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Highlights

Highlights

® Oncolytic viruses have direct anti-tumor effects destroying tumors from within

® Oncolytic viruses have indirect anti-tumor effects that activates systemic immunity
® Indirect anti-tumor effects are enhanced by combination with anti-PD-1 antibodies
® Combination therapy activates both acquired and humoral immunity

o

Activated systemic immunity suppresses lymph node and lung metastasis
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ABSTRACT

It is believed that oncolytic viruses (OVs) exert both direct anti-tumor effects by intratumoral
injection as well as indirect anti-tumor effects by activating systemic immunity. In phase III
clinical trials, OV and anti-programmed cell death-1 (aPD-1) antibody combination therapy
showed no significant differences in overall survival and progression-free survival in patients with
unresectable advanced melanoma. In the study, OVs can exert only indirect anti-tumor effects in
non-injected, systemic lesions. If the tumor is at a stage where both direct and indirect anti-tumor
effects of OVs can be expected, OVs may further enhance the therapeutic effect, in addition to
the clinically expected therapeutic effect. Therefore, we investigated whether canerpaturev (C-
REV) and aPD-1 antibody combination therapy suppresses tumor progression in a murine
melanoma model. Our findings showed that the C-REV and aPD-1 antibody combination therapy
suppressed tumor progression in a murine melanoma model. The combination therapy stimulated
systemic immunity in lymphoid tissues by activating helper T cells and B cells to enhance
adaptive and humoral immunity, as well as by increasing effector/memory T cell fractions.
Synergistically enhanced systemic anti-tumor effects suppressed lymph node and lung metastases.
These findings suggest that direct anti-tumor effects by infecting and destroying cancer cells from
within and indirect anti-tumor effects enhanced by the combination therapy worked
simultaneously to suppress tumor progression. Our results may provide evidence to support the
usefulness of OV and aPD-1 antibody combination therapy as a neoadjuvant therapy in the

surgical treatment of melanoma.

Keywords
cutaneous malignant melanoma; oncolytic viruses; lymphatic system; mice; combination drug

therapy; immunologic adjuvants
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Main text
1. Introduction

In 2015, the United States Food and Drug Administration approved talimogene
laherparepvec (T-VEC) as the first oncolytic virus (OV) for the treatment of melanoma [1]. OVs
are administered by intratumoral injection [2]. A phase III clinical trial (OPTiM) demonstrated
tumor shrinkage with T-VEC, confirming the utility of T-VEC monotherapy as a local therapy
option [1,3]. Meanwhile, the results of phase Ib clinical trials suggested a benefit of T-VEC and
anti-programmed cell death protein 1 (aPD-1) antibody combination therapy [4], whereas phase
T clinical trials showed no significant differences in overall survival and progression-free
survival [5]. However, because the phase III clinical trials were conducted in patients with
unresectable advanced melanoma in stages IIIB-IVMc, it is possible that the melanoma had
already spread throughout the body, causing the cancer to escape the immune system and making
drug therapy less effective [6,7].

It is believed that OVs exert both direct anti-tumor effects by infecting and destroying
cancer cells from within as well as indirect anti-tumor effects by activating systemic immunity
for an extend period of time [8]. Direct anti-tumor effects of OVs include the destruction of cancer
cells by tumor-infiltrating killer T cells, whereas indirect anti-tumor effects include the induction
of systemic adaptive immunity by helper T cells [9,10]. Some evidence indicates that OV's can
activate helper and killer T cells [10,11]. Tumors that have been injected with OVs are subjected
to both direct and indirect effects, whereas systemically disseminated tumors are subjected only
to indirect effects. Consequently, as cancer progresses, the number of tumors involved in indirect
effects increases, while the effectiveness of treatment declines. It is possible that this is one reason
why the combination therapy did not demonstrate a superior therapeutic effect in phase III clinical
trials [5]. In contrast, if the tumor is at a stage where both direct and indirect effects can be

expected, OVs may further enhance the therapeutic effect, in addition to the clinically expected
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therapeutic effect. The results of a phase II clinical trial showed a roughly 25% reduction in the
risk of disease recurrence for neoadjuvant T-VEC plus surgery versus surgery alone in patients
with resectable stage IIIB-IVM1a melanoma [12]. However, there are no reports validating OV
and a-PD-1 antibody combination therapy as a neoadjuvant therapy in the surgical treatment of
melanoma.

Canerpaturev (C-REV, formerly known as HF10) is a naturally occurring mutant clone
isolated from a highly attenuated mutant strain of herpes simplex virus-1 (HSV-1) [13,14]. C-
REV harbors spontaneous deletions, genomic rearrangements, and frameshift mutations that
result in the loss of expression of UL43, UL49.5, ULSS, and UL56 as well as latency-related
transcript genes, thereby reducing its virulence and neuroinvasiveness [ 14]. In preclinical models,
C-REV has shown anti-tumor activity against several cancers, including melanoma, pancreatic
cancer and breast cancer [15,16]. Its safety and efficacy have been demonstrated in Phase I and
Phase II clinical trials involving patients with melanoma, pancreatic cancer, breast cancer, and
head and neck cancer [13,17,18]. Combination therapy involving C-REV and various other anti-
tumor agents has been explored in previous studies [19,20].

