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Oncolytic virus therapy can increase the immunogenicity of
tumors and remodel the immunosuppressive tumormicroenvi-
ronment, leading to an increased antitumor response to im-
mune-checkpoint inhibitors. Here, we investigated the thera-
peutic potential of G47D, a third-generation oncolytic herpes
simplex virus type 1, in combination with immune-checkpoint
inhibitors using various syngeneic murine subcutaneous tumor
models. Intratumoral inoculations with G47D and systemic
anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
antibody administration caused an enhanced antitumor activ-
ity when combined and worked synergistically. Conversely, the
efficacy of G47D in combination with anti-programmed cell
death protein-1 (PD-1) antibody was equivalent to that of the
anti-PD-1 antibody alone in all murine models examined.
The combination of intratumoral G47D and systemic anti-
CTLA-4 antibody was shown to recruit effector T cells into
the tumor efficiently while decreasing regulatory T cells.
Furthermore, a wide range of gene signatures related to inflam-
mation, lymphoid lineage, and T cell activation was highly up-
regulated with the combination therapy, suggesting the conver-
sion of immune-insusceptible tumors to immune susceptible.
The therapeutic effect proved tumor specific and long lasting.
Immune cell subset depletion studies demonstrated that
CD4+ T cells were required for synergistic curative activity.
The results depict the dynamics of immune modulation of
the tumor microenvironment and provide a clinical rationale
for using G47D with immune checkpoint inhibitors.

INTRODUCTION
The advent of cancer immunotherapy has caused a paradigm shift in
the treatment of malignancies. Therapies using immune-checkpoint
inhibitors (ICIs) targeting cytotoxic T-lymphocyte-associated protein
4 (CTLA-4), programmed cell death protein-1 (PD-1), or pro-
grammed cell death ligand 1 (PD-L1) have proved to be efficacious
for various cancers.1,2 However, abundant evidence has also revealed
that durable objective responses to ICIs are limited to a fraction of pa-
tients.3,4 Further novel therapies are needed that can facilitate the
priming of the immune system with a tumor neoantigen, lead effector
T cell trafficking, and reverse the immunosuppressive tumor micro-
environment (TME).5,6
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Oncolytic viruses can selectively kill cancer cells, leading to bolstering
of neoantigen-specific cytotoxic T cell responses.7,8 Further, oncolytic
viruses potentially change immunogenically “cold” tumors to “hot”
tumors, resulting in immune-mediated tumor eradication.9 Because
of such capability to induce specific antitumor immunity, it appears
logical to combine oncolytic viruses with ICIs for treating cancers.
In fact, previous preclinical studies have revealed the therapeutic po-
tential of various oncolytic viruses in combination with ICIs including
CTLA-4 inhibition9–12 and PD-1 inhibition.13,14 In addition, recent
clinical trials have demonstrated promising results of the combina-
tion strategy.15,16

G47D is a triple-mutated, third-generation oncolytic herpes simplex vi-
rus type 1 (HSV-1) thatwas developed by adding anothermutation, i.e.,
the deletion of the a47 gene, to the genome of a second-generation on-
colyticHSV-1,G207.17 Because thea47 geneproduct inhibits the trans-
porter associated with antigen presentation, the gene deletion prevents
the downregulation of major histocompatibility complex (MHC) class
I, which normally occurs in human cells after infection with HSV-1.18

Human melanoma cells infected with G47D were better at stimulating
their matched tumor-infiltrating lymphocytes than those infected with
G207.17 The enhanced immune-stimulation capability of G47D is
therefore especially suited for combining with ICIs. The a47 deletion
also places the late US11 gene under control of the immediate-early
a47 promoter, resulting in enhanced viral replication capability in tu-
mor cells.17 In preclinical studies, G47D exhibited robust antitumor
efficacywhile retaining excellent safety features.19–21Notably, the inves-
tigator-initiated phase II clinical trial (UMIN-Clinical Trials Registry
[CTR]: UMIN000015995) in patients with glioblastoma has recently
been completed with good results (unpublished data), and G47D
received a governmental approval as a new drug in Japan. G47D has
also been used in clinical trials for prostate cancer (UMIN-CTR:
UMIN000010463), olfactory neuroblastoma (JapanRegistry of Clinical
apy: Oncolytics Vol. 22 September 2021 ª 2021 The Author(s). 129
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. In vitro and in vivo effects of G47D in murine carcinomas

