IFN-g and (F) IL-2 production b

ANOVA with Dunnett tests or two-way ANOVA with Sidak’s tests. ns, not significant. *
GFP-Claudin18.2, and DAN-G cells, which expressed a higher level
of Claudin18.2 protein compared with MiaPaca-1 and Panc1 (Fig-
ure S2), were infected with OV-BiTE or OV-GFP. The viability of
OV-BiTE-infected DAN-G and HEK293-GFP-Claudin18.2 cells
was dramatically decreased compared with that of DAN-G and
HEK293-GFP-Claudin18.2 cells infected by OV-GFP or HEK293-
GFP-Claudin18.1 infected by OV-BiTE (Figure 1B). In co-culture
with PBMCs, Claudin18.2-positive cells infected with OV-BiTE
released a higher level of ATP compared to OV-GFP (Figure 1C),
indicating OV-BiTE might also induce immunogenic tumor cell
death in addition to tumor cell death resulting from OV infection.

The activationofT cellsmediatedbyOV-BiTE-infectedClaudin18.2 tu-
mor was assessed using Jurkat-GFP-IL2 reporter cells that express GFP
upon activation of T cells. In co-culture with the Jurkat-based reporter
cells, the OV-BiTE pre-infected DAN-G and HEK293-GFP-Clau-
din18.2 cells stimulated the reporter cells more than the OV-BiTE
pre-infected HEK293-GFP-Claudin18.1 cells (Figure 1D). Moreover,
the OV-BiTE-infected Claudin18.2-positive cells exhibited a potent
stimulating activity on PBMCs as observed by the high levels of inter-
feron-g (IFN-g) and interleukin-2 (IL-2) in the supernatant of co-
cultured virus-infected tumor cells and PBMCs (Figures 1E and 1F).
OV-BiTE inhibited tumor growth in the DAN-G cell xenograft

mouse model

A DAN-G cell xenograft mouse model was established to study the
antitumor efficacy of OV-BiTE (Figure 2A). The tail vein injection
of PBMCs alone had a negligible effect on tumor growth compared
with vehicle treatment (Figure 2B). The combination of OV-GFP
and PBMCs slightly inhibited tumor growth compared to PBMC
alone. In contrast, OV-BiTE administration significantly enhanced
the antitumor efficacy of PBMCs and delayed tumor growth compared
with the combination of PBMCs and OV-GFP (p < 0.0001).

The limited infiltration of CD3 cells into the tumor partially explained
the modest efficacy, and OV-BiTE significantly increased the infiltra-
tion of T cells into the tumor and resulted in extensive areas of tumor
cell necrosis, demonstrated by immunohistology staining with anti-
CD3 antibody and picrosirius red staining (Figure 3). An additional an-
imal model that could recapitulate the TME of PDAC was warranted.
OV-BiTE inhibited tumor growth in syngeneic pancreatic cancer

mouse models

A mouse KPC cell line expressing human Claudin 18.2 (KPC-Clau-
din18.2) was first established using the modified HSV-1-susceptible
mouse KPC cells. OV-BiTE exhibited a similar replication capacity
compared to OV-GFP in KPC-Claudin18.2 cells but significantly
BiTE or GFP. (B) Cell viability of HEK293 cells expressing Claudin18.1 or Claudin18.2

(C) ATP release by infected tumor cells co-cultured with PBMCs. (D) Activation of

y PBMCs co-cultured with infected tumor cells. Data were analyzed using one-way

p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 2. Tumor growth inhibition by OV-BiTE treatment in DAN-G xenograft model

(A) Treatment schedule in subcutaneous DAN-G pancreatic tumor model. (B) Tumor growth curves of mice treated with OV-BiTE, OV-GFP, or vehicle control in combination with

PBMCs. Data were analyzed using two-way ANOVA with Sidak’s tests. ****p < 0.0001.
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Figure 3. Histological staining of DAN-G tumors after treatment

Representative images of H&E staining, picrosirius red staining, and anti-CD3 IHC from tumors of mice treated with OV-BiTE, OV-GFP, or vehicle control in combination with

PBMCs.

www.moleculartherapy.org
inhibited cell growth in co-culture with mouse spleen lymphocytes
(Figures 4A and 4B).