The purpose of the present study is to investigate whether C-REV and aPD-1 antibody
combination therapy suppresses tumor progression in a murine melanoma model. Furthermore,
the systemic indirect anti-tumor effects, which are synergistically enhanced by the combination
therapy, will be investigated by detecting changes in the immune system in lymphoid tissues. This
study aims to demonstrate the usefulness of OV and aPD-1 antibody combination therapy as a

neoadjuvant therapy in the surgical treatment of melanoma.

2. Materials and methods

2.1. Cell lines
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Clone M-3 (Cloudman S91; KCLB Cat# 10053.1, RRID: CVCL 4512) mouse
melanoma cells were sourced from the American Type Culture Collection (Rockville, MD), and
African green monkey kidney cells (Vero cells; RRID: CVCL_YQ48) were obtained from the
Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). The clone M-3 cells and
Vero cells were cultured in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO) and in
Dulbecco’s modified Eagle medium (Sigma-Aldrich), respectively, and both were supplemented
with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA), 100 U/mL penicillin, and
100 pg/mL streptomycin (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan). Cells were
maintained at 37°C in a humidified atmosphere with 5% CO,. All experiments were conducted

using cell cultures free from mycoplasma contamination.

2.2. Viruses

C-REV was kindly provided by Takara Bio Inc. (Kusatsu, Japan). After propagation in
Vero cells, the C-REV was stored in aliquots at —=80°C. In both the in vitro and in vivo experiments,
the C-REV was diluted in phosphate-buffered saline (PBS). Viral titers were determined in Vero

cells and expressed as plaque-forming units per milliliter (PFU/mL).

2.3. Fluorescence microscopy

After seeding at a density of 1 x 10* cells/well in a 12-well plate, the Clone M-3 and
Vero cells were cultured for 24 h. C-REV was added to the medium at 1 multiplicity of infection
(MOI) and the cells were incubated for 24 h. Subsequently, the cells were washed with PBS and
fixed with 4% paraformaldehyde for 10 min at room temperature. After washing again with PBS,
a PBS solution containing 5% goat serum (1 mL) was added, and the cells were incubated for 1 h
at room temperature. After removal of the PBS, rabbit anti-HSV-1 polyclonal antibody (1:1000

dilution; Dako Cytomation, Carpinteria, CA; Agilent Cat# BO114, RRID: AB 2732870) in PBS



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

containing 5% goat serum was added and the cells were incubated for 1 h at room temperature.
After washing with PBS, fluorescein isothiocyanate-conjugated anti-rabbit antibody (1:5000
dilution; Rockland Immunochemicals, Pottstown, PA; Rockland Cat# 311-1204, RRID:
AB 219352) in PBS containing 5% goat serum was added and incubated for 1 h at room
temperature in the dark. After washing again with PBS wash, nuclei were stained with DAPI
Fluoromount-G (Southern Biotech, Birmingham, AL). Finally, fluorescence microscopy was
performed using a confocal laser scanning microscope FV1000-D (Olympus GmbH, Hamburg,

Germany; RRID: SCR_016840), including the acquisition of phase-contrast images.

2.4. Cell viability assay

The effect of C-REV on the viability of clone M-3 was evaluated using Cell Counting
Kit-8 assay (CCK-8; Dojindo Molecular Technologies, Kumamoto, Japan), with reference to a
previously reported protocol. After seeding in 96-well plates at a density of 2 x 10° cells/well, the
clone M-3 cells were cultured overnight in a CO; incubator at 37°C. C-REV was then added to
the medium at MOI of 0.03, 0.3, 3, or 30, and 10 pL. of CCK-8 reagent was added to each well at
0, 24, 48, and 72 h. Following an additional 1-h incubation, absorbance at 450 nm was measured
using an Infinite M200 Pro multimode microplate reader (Tecan Japan, Kawasaki, Japan; RRID:
SCR _019033). Cell viability is represented as the percent of the uninfected control and was

calculated from the mean of samples tested in triplicate.

2.5. Experimental model

Male DBA/2Cr mice (6—8 weeks old) weighing 18-20 g were obtained from Sankyo
Labo Service (Tokyo, Japan; RRID: MGI:2160986), and 20 mice were used in each group. The
following experiments were performed under general anesthesia. A cell suspension of clone M-3