(A) Cytopathic effects of G47D in vitro. Murine cancer cells were infected with

G47D (AKR, HNM007, MOI of 0.1 [C] or 1 [B]; SCCVII, MOI of 0.01 [:] or 0.1

[C]) or mock. Cell viability was expressed as a percentage of the mock-infected

controls. G47D exhibited a good cytopathic effect in AKR and HNM007 cell lines

at an MOI of 1.0 and in SCCVII at an MOI of 0.1. Data are presented as the

mean of triplicates ± SD. (B) Virus yields of G47D in vitro. Murine cancer cells

were infected with G47D at an MOI of 0.1, and recovered virus yields were

determined at 24 and 48 h after infection. All murine cancer cell lines tested

supported the replication of G47D to a certain extent. The results are presented

as the mean of triplicates ± SD. (C) Four syngeneic murine subcutaneous tumor

models (AKR [upper left], HNM007 [upper right], SCCVII [lower left], and B16-

F10 [lower right]) were used. Established tumors, 5–6 mm in diameter, were

inoculated with G47D (2 � 105 for SCCVII and 5 � 106 PFUs for others) or mock

on days 0 and 3. The G47D treatment significantly inhibited the growth of

subcutaneous tumors compared with the mock treatment in all models. The

results are presented as the mean ± SEM (n = 7). One-way ANOVA followed

by Dunnett’s test was used to determine statistical significance (*p < 0.05;

**p < 0.01; ***p < 0.001).
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Trials: jRCTs033180325), and malignant pleural mesothelioma (Japan
Registry of Clinical Trials: jRCTs033180326).

Here, we investigate the efficacy of G47D in combination with ICIs
using various syngeneic murine tumor models and further elucidate
the immunological mechanisms of the synergistic activities.
RESULTS
Cytopathic effect and replication capability of G47D in murine

cancer cells

Prior to investigating immunocompetent tumormodels, we evaluated
the cytopathic effects and replication capabilities of G47D in three
murine cancer cell lines in vitro. In C57BL/6-derived murine esoph-
ageal carcinoma cell lines, AKR and HNM007, G47D at a multiplicity
of infection (MOI) of 1.0 showed >70% cell destruction within 4 days
after infection (Figure 1A). Both cell lines supported G47D replication
at 24 h after infection at anMOI of 0.1, but the yields of progeny virus
did not increase by 48 h (Figure 1B), possibly due to a low HSV-1 sus-
ceptibility of the mouse strain C57BL/6.22 The C3H-derived murine
squamous cell carcinoma (SCC) cell line SCCVII was more suscepti-
ble to G47D than AKR andHNM007 and rapidly killed by G47D even
at an MOI of 0.01 (Figure 1A). Higher virus yields were recovered
from SCCVII cells compared with AKR or HNM007 cells (Figure 1B).
Efficacy ofG47D alone in syngeneicmurine subcutaneous tumor

models

The in vivo efficacy of G47D was studied in four syngeneic murine
subcutaneous tumor models: AKR, HNM007, SCCVII, and C57BL/
6-derived melanoma B16-F10. In all models, intratumoral injections
with G47D significantly inhibited the growth of subcutaneous tumors
compared with the mock treatment (AKR, p < 0.05 on day 21;
HNM007, p < 0.01 on day 19; SCCVII, p < 0.01 on day 23; B16-
F10, p < 0.01 on day 14; Figure 1C).
Efficacy of G47D in combination with ICIs