A syngeneic pancreatic cancer mouse model was then established by
inoculating KPC cells into CD3ε humanized mice as previously
described.21,22 This model showed intense desmoplasia and an immu-
nosuppressive environment that recapitulated the TME of PDAC pa-
tients.22 Tumor-bearing mice were treated with OV-GFP or OV-BiTE
(Figure 4C). Compared with the PBS control, intratumoral adminis-
tration of OV-GFP slightly inhibited tumor growth while OV-BiTE
significantly inhibited tumor growth (Figure 4D). Similar results
were observed regarding survival in mice (Figure 4E). No survival
benefit was observed in OV-GFP-treated mice with a similar median
survival time compared to control mice (25.5 vs. 26 days), although
the mean survival time of OV-GFP treated mice was longer than the
control mice (29.2 vs. 24.2 days) and two out of six mice survived
for a relatively long time. In contrast, OV-BiTE significantly prolonged
the survival of the mice, with a median survival time of 42 days and a
mean survival time of 44.5 days. All treatments were well-tolerated
with no significant weight loss or other signs of distress. No liver/kid-
ney toxicity was observed upon treatment by OV-BiTE as assessed by
the histology staining of the liver and kidney and biochemical blood
test (Figure S3). The intense desmoplasia in TME of the KPC model
might affect the OV spread and subsequently affects its therapeutic ef-
fects, especially the unarmed OV.We then established another synge-
neic pancreatic cancer mouse model with less stromal desmoplasia by
inoculating Pan02_HVEM_Claudin18.2 cells into CD3ε humanized
mice, in which OV-GFP has been reported to exert antitumor effects
in our previous work.23 In Pan02 model mice, compared with the
PBS control, intratumoral administration of OV-GFP significantly
Molecular Therapy: Oncolytics Vol. 30 September 2023 279
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Figure 4. Antitumor effects of OV-BiTE in pancreatic cancer models

(A) Viral replication kinetics in KPC cells. (B) Cytotoxicity against KPC cells after co-culture with spleen lymphocytes of CD3E humanizedmice. (C) Treatment schedule for KPC

syngeneic model. (D) Tumor growth curves for KPC syngeneic model. (E) Survival curves in the KPCmodel. (F) Treatment schedule for the Pan02model. (G) Survival curves in

the Pan02 model. MSL, mouse spleen lymphocytes. Data were analyzed using two-way ANOVA with Sidak’s tests. Animal survival was plotted using Kaplan–Meier curves

and compared using the log-rank test. ns, not significant. *p < 0.05, **p < 0.01, and ***p < 0.001.
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improvedmouse survival, with amedian survival time of 13 vs. 10 days
and mean survival time of 13 vs. 9 days, and OV-BiTE further signif-
icantly prolonged mouse survival with a median survival time of
15 days and a mean survival time of 17.4 days (Figures 4F and 4G).