(1 % 10° cells in 0.05 mL PBS) was injected into the hindlimb footpad to establish the clone M-3
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melanoma hindlimb footpad model. In this model, popliteal lymph nodes (LNs) were designated
as tumor-draining LNs (TDLNs), while inguinal LNs were designated as non-tumor-draining LNs
(NTDLNSs) [21-23]. To identify lymphatic flow, indocyanine green was injected intradermally
near the tumor injection site, and the fluorescent contrast of lymphatic vessels was observed using
an infrared observation camera system. This enabled the confirmation of lymphatic flow from the
tumor to the popliteal LNs. At 1 week after tumor injection, the mice were assigned to one of the
following four groups: the control group, the aPD-1 antibody group, the C-REV group, and the
combination (aPD-1 antibody + C-REV) therapy group. Drug administration was performed three
times with a 2-day interval between each session. This included intraperitoneal injection of 10
mg/kg (100 pL per mouse) of anti-mouse PD-1 antibody (clone RMP1-14; Bio X Cell, Lebanon,
NH; Cat# BE0146, RRID: AB_10949053) or an equivalent volume of PBS and intratumoral
inoculation of 1.0 x 107 pfu/100 pL of C-REV or an equivalent volume of PBS. C-REV was
thawed and diluted with PBS to adjust the inoculum volume. Clinical signs and tumor growth
were monitored for up to 4 weeks after tumor injection. Tumor volumes were measured from
photographs, using Image] software (National Institutes of Health, Bethesda, MD; RRID:
SCR_003070); volume (V) was estimated using the following formula: V =L x W2/2, where L is
the tumor length and W is tumor width. The study protocols were approved by the Institutional
Animal Care and Use Committee of the Hokkaido University School of Medicine, and the conduct
of the study was in accordance with the Hokkaido University Guidelines for the Care and Use of

Laboratory Animals.

2.6. RNA isolation and real-time polymerase chain reaction
At 2 and 4 weeks after tumor injection, the lungs, TDLNs, and NTDLNs were harvested
from each group of mice and frozen for storage. Total RNA extraction from the cryopreserved

tissues was performed using QIA Shredder, RNase-Free DNase Set, and RNeasy Fibrous Tissue
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Mini Kit (all from Qiagen, Hilden, Germany). Reverse transcription was performed to generate
cDNA, using a High Capacity RNA-to-cDNA Kit (Applied Biosystems, Foster City, CA). Real-
time quantitative reverse transcription-polymerase chain reaction (PCR) was performed using
Power SYBR Green Master Mix (Applied Biosystems) and the StepOnePlus Real-Time PCR
System (Applied Biosystems; RRID: SCR_015805). Primers for tyrosinase-related protein 1
(Byrp-1), interferon-gamma (Ifn-g), interleukin (/)-2, [I-4, and [I-12, and glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) were purchased from Takara Bio Inc. The primer pair
sequences are listed in Supplementary Table S1. Tyrp-1 gene expression was assessed as a marker
for identifying melanoma cells that had metastasized to LNs or lungs [24]. The gene expressions
of Ifn-g, 1I-2, and I/-12 were evaluated as markers of Type 1 helper T (Th1) cells, while that of //-
4 was assessed as a marker of Type 2 helper T (Th2) cells [25,26]. The AACt method was used to

determine the relative expression of PCR products, and each sample was analyzed in triplicate.

2.7. Histological evaluation of lungs

At 4 weeks after tumor injection, lungs were harvested from each group of mice. To
evaluate macroscopic metastasis, photographs of the lungs were taken. The lungs were then fixed
in 4% paraformaldehyde and embedded in paraffin for hematoxylin and eosin staining as well as
for immunohistochemical analysis. Sections (4 pwm thick) were incubated with a purified rabbit
anti-Melan-A polyclonal antibody (Thermo Fisher Scientific; Cat# PA5-99174, RRID:
AB 2818107) to evaluate microscopic metastasis [27]. Digital images of the slides were captured
using a whole-slide scanner (NanoZoomer Digital Pathology; Hamamatsu Photonics, Hamamatsu,

Japan) and visualized using NDP.view?2 software (Hamamatsu Photonics).

2.8. Flow cytometry and cell sorting

10



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

At 2 weeks after tumor injection, TDLNs, NTDLNSs, and spleens were collected from
6—8 mice in each group. Single cell suspensions were prepared using standard gentle mechanical
disruption followed by filtration through a sterile 75-um nylon mesh. LN cells and splenocytes
were washed and resuspended in PBS containing 0.2% bovine serum albumin. A cell counter was
used to determine the number of lymphocytes. The cells were incubated with the following
fluorescence-conjugated antibodies: CD45R (Cat# 552094, RRID: AB 394335), CD3 (Cat#
553061, RRID: AB 394594), CD4 (Cat# 557308, RRID: AB 396634), CD8 (Cat# 553035,
RRID: AB_398527), CD44 (Cat# 566200, RRID: AB 2739591), and CD62L (Cat# 569210,
RRID: AB 3097816) (all from BD Biosciences, San Jose, CA). Flow cytometry was performed
using FACSAria II1 cell sorter (BD Biosciences; RRID: SCR_016695), and isotype controls were
used with the same conjugates. Sample analysis was performed using FACSAria III Cell Sorter

and FlowJo software (FlowJo, Ashland, OR; RRID: SCR_008520).

2.9. Statistical analysis

The Steel-Dwass test was used to compare tumor volumes, and the Tukey—Kramer post
hoc test was used to compare cell viability, relative mRNA expression, and the number of
lymphocytes and lymphocyte populations. Data were analyzed using JMP software (ver. 16.0.0;

SAS Institute, Cary, NC; RRID: SCR 022199), and the level of significance was set as p < 0.05.