We examined whether the efficacy of G47D can be augmented when
combined with systemic CTLA-4 or PD-1 inhibition. C57BL/6 mice
harboring subcutaneous AKR tumors were treated with intratumoral
injections with G47D (5� 106 plaque-forming units [PFUs]) or mock
in combination with intraperitoneal injections with the anti-CTLA-4
antibody (25 mg; Figure 2A), anti-PD-1 antibody (100 mg; Figure 2E),
or isotype controls. G47D alone and CTLA-4 inhibition alone both
caused significant delay in tumor growth compared with control
(G47D versus control, p < 0.05; aCTLA-4 versus control, p < 0.01;
Figure 2B). The combination therapy markedly inhibited the tumor
growth compared with each monotherapy (versus G47D, p < 0.001;
versus aCTLA-4, p < 0.01; Figure 2B), causing a cure in 5/8 animals
(Figure 2C) and a significant prolongation of survival (p < 0.001
versus control; G47D, p < 0.01 versus aCTLA-4; Figure 2D). In this
subcutaneous AKR tumor model, G47D and CTLA-4 inhibition
worked synergistically, with a combination index (CI) of 0.67 on
day 8 and 0.31 on day 12 (Table S2). However, in the same model,
the efficacy of the combination of G47D and the anti-PD-1 antibody



Figure 2. Efficacy of G47D in combination with CTLA-

4 or PD-1 inhibition in a murine subcutaneous AKR

tumor model

(A�D) Effects of G47D or CTLA-4 inhibition, either alone or

in combination, on tumor growth in the murine subcu-

taneous AKR tumor model. (A) Experimental design.

C57BL/6 mice harboring unilateral subcutaneous AKR tu-

mors were given intratumoral injections with G47D (5� 106

PFUs on days 0 and 3) or mock in combination with intra-

peritoneal injections with the anti-CTLA-4 antibody (25 mg

on days 0, 3, and 6) as indicated. (B) Delayed tumor growth

was observed with either G47D (p < 0.05) or CTLA-4 inhi-

bition (p < 0.01) alone, but the combination treatment was

associated with a significant decrease in tumor growth

compared with each monotherapy (versus G47D, p <

0.001; versus aCTLA-4, p < 0.01). The results are pre-

sented as the mean ± SEM (n = 8 per group). (C) Individual

tumor growth curves of AKR tumors. The combination

therapy achieved a cure in 5/8 animals. (D) Kaplan-Meier

survival curves. The combination therapy resulted in

significantly prolonged survival (p < 0.001 versus control;

G47D, p < 0.01 versus aCTLA-4). (E�H) Efficacies of G47D

and PD-1 inhibition, either alone or in combination, in the

murine subcutaneous AKR tumor model. (E) Experimental

design. C57BL/6 mice harboring subcutaneous AKR tu-

mors were treated with G47D (5 � 106 PFUs) or mock

together with intraperitoneal injections with the anti-PD-1

antibody (100 mg) as indicated. (F) Tumor growth was

significantly inhibited by the anti-PD-1 antibody alone

(versus control, p < 0.001). The efficacy of G47D combined

with systemic PD-1 inhibition was equivalent to that of PD-1

inhibition alone. The results are presented as the mean ±

SEM (n = 7 per group). (G) Individual tumor growth curves.

The combination therapy did not yield a cure. (H) Kaplan-

Meier survival curves. One-way ANOVA followed by Dun-

nett’s test was used for the comparisons of tumor growth.

For survival analysis, the log-rank test followed by Holm’s

sequential Bonferroni corrections was used to determine

statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001;

ns, not significant).

www.moleculartherapy.org
did not significantly differ from that of the anti-PD-1 antibody alone
(Figures 2E�2H).

Similar synergistic antitumor effects of G47D and CTLA-4 inhibition
were observed in C57BL/6 mice harboring subcutaneous B16-F10 tu-
mors andC3Hmicebearing subcutaneous SCCVII tumors (Figure S2).
Molecular Th
Again, G47D in combination with PD-1 inhibi-
tion did not show a significant efficacy in the sub-
cutaneous B16-F10 tumor model.