Effects of OV treatment on TME

To explore the mechanism underlying OV-BiTE treatments, tumor-
infiltrating lymphocytes were analyzed by flow cytometry 3 days after
the last treatment. Both OV-GFP and OV-BiTE increased the propor-
tion of conventional CD4+ T cells among all immune cells, with the
highest increase in OV-BiTE treatment, although the comparison be-
tween the two OV groups was not statistically significant (Figure 5A).
The increase of CD4+ T cells in the OV-BiTE group was also demon-
strated by multiplex immunohistochemistry (mIHC) staining of tumor
sections (Figure S4). The proportion of CD8+T cells amongCD45+ im-
mune cells did not change after OV treatment (Figure 5B). Regulatory
T cells (Tregs) were dramatically decreased but no significant difference
was observed between OV-GFP and OV-BiTE groups (Figure 5C).
CD8+ T cells with positive lymphocyte activation gene 3 (LAG-3) or
programmed cell death protein 1 (PD-1) expression were decreased,
while those with positive Granzyme B (GzmB) expression were
increased byOV treatment, andOV-GFP andOV-BiTE exerted similar
effects (Figures 5D–5F). OV treatment did not alter the number of
TAMs, characterized as CD11b+ F4/80+ (Figure 5G). The pro-inflam-
matory M1-like macrophages, as indicated by the inducible nitric oxide
synthase (iNOS) expression, were significantly increased in the OV-
BiTE group compared with PBS control and OV-GFP groups, whereas
the anti-inflammatoryM2-like macrophages (CD206+) were decreased
(Figures 5H and 5I). The results revealed a possible shift toward poten-
tiatingmacrophages from immunosuppressive to pro-inflammatory. To
evaluate and compare the tumor-killing potential of TAMs and T cells
fromKPCmice treatedwithOV-GFPorOV-BiTE, TAMswere isolated
from the tumors of treated mice, while splenocytes from a freshly sacri-
ficedmice served as effector T cells. Claudin18.2-expressing KPC tumor
cells were co-cultured with TAMs and splenocytes at a 1:5:1 ratio for
3 days, and cell viability was determined by the Cell Counting Kit-8
(CCK8) assay. The results suggested that TAMs induced by OV-BiTE
had the highest tumor-killing effects in co-culturewithT cells compared
with that in PBS and OV-GFP groups, demonstrated by the lowest cell
viability (Figure 5J).

DISCUSSION
In this study, an armed HSV-1-based OV was developed to encode
Claudin18.2 targeting BiTE to treat pancreatic cancer. This approach
was designed to combine the direct oncolytic effect of the OVwith the
immune-stimulating activity mediated by both the OV and BiTE. The
BiTE-armed OV can effectively delay tumor growth, resulting in
extended survival time in the syngeneic KPC mouse model.

OVs that express various kinds of BiTE have been evaluated in previ-
ous studies. An oncolytic vaccinia virus encoding an EphA2-targeting
BiTE resulted in an enhanced antitumor response in an A549 subcu-
taneous xenograft model.24 Similarly, the combined delivery of an
EGFR-targeting BiTE-armed adenovirus with PBMCs enhanced the
antitumor efficacy achieved by either component in xenograft
models. Antitumor efficacy of oncolytic measles viruses encoding
BiTE was assessed in a syngeneic mouse model bearing MC38 or
B16 tumor cells.25–27 The combination of BiTE-expressing OV armed
with CAR-T cell therapy enabled the dual targeting of two tumor an-
tigens of heterogeneous solid tumors.13,28 The focus of these pioneer-
ing studies was the effect of the OV on T cell infiltration and activa-
tion, while the effect on the other components of the TME, such as
myeloid-derived immune cells and stromal fibroblast cells, was not
studied. In this study, the BiTE-encoding OV was at least equally
important for activating non-T cells compared with T cells. A
comprehensive study of the mechanism of action of BiTE-armed
OV on the tumor immune microenvironment and stromal dysplasia
is needed before the clinical investigation of this promising modality.

Flow cytometry of tumor-infiltrating immune cells showed that BiTE-
armed oncolytic HSV (OV-BiTE) and control virus (OV-GFP)
increased CD4+ T cell infiltration and decreased Tregs compared to
PBS. Neither virus altered CD8+ T cell proportions, although they
did appear to reduce exhaustion markers such as LAG-3 and PD-1
and increase activation markers such as GzmB on CD8+ cells. This
suggests the viruses help reinvigorate existing intratumoral CD8+
T cell function. However, OV-BiTE uniquely shifted macrophages
from anM2 to anM1 phenotype. M1macrophages play a pro-inflam-
matory, antitumor role. This was further shown by the enhanced tu-
moricidal activity of macrophage and T cell mixtures upon OV-BiTE
treatment, confirming they acquire anti-cancer functions. Repolariza-
tion of TAMs from a pro-tumorigenic M2 toward a more pro-inflam-
matoryM1 phenotype was also observed during EnAd-SA-FAP-BiTE
treatment,29 and TAMs have been identified as a target when devel-
oping BiTE-armed OVs.30