3. Results
3.1. C-REV induced oncolysis in clone M-3 melanoma cell lines in vitro

First, we detected C-REV infection in clone M-3 cells, using anti-HSV-1 antibodies. Vero
cells served as positive controls, and clone M-3 cells without C-REV addition served as negative
controls. Based on the expression of HSV-1 in co-culture with clone M-3 cells and C-REV, the

permissiveness of clone M-3 cells to C-REV infection was demonstrated (Fig. 1A).

11
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Next, a cell survival assay was performed to ascertain the oncolytic effect of C-REV in
clone M-3 cells. Using MOIs ranging from 0.03 to 30, clone M-3 cells were infected with C-REV
and the cell survival rates were measured up to 72 h. No oncolytic effect was observed at 0.03
MOI, although cell viability was found to decrease with increasing MOI. At MOIs of 0.3-30,
tumor lytic activity was minimal at 24 h after infection, but as time progressed, the survival rate
of clone M-3 cells decreased. At 30 MO, clone M-3 cells were completely eliminated at 72 h
after infection. These results indicate that C-REV has an MOI- and time-dependent oncolytic

effect in clone M-3 cells (Fig. 1B).

3.2. Combination therapy with C-REV and aPD-1 antibody significantly suppressed tumor growth

To evaluate the differences in the suppressive effect of each treatment on tumor growth, the
volume of primary tumors in each group was measured over time after tumor injection (n = 10
per group). Tumor volumes at day 16 in the control, aPD-1, C-REV and combination groups were
47.6 £ 6.7 mm?, 18.6 = 5.0 mm® (p = 0.014; vs. control), 8.4 + 1.5 mm?* (p = 0.0003; vs. control),
1.0 £ 0.5 mm?® (p = 0. 0001; vs. control). Compared with the respective monotherapy groups,
tumor volumes were significantly smaller in the combination group (p = 0.0005; vs. aPD-1, p =
0.0009; vs. C-REV; Fig. 2A).

Macroscopic images at day 28 showed that the tumor in the control group had grown to a
substantial size, almost covering the footpad. The aPD-1 group had a clear active mass on the
footpad, although it was smaller than that observed in the control group. The C-REV group
showed a small, localized mass with well-defined borders and clearly suppressed tumor growth.
In the C-REV group, the tumor was so small that its location was difficult to determine, indicating

a marked anti-tumor effect (Fig. 2B).

3.3. C-REV and aPD-1 antibody combination therapy suppressed LN metastasis

12
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To investigate whether C-REV and aPD-1 antibody combination therapy suppresses LN
metastasis, we examined 7yrp-1 mRNA expression in TDLNs by real-time PCR at 4 weeks after
tumor injection (n = 10 per group). Compared with the combination group, 7yrp-1 expression was
2.7-fold higher in the control group (p < 0.0001 vs. combination), 1.9-fold higher in the aPD-1
group (p < 0.0001 vs. combination) and 1.3-fold higher in the C-REV group (p = 0.25 vs.
combination). Compared with the control group, both the aPD-1 group (p = 0.0009 vs. control)
and C-REV group (p < 0.0001 vs. control) had lower Tyrp-1 expression, but the combination
group had the lowest 7yrp-1 expression, indicating greater suppression of LN metastasis (Fig.

3A).

3.4. C-REV and aPD-1 antibody combination therapy suppressed lung metastasis

To investigate whether C-REV and aPD-1 antibody combination therapy suppressed distant
metastasis, the lungs of mice were removed at 2 and 4 weeks after tumor injection, and Tyrp-1
mRNA expression was analyzed using real-time PCR (n = 6 per group). High expression of Tyrp-
1 in the lungs indicates the accumulation of large numbers of melanoma cells and is an indicator
of distant metastasis. At 2 weeks after tumor injection, all groups had similar levels of Tyrp-1
expression, indicating that lung metastasis had not occurred. In contrast, compared with the
control group at week 2, at 4 weeks after tumor injection, the control group showed a 1,548-fold
increase (p < 0.0001 vs. week 2 control), the aPD-1 group a 178-fold increase (p < 0.0001 vs.
week 2 control), the C-REV group a 22-fold increase (p < 0.0001 vs. week 2 control), and the
combination group a 0.9-fold increase (p = 1.0 vs. week 2 control) in 7yrp-1 expression. Thus, in
the control group, Tyrp-1 expression in the lungs was elevated at week 4 after tumor injection,
suggesting that lung metastasis had occurred, but treatment reduced Tyrp-1 expression, with the

combination group showing a level of Tjrp-1 expression comparable to that in the lungs at week

13
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2, indicating that C-REV and aPD-1 antibody combination therapy most effectively suppressed
lung metastasis (Fig. 3B).

Macroscopic images of the lungs captured at week 4 after tumor injection showed visible
metastatic nodules in the control group, reflecting the high expression level of Tyrp-1. Although
no obvious metastatic nodules were observed in the aPD-1 and C-REV groups, increased Tyrp-1
expression suggested that micrometastases were occurring (Supplementary Fig. S1).