The combination therapy recruited effector

T cells and reversed immunosuppressive

TME

To study the types of immune cells within the tu-
mor responding to the G47D and anti-CTLA-4
combination, AKR-harboring mice were treated
as described in Figure 2A, tumors were harvested 7 days after the
initial treatment, and the tumor-infiltrating lymphocytes analyzed.
The combination therapy led to recruitment of more tumor-infil-
trating CD3 cells than each monotherapy (p < 0.01 versus control;
aCTLA-4, p < 0.05 versus G47D; Figure 3A), especially CD4+

T cells (p < 0.01 versus the other three groups; Figure 3B). G47D alone
erapy: Oncolytics Vol. 22 September 2021 131
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caused a significant increase in CD8+ T cells (versus control, p < 0.05),
which, however, was not augmented by the combination with anti-
CTLA-4 (Figure 3C). The total number of CD4+FoxP3+ regulatory
T cells (Tregs) was significantly reduced by both G47D and CTLA-
4 inhibition monotherapies (both p < 0.01 versus control; Figure 3D).
Notably, the combination therapy markedly decreased the ratio of
Tregs to the total CD4+ T cell population (p < 0.001 versus each
group; Figure 3E) and significantly increased the CD8+ to Tregs ratio
(p < 0.01 versus each group; Figure 3F). G47D and anti-CTLA-4 com-
bination therapy significantly increased the proportion of CD3 cells
and CD4+ T cells in the treated tumors compared with each mono-
therapy (p < 0.01 versus each group; Figure 3G). The combination
therapy also significantly increased the proportion of CD8+ T cells
compared with CTLA-4 inhibition alone (p < 0.01) but not with
G47D monotherapy (p = 0.06). The combination therapy decreased
the proportion of Tregs compared with control and G47Dmonother-
apy but not with CTLA-4 inhibition alone (p = 0.2 versus anti-CTLA-
4; Figure 3G). Overall, the combination therapy attracted more
effecter T cells into the tumor and modified the immunosuppressive
TME.

Intratumoral immune-related gene-expression changes induced

by the combination therapy

Next, we analyzed the changes in expression of 44 immune-related
genes related to inflammation, lymphocytes, activation markers,
exhaustion signatures, and apoptosis. AKR-bearing mice were treated
with G47D and CTLA-4 inhibition as described in Figure 2A, tumor
tissues were harvested at 3 (early phase) and 7 (late phase) days after
the initial treatments, and intratumoral mRNA expressions measured
using quantitative PCR (qPCR). A number of genes related to inflam-
mation and activation markers were upregulated by the combination
therapy, but overall expression changes were modest on day 3 (Fig-
ure S3). On day 7, however, mice receiving the combination treatment
showed marked changes in many of the immune-related gene expres-
sions (Figure 4). Compared with G47D and CTLA-4 inhibition
monotherapies (Figures 4A and 4B), most of the significant mRNA
expression increases were detectable in the tumors subjected to the
combination treatment (Figure 4C). In particular, the combination
therapy greatly increased the gene expressions of PD-1, PD-L1,
CTLA-4, Prf1, Gzmb, and Ifng/cxcr3 in subcutaneous AKR tumors
(Figure 4C).

Figure 5 shows the expressions of 12 representative genes in an early
phase (day 3) and a late phase (day 7) of the combination treatment
of subcutaneous AKR tumors. Genes related to inflammation (Ccl5,
Il1a, and Il1b) were upregulated by the combination therapy on day 3
(p< 0.05 versus control; Figures 5A�5C, top), whichwas pronouncedly
Figure 3. Tumor-infiltrating lymphocytes in subcutaneous AKR tumors treated

C57BL/6 mice harboring subcutaneous AKR tumors were treated according to the sc

cytometry 7 days after the initial treatments. Comparisons of absolute numbers of (A) C

tumor tissue. (E) The percentage of Tregs, gated on CD4+ T cells. (F) The ratio of CD8+ T

cells. Results are representative of two independent experiments with 7 animals per gro

used to determine statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001; ns, not s
augmented on day 7 (p < 0.001 versus control and monotherapies; Fig-
ures 5A�5C, bottom). The lymphoid lineage genes (Cd4 and Cd8a)
were commonly upregulated by the combination therapy on day 7
compared with other treatment groups (Cd4, p < 0.01; Cd8a, p <
0.05; Figures 5D and 5E). The increase in Foxp3 expression by the com-
bination therapy was minimum on day 7 (Figure 5F), suggesting that
the marked increase of Cd4 expression reflects the increase of effector
CD4 (CD4+Foxp3�) rather than regulatory CD4 (CD4+Foxp3+) cells.