There were several shortages in our articles. First, the models used were
limited to subcutaneous xenografts or syngeneic pancreatic cancer.
Testing in additional models such as patient-derived xenografts or
genetically engineered mouse models could better replicate pancreatic
cancer complexity. Second, the specific mechanisms underlying the
observed TME changes remain to be fully elucidated. More in-depth
analysis of immune cell subsets and functional effects is needed. Under-
standing factors driving the increased M1/decreased M2 macrophage
ratio could guide strategies to further relieve immunosuppression.

Another limitation of this study is that the BiTE-armed OV did not
further improve T cell infiltration compared to the unarmed virus in
the syngeneic model. The BiTE provides localized T cell activation
and redirected tumor cell cytotoxicity, but it may be limited by inade-
quate T cell infiltration. Evaluation of viral persistence suggested active
oncolytic HSV replication at day 13 (1 day after the last treatment),
which cleared by day 16 (Figure S5). While the oncolytic viral replica-
tion appears transient, we expect infected cells likely continue to ex-
press the encoded BiTE for a period after initial infection and lysis.
However, considering the short half-life of BiTE proteins, sustained
productionmay be limited. In the future,wewill also engineer the virus
to encode a longer-acting BiTE derivative, such as a BiTE-monovalent
Molecular Therapy: Oncolytics Vol. 30 September 2023 281
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Figure 5. Analysis of tumor-infiltrating leukocytes and TAM cytotoxicity after OV treatment

(A–I) Flow cytometry quantifying infiltrating immune cell populations in KPC tumors at 3 days after the last treatment. (J) Co-culture assay measuring cytotoxicity of TAMs

isolated from treated tumors against KPC cells by the CCK-8 method. Data were analyzed using one-way ANOVA with Dunnett tests or two-way ANOVA with Sidak’s tests.

ns, not significant. *p < 0.05 and **p < 0.01.
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Fc fusion, which could potentially extend the duration of BiTE
signaling after initial viral delivery and cell infection. Prolonging
BiTE exposure could help maintain T cell stimulation against infected
tumor cells and their released antigens after viral clearance. In addi-
tion, a combination with an alternative armed virus such as C-Cmotif
chemokine ligand 5 (CCL5)-armed oncolytic HSV, which can attract
T cells and natural killer (NK) cells to infiltrate into tumors, might be
an efficient way to enhance the antitumor effects of OV-BiTE. Unex-
pectedly, the combination of OV-BiTE with CCL5-armed oncolytic
HSV was tested but no additional effect was observed (data not
shown). The result suggested that other factors, such as the physical
barriers from stroma/fibrosis or other immunosuppressive mecha-
nisms, affect the efficacy of BiTE-armed OV.

In conclusion, we combined the therapeutic benefits of tumor-targeting
BiTE with the cancer-selecting and immune-potentiating effects of OV
to treat pancreatic cancer. The armed OV therapy not only redirects
T cells to kill cancer cells but also potentiates the antitumor efficacy
of T cell-centered therapies such as BiTE by remodeling the TME.

MATERIALS AND METHODS
Cells

Vero, PANC-1, and MiaPaCa-2 cells were originally obtained from
ATCC (VA, USA). The murine pancreatic tumor KPC cell line was
derived from pancreatic tumors of C57BL/6-Trp53em4(R172H)Kra-
sem4(LSL�G12D)Tg(Pdx1-cre) Smoc mice. The murine pancreatic tumor
Pan02_HVEMcell linewas established previously. Themammalian cell
expression plasmid pCDH-Claudin18.1 or pCDH-Claudin18.2 was
transfected intoHEK293FT,Pan02_HVEM,orKPCcells and these cells
were selected in the presence of puromycin to construct Claudin-ex-
pressing cells. These cells were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
and incubated at 37�C with 5% CO2.