Therefore, to evaluate these micrometastases, immunohistochemical staining for Melan-A
was performed on lung tissues collected at week 4 after tumor injection. Microscopic images of
the lungs revealed the presence of clusters of Melan-A—positive cells, which are indicative of
metastasis, in the control and aPD-1 groups. In the C-REV group, a few Melan-A—positive cells
suggestive of micrometastases were found. No clear Melan-A—positive cells were detected in the
combination group (Supplementary Fig. S2). These results were proportional to the expression

levels of Tyrp-1 in each group.

3.5. C-REV and aPD-1 antibody combination therapy further enhanced lymphocytes in TDLNs
through indirect anti-tumor effects

To investigate the effect of C-REV and aPD-1 antibody combination therapy on the function
and morphology of TDLNSs, we excised the popliteal LNs of mice 2 weeks after tumor injection
(n =10 per group). Macroscopic examination revealed that the TDLN in the combination group
exhibited the greatest enlargement, followed by the C-REV group, with a slight but noticeable
increase in size observed in the aPD-1 group compared with the control (Supplementary Fig. S3).

We quantified the number of lymphocytes within the TDLNs. Compared with the control
group, the total lymphocyte count was 3.6-fold higher in the aPD-1 group (p <0.0001 vs. control),
3.4-fold higher in the C-REV group (p < 0.0001 vs. control), and 11.8-fold higher in the

combination group (p < 0.0001 vs. control). In addition, the number of B220" B cells was 6.9-

14
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fold higher in the aPD-1 group (p < 0.0001 vs. control), 9.0-fold higher in the C-REV group (p =
0.0006 vs. control), and 38.9-fold higher in the combination group (p < 0.0001 vs. control)
compared with the control group. Similarly, the number of CD3* T cells was 6.3-fold higher in
the aPD-1 group (p < 0.0001 vs. control), 5.0-fold higher in the C-REV group (p < 0.0001 vs.
control), and 14.9-fold higher in the combination group (p < 0.0001 vs. control) compared with
the control group (Fig. 4A).

Next, we used fluorescence-activated cell sorting (FACS) analysis to examine changes in
the B and T cell populations within the TDLNs, focusing on CD4" (helper) T cells and CD8"
(killer) T cells. The C-REV group showed an increased proportion of B cells, which was further
increased in the combination group compared with the aPD-1 and control groups. Notably, the
analysis of T cell subsets revealed a predominance of helper T cells over cytotoxic T cells in all
groups. Although no discernible difference was observed between the aPD-1 and control groups,
this trend was more pronounced in the C-REV group and was further enhanced in the combination
group, where a higher percentage of helper T cells was observed. We also examined the
distribution of effector/memory and naive T cells. The C-REV group showed a reduction in naive
cytotoxic and helper T cells coupled with an increase in effector/memory subsets, and this effect
was more pronounced in the combination group (Fig. 4B). These results suggest that the diverse
effector/memory populations induced by C-REV are potentiated when combined with aPD-1

antibodies.

3.6. C-REV and aPD-1 antibody combination therapy also exerted indirect anti-tumor effects on
NTDLNs

We examined the NTDLNSs, using the same techniques as the TDLNs in order to
determine whether the changes in lymphocyte function observed in the TDLNs were also present

in the NTDLNSs. At 2 weeks after tumor injection, the inguinal LNs of the mice were excised (n

15
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= 10 per group). The results showed enlarged LNs and increased lymphocyte counts in the
combination group in NTDLNs (Supplementary Fig. S4A and B). In the FACS analysis, the
population of B cells, helper T cells and effector/memory T cells were predominantly increased
(Supplementary Fig. S4C). Overall, the trend of altered lymphocyte distribution in NTDLNs was
similar to that observed in TDLNS, although the magnitude of change was less pronounced in the

NTDLNS.

3.7. C-REV and aPD-1 antibody combination therapy activates Th2-dominant immune response

FACS analysis confirmed that the combination therapy increased the size of the B and
helper T cell populations within the LNs. Helper T cells promote the activation of other antigen-
specific immune cells via differentiation into Thl or Th2 cells. Thl cells activate cellular
immunity by enhancing the response of killer T cells, whereas Th2 cells promote humoral
immunity by activating B cells. Key Th1 cytokines include IFN-y, IL-2, and IL-12, whereas 1L-4
is a key Th2 cytokine. To evaluate the Th1/Th2 balance in LNs and examine how the shift in
lymphocyte populations affects adaptive immunity, we analyzed the gene expression of Ifi-g, II-
2,1l-4, and 1I-12 in TDLNSs, using real-time PCR (n = 5 per group).

Ifn-g expression was 3.2-fold higher in the aPD-1 group (p = 0.099, vs. control), 2.2-
fold higher in the C-REV group (p = 0.51, vs. control), and 2.5-fold higher in the combination
group (p = 0.37, vs. control). //-2 expression did not show any significant changes in any group.
11-4 expression was 1.6-fold higher in the aPD-1 group (p = 0.22, vs. control), 1.1-fold higher in
the C-REV group (p =0.96, vs. control), and 3.7-fold higher in the combination group (» <0.0001,
vs. control). //-12 expression was 1.2-fold higher in the aPD-1 group (p = 0.42, vs. control), 0.7-
fold lower in the C-REV group (p = 0.34, vs. control), and 0.6-fold lower in the combination
group (p = 0.13, vs. control). Compared with the C-REV group, the combination group showed

similar expression levels of the Th1 cytokines Ifn-g, 11-2, and II-12, whereas the expression of the
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Th2 cytokine 11-4, which is involved in the adaptive immune response, was significantly elevated
(Supplementary Fig. S5). The combination therapy is suggested to induce a Th2-dominant

immune response and enhance adaptive immunity by strengthening humoral immunity.