In contrast to a slight decrease of Cxcl10 (T helper cell type 1 [Th1]-
related chemokine) expression (Figure 5G), a significant increase in
Cxcr3 (the receptor of Th1-related chemokine) and Il2 (Th2-related
cytokine) expressions was detected by the combination therapy on
day 7 (Figures 5H and 5I). The expressions of the genes associated
with T cell exhaustion (Cd274) and activation (Gzmb and Prf1) both
increased by the combination therapy on day 7 (Figures 5J-5L). These
results indicate that combination therapy significantly affected the
expressions of genes related to T cell responses in the late phase.

The combination therapy elicits a specific and durable antitumor

immune response

To investigate whether the combination therapy augments specific
antitumor responses, splenocytes harvested from each treatment
group were cultured together with AKR or Hepa1-6 (murine hepa-
toma derived from C57BL/6 mice) cells for 48 h, and the number
of interferon (IFN)-g spots was counted. The number of IFN-g spots
in response to AKR cells was significantly higher in the combination
group than in other treatment groups (p < 0.001; Figures 6A and 6B).
Notably, the significant increase in IFN-g-secreting cells induced by
the combination therapy was shown specific to AKR cells when
compared with control Hepa1-6 cells (Figure 6C).

To examine the long-term persistence of antitumor memory, mice
cured of subcutaneous AKR tumors by the combination therapy
(n = 5) were reimplanted with AKR cells. Age-matched, naive
C57BL/6 mice received the same tumor challenge, i.e., AKR cell
dose, as controls. Whereas age-matched naive mice showed 100%
engraftment of subcutaneous AKR tumors, all cured mice completely
rejected the rechallenge with AKR cells, demonstrating the induction
of an adaptive antitumor immune memory by the combination ther-
apy (Figures 6D and 6E).

CD4+T cells are required for the enhanced efficacy of the

combination therapy

To determine which immune cell components are required for the
synergistic therapeutic effect of the combination therapy, the treat-
ments were repeated in mice harboring subcutaneous AKR tumors
with the combination of G47D and CTLA-4 inhibition

hedule shown in Figure 2A. Tumor-infiltrating immune cells were analyzed by flow

D3 cells, (B) CD4+ T cells, (C) CD8+ T cells, and (D) Tregs (CD4+Foxp3+) per gram of

cells to Tregs. (G) The percentage of CD3, CD8+, CD4+, and Tregs gated on CD45

up, and bars represent the SEM. One-way ANOVA followed by Dunnett’s test was

ignificant).
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under a depletion of CD4+, CD8+, or natural killer (NK) cells. The
experimental schedules are shown in Figure S4. Adequate cell deple-
tion of each cell subset was confirmed using flow cytometry of sple-
nocytes (Figure S4).

A CD8+ T cell depletion decreased but did not abolish the enhanced
efficacy of the combination therapy (0/7 cures; Figures 7A and 7B). In
contrast, the efficacy of the combination therapy was completely
abrogated by a depletion of CD4+ T cells (Figures 7C and 7D). The
synergistic therapeutic effect and the survival benefit by the combina-
tion therapy were retained under a depletion of NK cells (1/7 cure;
Figures 7E and 7F).