Construction of OVs

The BiTE molecule was constructed by linking a Claudin18.2-target-
ing scFv to a CD3ε-targeting scFv with glycine-serine (G4S) linkers.
An IL-2 signal sequence and a His-tag sequence were added at the
50 and 30 ends of the BiTE gene. The GFP or IL2-BiTE-His-tag expres-
sion cassettes were inserted into the ICP34.5 location of the virus
genome to construct OV-GFP and OV-BiTE. The viruses were prop-
agated, tittered, and purified as previously described.31 The safety of
OV-BiTE in mice, especially liver and kidney toxicity, was assessed
by both histological analysis of liver and kidney and biochemical
test of blood.

Western blotting

Approximately 1 � 106 Vero cells were infected with OV at a multi-
plicity of infection (MOI) of 1 and the supernatant was collected 48 h
post infection and incubated with nickel nitrilotriacetic acid (Ni-
NTA) resin at 4�C for 2 h, followed by washing with 20 mM imid-
azole. The resins were mixed with electrophoresis loading buffer
and heated in boiling water for 5–10 min. The samples were subjected
to SDS-polyacrylamide gel electrophoresis (PAGE) and transferred
onto polyvinylidene difluoride (PVDF) membranes. The His-tag
BiTE on the membrane was probed using the anti-His-tag antibody
(66005-1, Proteintech).

Cell proliferation assay

Approximately 2� 104 cells were mixed with OV at an MOI of 1. Af-
ter 24 h, the cell culture medium was removed and 1 � 105 PBMCs
were added to each well. The number of tumor cells was determined
using CCK8 (C6005; UE, Soochow, PR China) at different time points
post infection.

ATP release detection

Approximately 2� 105 cells were mixed with OV at an MOI of 1 and
1 � 106 PBMCs were added to each well. After 48 h, the supernatant
was collected to detect ATP concentration using the Enhanced ATP
Assay Kit (S0027, Beyotime).

Reporter cells assay

Approximately 1 � 106 cells were mixed with OV at an MOI of 1.
Twenty-four hours post infection, and the infected tumor cells were
mixed with 5 � 106 Jurkat-pIL2-GFP reporter cells for 24-h co-cul-
ture.32 The reporter Jurkat cells were harvested and subjected to
flow cytometry analysis to detect the expression of GFP.

Detection of IFN-g and IL-2 secretion

Approximately 2� 104 cells were mixed with OV at an MOI of 1. Af-
ter 24 h, 1 � 105 PBMCs were added to each well. After 48 h, the su-
pernatant was harvested and the level of cytokine was detected using
the Human IFN-g Valukine ELISA Kit (VAL104, Novus Bio) and
Human IL-2 ELISA Set (555190, BD Biosciences).

Mouse model

The NOD-Prkdcscid Il2rgem1/Smoc (M-NSG) and C57BL/6-
Cd3eem1(hCD3E) Smoc (CD3E-HU)were obtained from the ShanghaiModel
Organisms Center (Shanghai, PR China).

For the xenograft mouse model, 5 � 106 DAN-G cells were subcuta-
neously implanted into the right flank of 6-week-old male NSG mice.
When the tumor volumes reached 80–120 mm3, the tumor-bearing
mice were intravenously injected with 1 � 107 human PBMCs
through the tail vein (set as day 0). Approximately 1 � 106 plaque-
forming units (PFU) of purified OVs were intratumorally injected
on days 3, 6, and 9, respectively.

For the KPC syngeneic tumor mouse model, approximately 5 � 106

KPC-hClaudin18.2 cells were mixed with Matrigel (v/v = 1:1) and
subcutaneously implanted into the right flank of 6-week-old male
CD3E-HU mice. Once the tumor volumes reached 100–120 mm3

(day 0), the tumor-bearing mice were intratumorally treated with
1 � 106 PFU of purified OVs per mouse on days 0, 3, 6, 9, and 12.