3.8. C-REV and aPD-1 antibody combination therapy resulted in immunostimulation of the
lymphocyte population in the spleen

To assess the impact of C-REV and aPD-1 antibody combination therapy on lymphoid
tissues beyond the LNs, we removed the spleens of mice at 2 weeks after tumor injection and
performed FACS analysis (n = 6 per group). Although no significant change in the percentage of
the B cell population was observed, a decrease in the percentage of the T cell population was
noted in the combination group, possibly due to relative enhancement of the B cell population.
Analysis of T cell subsets showed a similar increase in the percentage of helper T cells in the
combination group, mirroring the findings in the LNs. In addition, C-REV and aPD-1 antibody
combination therapy demonstrated an increase in effector/memory T cells and a reduction in naive

T cells in the spleen, consistent with observations in the LNs (Fig. 5).

4. Discussion

In recent years, drug therapy for melanoma has advanced considerably due to the
development of immune checkpoint inhibitors (ICIs) and molecular targeted therapies [28]. With
the expansion of indications for postoperative adjuvant therapy, the importance of drug therapy
in the treatment of melanoma is expected to increase even further in the future [29]. ICIs are used
in drug therapy for adjuvant or unresectable advanced melanoma [28,30]. Presently, ICIs for the
treatment of melanoma include the aPD-1 antibodies nivolumab and pembrolizumab and the anti-
cytotoxic T lymphocyte-associated antigen 4 antibody ipilimumab [31-33]. In addition, the anti-

lymphocyte activation gene 3 antibody relatlimab, although not approved in Japan, is being used
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in combination with nivolumab as a novel ICI [34,35]. These agents are used either as
monotherapy or in combination therapy [3], but some ICIs have been found to be ineffective or
to develop resistance over time [36]. Optimal combination therapy using various anti-tumor
agents is being actively pursued [31,35]. The response rate for nivolumab + ipilimumab
combination therapy was 58% according to a study conducted in Western countries [30]. In
contrast, the response rate was only 24% in a study conducted in Japan [33]. Moreover, adverse
effects are a concern with the combination therapy [31,32]. Grade 3 or higher serious treatment-
related adverse effects were observed in 55% of patients treated with nivolumab + ipilimumab
combination therapy, leading to treatment discontinuation in around one-third of patients [36].
Thus, the current status of ICIs poses a significant dilemma in terms of increased response rates
with the combination therapy as well as increased adverse events. This underscores a major
challenge that needs to be addressed.

Against this background, OVs, which are believed to have anti-tumor effects without
causing serious adverse effects, are being investigated as a new drug therapy option [37]. OVs,
by virtue of their immunostimulatory effects, have the potential to increase response rates
combined with ICIs and may represent a novel therapeutic approach to address this challenge. In
particular, the combination of OV and aPD-1 antibody is thought to be more effective in
eliminating tumors by simultaneously causing the induction of T cells by OVs and the release of
anti-tumor immune suppression of PD-1 by aPD-1 antibodies [38,39]. Although T-VEC and aPD-
1 antibody combination therapy did not demonstrate significant differences in unresectable
advanced melanoma patients, the use of OVs at a stage when metastasis has not yet occurred may
prevent tumor metastasis by activating systemic immunity. For melanoma that is clinically
amenable to surgical treatment, the combination of OV and aPD-1 antibody as a neoadjuvant
therapy may suppress postoperative metastasis and recurrence. Our results may provide evidence

to support this hypothesis.
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Our group previously created a mouse hindlimb footpad melanoma model in which the
popliteal LN was designated as the TDLN [21,22]. This mouse model is characterized by defined
lymphatic drainage, making it advantageous for experiments involving lymphedema and LN
manipulation [23]. In our previous study, we demonstrated that this model enables the evaluation
of tumor-specific changes in TDLNSs due to direct metastatic burden [22]. In the present study, we
used this model under the assumption that stage IIB-III melanoma that is resectable and amenable
to neoadjuvant therapy. TDLNs, which are almost synonymous with sentinel LN, are considered
critical lymphoid tissues essential for preventing tumor metastasis and anti-tumor immunity
[39,40]. It is generally believed that naive T cells are activated in the highly specialized
microenvironment of secondary lymphoid tissues, including the LNs and spleen, which means
that TDLNSs are a central site where tumor antigens are encountered by the immune system [41,42].
Priming of naive T cells with tumor antigens leads to differentiation into effector T cells, thereby
inducing T cell responses [43,44].