DISCUSSION
G47D is a novel therapeutic reagent that exhibits an enhanced repli-
cation capability in cancer cells with excellent safety features,17,19 a
strong induction of specific antitumor immunity, and modifications
of the immunosuppressive TME.10,21,23 The present study revealed
the synergistic antitumor efficacy of G47D and CTLA-4 inhibition
and the background immune modulation in the TME in murine tu-
mor models. When combined, G47D and CTLA-4 inhibition caused
increased effector CD4+ and CD8+ T cell infiltration into tumors and
decreased the intratumoral Treg proportion.24,25 An increase in the
CD8-to-Tregs ratio is known to associate with survival outcomes in
patients with various malignancies.26,27

In an early phase (day 3) of the treatment, in the TME, genes related
to inflammation (STAT3, CCl3, and CCl5) and macrophages (Cd68),
were significantly upregulated in the G47D-treated group and further
enhanced by the combination with CTLA-4 inhibition, presumably
reflecting the host immune response to viral infection.21,28 Initial
antivirus immune responses have been reported to potentiate the ef-
ficacy of oncolytic virus therapy.10,29 In a late phase (day 7), the com-
bination therapy significantly increased the expression of CXCR3, a
Th1-related chemokine receptor, which is a key mediator for orches-
trating mature T cell infiltration into tumors in cooperation with
CCL5.30 Also, a marked increase in expressions of activation marker
genes (Gzmb, Prf1, Icos) and at the same time, an upregulation of
inhibitory-immune checkpoints (Cd274, Pdcd1, Ctla-4) were
observed. A similar finding was reported with a vaccinia virus.24

The augmentation of the efficacy by combining G47D with CTLA-4
inhibition was completely abrogated by a depletion of CD4+ T cells,
Figure 4. Intratumoral immune-related gene-expression changes in subcutane

Gene expression analyses from AKR tumors, focusing on selected mRNAs related to infl

C57BL/6 mice harboring subcutaneous AKR tumors were treated with intratumoral inoc

antibody (25 mg). The tumor tissues were harvested 7 days after the initial treatments, tot

was performed using qPCR analysis. The details of the gene symbols are presented in Ta

over control, (B) with CTLA-4 inhibition over control, (C) with the combination therapy ove

mean fold change + SEM (n = 6). The yellow bars represent mRNAs that were significantly

blue bars show mRNAs that were significantly downregulated (p < 0.05, fold change < 0

the geometric mean of three housekeeping genes (Actb, Gapdh, and Hprt1). One-way A

experiments were performed twice, with six samples for each group.
but only partly diminished by a CD8+ T cell depletion. The impor-
tance of CD4+ T cells for maximizing the efficacy of cancer immuno-
therapy has been repeatedly reported.31,32 Supporting our results, it
has been shown that the presence of intratumoral Th1-like CD4+

T cells correlates with therapeutic outcomes of ipilimumab33 and
that the efficacy of ICIs and/or oncolytic viruses depends on CD4+

T cells.10,34 Our results, together with previous studies by others,
highlight the importance of CD4+ T cells.10,34 However, the effects
of the combination therapy were reduced also in CD8+- or NK cell-
depleted animals compared to non-depleted animals, indicating a
role of various immune cell subsets in conveying the observed effi-
cacy. Some studies have suggested that CD8+ T cells, not CD4+

T cells, are essential for the therapeutic effect of oncolytic viruses in
combination with ICIs.14,35 Innate immune responses are reported
to be essential for the antitumor activity of oncolytic viruses. Investi-
gators have demonstrated NK cells as important mediators of the
antitumor effect associated with oncolytic virus therapy,11 especially
in the early phase.36 M1-polarized macrophages are reportedly
required for the synergistic activities of oncolytic HSV-1 and ICIs.10

Furthermore, Batf3-dependent dendritic cells are crucial for inducing
systemic antitumor immunity in therapies using oncolytic HSV-1
combined with ICIs and oncolytic vaccinia virus.37,38 Precise mecha-
nisms and crucial immune cell components underlying the efficacy of
G47D and anti-CTLA-4 combination therapy remain to be
elucidated.