For the Pan02 syngeneic tumor mouse model, approximately 5 � 105

Pan02-HVEM-hClaudin18.2 cells weremixedwithMatrigel (v/v = 1:1)
and subcutaneously implanted into the right flank of 6-week-old male
Molecular Therapy: Oncolytics Vol. 30 September 2023 283
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CD3E-HU mice. Once the tumor volumes reached 60–100 mm3 (day
0), the tumor-bearing mice were intratumorally treated with 2 � 106

PFU of purified OVs per mouse on days 0, 3, and 6.

Tumor length and width were measured three times per week using a
digital caliper, and tumor volumes (V, mm3) were calculated using the
formula 0.5 � (length�width2). Mice were euthanized when the tu-
mor volume reached 2,000 mm3. The survival of tumor-bearing mice
was monitored and analyzed using Kaplan-Meier curves.

Flow cytometry analysis

The mice were sacrificed 3 days after the last treatment. Tumor tissues
were collected and cut into pieces. The single-cell suspension was pre-
pared by using dissociation buffer (1 mg/mL collagenase IV, 1 mg/mL
hyaluronidase, and 20U/mLDNase inPBSplus 2%FBS). The red blood
cells were removed by incubating with ammonium-chloride-potassium
(ACK) lysis buffer (CS0001, Leagene). The dissociated cells were resus-
pended in 30% Percoll and concentrated at 400� g for 10min. The sin-
gle-cell suspension was stained with Zombie NIR Fixable Viability Kit
(423105, BioLegend) and fluorescence-conjugated antibodies. Flow cy-
tometry analysis was performedon anLSRFortessaflow cytometer (BD
Biosciences), and data were processed using FlowJo v10 software
(TreeStar, USA).

Tumor-killing effects of TAMs

To evaluate and compare the tumor-killing potential of TAMs from
KPC mice treated with OV-GFP or OV-BiTE, TAMs were isolated
from the tumors of treated mice using F4/80 magnetic beads (130-
110-443, Miltenyi), while splenocytes from a freshly sacrificed mouse
served as effector cells. KPC-Claudin18.2 target cells were seeded in
96-well plates and co-cultured with TAMs and splenocytes at a
1:5:1 ratio for 3 days. After washing off suspended cells, CCK-8 re-
agent were added to measure absorbance at 450 nm.

Immunohistochemistry and picrosirius red staining

Three days after the last OV treatment, tumor-bearing mice were
euthanized. Tumor samples were fixed with 4% paraformaldehyde
at 4�C for 24 h, embedded in paraffin, and serially cut into 8-mm sec-
tions. The sections were stained with antibodies and picrosirius red
with Picrosirius Red Stain Kit (BP-DL030, Sbjbio).

MIHC

The mIHC was performed using AlphaTSA Multiplex IHC Kit
(AXT37100031, Alphaxbio) according to the manufacturer’s instruc-
tions. Briefly, the paraffin sections were dewaxed and hydrated through
a series of xylene-to-alcohol washes followed by antigen repair and seal-
ing. Then, the slides were blocked and incubated with primary anti-
bodies, followed by secondary antibodies. Fluorescence staining was
then performed. Finally, the slides were stained with DAPI.

Viral DNA copy number quantification

Mice were sacrificed at day 13 (1 day after the last treatment) and day
16 (4 days after the last treatment). Spleen, liver, lung, kidney, and tu-
mor tissues were harvested and homogenized. Genomic DNAwas ex-
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tracted using a commercial kit (D1700, Solarbio). HSV glycoprotein
D (gD) gene copies in the extracted DNA were quantified by qPCR
using the following primers:

gD forward: 50-TACAACCTGACCATCGCTTG-30

gD reverse: 50-GCCCCCAGAGACTTGTTGTA-30

Statistical analysis

Quantitative data were presented as the mean ± standard error of the
mean (SEM) of at least three independent experiments. Data were
analyzed using one-way analysis of variance (ANOVA) with Dunnett
tests or two-way ANOVA with Sidak’s tests. Animal survival was
plotted using Kaplan-Meier curves and compared using the log
rank test. A p value less than 0.05 was considered to be statistically
significant (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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