Our findings suggest that C-REV and aPD-1 antibody combination therapy significantly
suppresses primary tumor growth, LN metastasis, and lung metastasis compared with C-REV or
aPD-1 antibody alone. These results suggest the potential synergistic immunostimulatory effects
of C-REV and aPD-1 antibodies. PD-1 blockade restores the function of tumor-infiltrating T cells
and induces efficient anti-tumor responses. Thus, the efficacy of aPD-1 antibodies depends on the
presence of T cells within the tumor [38,39]. OV and aPD-1 antibody combination therapy has
been suggested to synergistically enhance anti-tumor effects by remodeling the tumor
microenvironment [45]. There are reports that the combination of HSV-1 and aPD-1 antibody
enhances helper and killer T cells, which are targets of aPD-1 antibodies, and also enhances anti-
tumor immunity [4,20]. Previous studies have focused mainly on changes in the immune system
within the tumor [46], but to evaluate systemic anti-tumor immunity it is necessary to analyze not

only the tumor microenvironment but also the functional changes in lymphocytes within
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lymphoid tissues. However, few studies have investigated the functional changes in lymphoid
tissues induced by OVs [39,40]. Therefore, in this study, we analyzed the immunological changes
in secondary lymphoid tissues induced by the C-REV and aPD-1 antibody combination therapy.
In TDLNSs, the C-REV and aPD-1 antibody combination therapy significantly increased the
lymphocyte content, a change that was reflected in the size of the LNs themselves. This LN
enlargement was attributed to LN activation rather than tumor metastasis, as evidenced by the
lack of increased Ty7rp-1 mRNA expression. FACS analysis revealed that C-REV induced changes
in lymphocyte populations such as helper T cells and killer T cells, and these changes were more
pronounced with the combination therapy, which may synergistically promote the differentiation
of naive T cells into effector/memory T cells, thereby enhancing anti-tumor immunity [44,47].
The reason that the percentage of helper T cells was greater than that of killer T cells is thought
to be because helper T cells, which are adaptive immunity, were enhanced more strongly in the
LNs as a result of indirect anti-tumor effects. Similarly, the reason that the percentage of B cells
was greater than that of T cells can be attributed to the activation of B cells, which activate
humoral immunity, the core of adaptive immunity, thereby stimulating systemic immunity. In
addition, the C-REV and aPD-1 antibody combination therapy induced changes in the lymphocyte
population in NTDLNs with a trend similar to that observed in TDLNs, suggesting that indirect
anti-tumor effects were exerted even in LNs not receiving direct flow from the tumor.
Furthermore, to investigate the role of adaptive immune cell populations in these shifts, we
analyzed the Th1/Th2 balance in the TDLNS, using real-time PCR. In the combination group, we
observed a significant increase in the expression of the Th2 cytokine //-4 and a decrease in the
expression of the Thl cytokine //-712, suggesting that a Th2-dominant adaptive immune response
was activated. However, in the monotherapy groups, //-4 expression was not as elevated as in the
combination group, suggesting that the Th1-type immune response plays a relatively stronger role.

In TDLNSs, which receive lymphatic flow directly from the tumor, it is possible that infiltrating
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tumor antigens stimulate cellular immunity [48,49]. Thus, the combination therapy may induce a
systemic Th2-type adaptive immune response and activate humoral immunity, potentially
contributing to sustained anti-tumor immune responses and the formation of immune memory
[50].

The spleen is a secondary lymphoid tissue that has the ability to generate antigen-specific
immune responses and protect the body from circulating antigens in the environment [51]. We
observed that the C-REV and aPD-1 antibody combination therapy expanded the population of
effector/memory T cells in the spleen. These findings suggest that lymphocytes stimulated by
antigen—antibody reactions in the primary tumor or LNs were transported throughout the body
via lymphocyte homing, exerting indirect anti-tumor effects in the spleen, thereby activating
systemic immunity [22].

In future studies, it will be important to ascertain how long the enhanced systemic anti-
tumor effects induced by the C-REV and aPD-1 antibody combination therapy persist. Although
aspects of combination therapy have been partially challenged in large-scale studies, future
research may yield different results, particularly in cases where both direct and indirect anti-tumor
effects are involved.

It is worth nothing that no macroscopic visceral disease was observed in the treated mice
during the observation period. However, conducting longer-term studies in the future would
enable the evaluation of the late-stage effects of the tumor on systemic organs.

Additionally, aPD-1 antibody therapy has been shown to have broad applicability in
previous studies, and its efficacy and side effects have been well-documented in a large number
of clinical trials [35,52]. However, the efficacy of other ICIs is also worth investigating. While
the combination of T-VEC and pembrolizumab did not confer significant benefits in the phase 11
clinical trial, a phase II trial investigating the combination of T-VEC and anti-cytotoxic T

lymphocyte antigen (CTLA)-4 antibody ipilimumab demonstrated significantly improved
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objective response rates and durable responses compared to ipilimumab alone [53]. Although the
lower proportion of stage [VM1c patients in the phase Il trial may have influenced these results,
different ICIs may enhance anti-tumor immune responses through different mechanisms of action.
Indirect anti-tumor effects of C-REV may be further enhanced by combination with anti-CTLA-
4 antibodies. In contrast, to reverse primary resistance to aPD-1 antibodies, the combination of
aPD-1 and anti-CTLA-4 antibodies is considered to be more effective than anti-CTLA-4 antibody
alone [54]. Therefore, comparing the effects of C-REV in combination with aPD-1 and/or anti-
CTLA-4 antibodies would be a valuable direction for future research. Such research could help
elucidate which ICIs optimally synergize with OV therapy, potentially leading to more effective
therapeutic strategies for melanoma.

In conclusion, the C-REV and aPD-1 antibody combination therapy suppressed tumor
progression in a murine melanoma model. The combination therapy stimulated systemic
immunity in lymphoid tissues by activating helper T cells and B cells to enhance adaptive and
humoral immunity, as well as by increasing effector/memory T cell fractions. Synergistically
enhanced systemic anti-tumor effects suppressed LN and lung metastases. Our results may
provide evidence to support the usefulness of OV and aPD-1 antibody combination therapy as a
neoadjuvant therapy in the surgical treatment of melanoma. Further validation is required to

establish the efficacy and preventive effect of this combination therapy.
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Figure Legends

Figure 1. Sensitivity of clone M-3 melanoma cells to C-REV and cytotoxicity of C-REV in vitro.
(A) Fluorescence immunostaining with rabbit anti-HSV-1 polyclonal antibody. Vero cells were
used as a positive control. C-REV was added to the medium at 1 multiplicity of infection;
incubation for 24 h, and the cells were analyzed by confocal laser scanning microscopy. The
representative panel shows immunofluorescence images for anti-HSV-1 antibody and DAPI-
stained nuclei. Magnification of images, 40x objective lens. Scale bars: 50 um. (B) Cell viability
assay by co-culture of clone M-3 and C-REV. Cell viability is represented as the percent of the
uninfected control and was calculated from the mean of samples tested in triplicate. C-REV,

canerpaturev; HSV-1, herpes simplex virus-1; MOI, multiplicity of infection.

Figure 2. Differences in primary tumor growth with administered drugs. Drug administration was
performed three times with a 2-day interval between each session, starting 1 week after tumor
injection. (A) Graph of tumor volume versus time. (B) Representative macroscopic images of the
primary tumor at week 4. Data are shown as the mean + standard error. *p < 0.05, **p < 0.01,
**%p <0.001 and ****p <0.0001 (Steel-Dwass tests, n =10 per group). aPD-1, anti-programmed

cell death protein 1; C-REV, canerpaturev.

Figure 3. Differences in tumor metastasis with treatment. Drug administration was performed
three times with a 2-day interval between each session, starting 1 week after tumor injection.
Popliteal lymph nodes were collected at 4 weeks, and lungs at 2 and 4 weeks. Tyrp-1 gene
expression was evaluated as a representative marker for the identification of melanoma cells that
had metastasized to lymph nodes or lungs. (A) Tyrp-1 mRNA expression graph of tumor-draining
lymph nodes (popliteal lymph nodes) at 4 weeks after tumor injection (n = 10 per group). (B)

Tyrp-1 mRNA expression graph of lungs at 2 and 4 weeks after tumor injection (z = 6 per group).
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Data are shown as the mean + standard error. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001 (Tukey—Kramer post hoc tests). aPD-1, anti-programmed cell death protein 1; C-REV,

canerpaturev; TDLNS, tumor-draining lymph nodes; Tyrp-1, tyrosinase-related protein 1.

Figure 4. Evaluation of the effect of each treatment on the function and morphology of tumor-
draining lymph nodes (popliteal lymph nodes) at 2 weeks after tumor injection. (A) Lymphocyte
content of lymph nodes in each group. (B) Fluorescence-activated cell sorting analysis revealed
the proportion of B220MCD3" B-cells and B220°CD3" T-cells (first line), CD8"CD4" killer T-
cells and CD8°CD4" helper T-cells (second line), CD44°CD62L" naive T-cells and
CD44MCD62 effector/memory CD4" helper T-cells (third line), and CD44°CD62L" and
CD44°CD62L  naive T-cells and CD44MCD62" effector/memory CD8” killer T-cells (fourth line).
Data are shown as the mean + standard error. In the box-and-whisker plots, the boxes represent
the medians with upper and lower quartiles and the whiskers represent the maximum and
minimum values. *p < 0.05 and **p < 0.01 (Tukey—Kramer post hoc tests, n = 10 per group).

aPD-1, anti-programmed cell death protein 1; C-REV, canerpaturev.

Figure 5. Results of fluorescence-activated cell sorting analysis of lymphocytes in spleens,
revealing the proportion of B220"CD3'"° B-cells and B220"°CD3" T-cells (first line), CD8MCD4
killer T-cells and CD8°CD4" helper T-cells (second line), CD44"°CD62L" naive T-cells and
CD44MCD62 effector/memory CD4" helper T-cells (third line), and CD44°CD62L" and
CD44"°CD62L" naive T-cells and CD44MCD62 effector/memory CD8 killer T-cells (fourth line).
Data are shown as the mean =+ standard error. In the box-and-whisker plots, the boxes represent
the medians with upper and lower quartiles and the whiskers represent the maximum and
minimum values. *p <0.05 and **p <0.01 (Tukey—Kramer post hoc tests, n = 6 per group). aPD-

1, anti-programmed cell death protein 1; C-REV, canerpaturev.
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