CTLA-4 and PD-1 have different action mechanisms: CTLA-4 atten-
uates T cell activation in the priming phases, whereas PD-1 primarily
attenuates T cell activity in peripheral tissues through cell-intrinsic
mechanisms.33 However, one must be careful in interpreting the
immunotherapeutic mechanisms for humans using findings in mu-
rine models, because it is well known that immune systems function
differently in mouse, rat, and human.39–41 The present study shows
that PD-1 inhibition does not enhance the efficacy of G47D in any
of the murine tumor models examined, whereas various studies
have reported that a combination of oncolytic virus therapy with
PD-1/PD-L1 inhibition results in increased efficacy in different ani-
mal and treatment models.14,35,42,43 Immunological mechanisms are
likely to differ between species and tumor models. Results obtained
from preclinical studies do not necessarily predict the clinical anti-
tumor activity in humans. However, a recent preclinical study showed
that intratumoral administration of Talimogene laherparepvec
(T-VEC), a double-mutated, second-generation oncolytic HSV-1,
ous AKR tumors 7 days after the initial treatments

ammation, lymphocytes, activation markers, exhaustion signatures, and apoptosis.

ulations with G47D (5� 106 PFUs) and intraperitoneal injections with an anti-CTLA-4

al RNA was extracted, cDNA was reverse transcribed, and gene expression analysis

ble S1. The fold change in expression of the indicated genes (A) with G47D treatment

r control, and (D) the combination therapy over CTLA-4 inhibition. The bar represents

upregulated (p < 0.05, fold changeR 2) as comparedwith the reference group. The

.5) as compared with the reference group. The expression data were normalized to

NOVA followed by Dunnett’s test was used to determine statistical significance. All
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Figure 5. Immune-related gene expressions in AKR

tumors in early and late phases of the combination

therapy

Expressions of the 12 genes in subcutaneous AKR tumors

in an early phase (day 3) and a late phase (day 7) of the

combination therapy. Comparisons of gene expressions

related to (A�C) inflammation (Ccl5, Il1a, and Il1b), (D�F)

lymphocytes (Cd4, Cd8a, and Foxp3), (G and H) Th1

response (Cxcl10 and Cxcr3), (I) Th2 response (Il2), (J)

exhaustion marker (Cd274), and (K and L) T cell activation

(Gzmb and Prf1). Top and bottom lines represent data on

day 3 and day 7, respectively. The bar represents mean fold

change + SEM (n = 6). One-way ANOVA followed by Dun-

nett’s test was used to determine statistical significance

(*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant).
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Figure 6. The combination therapy enhanced specific

antitumor immune responses

(A�C) An IFN-g ELISpot assay of splenocytes from each

treatment group. (A) The number of IFN-g spots that re-

sponded to AKR cells was significantly higher in the com-

bination group than in the other groups (p < 0.001). (B)

A representative well from each group. (C) The number of

IFN-g-secreting spots stimulated by AKR cells, but not by

Hepa1-6 cells, was significantly increased in the combi-

nation therapy group. The results are presented as the

mean ± SEM (n = 7). (D and E) Rechallenge study. Mice

(n = 5) in which subcutaneous AKR tumors were cured by

the combination therapy were re-challenged on day 90with

one-fifth the number of AKR cells implanted in the contra-

lateral hemisphere. As control, age-matched (3 months)

naive mice were given the same challenge, i.e., the same

dose of tumor cells (n = 5). (D) Growth of rechallenged AKR

tumors in cured mice and naive mice. The results are pre-

sented as themean ± SEM (n = 5). (E) Kaplan-Meier survival

analysis. One-way ANOVA followed by Dunnett’s test (A),

Student’s t test (C and D), and log-rank analysis (E) were

used to determine the statistical significance of differences

(**p < 0.01; ns, not significant).
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synergistically worked with systemic CTLA-4 inhibition via enhanced
antitumor immunity in mouse models.12 The augmented antitumor
effect observed in the preclinical study was verified in human trials:
a phase I and a subsequent phase II clinical trial demonstrated that
the combination of T-VEC and ipilimumab led to a greater efficacy
without additional safety concerns than either T-VEC or ipilimumab
alone in patients with melanoma.15,44 Such a fact that the findings of
oncolytic HSV-1 in mice can be extended to humans implies that the
synergistic efficacy of G47D and CTLA-4 inhibition is likely to be re-
produced in human malignancies, which merits scrutiny in clinical
studies.

In the present study, the treatment schedule may have played a key
role. We started both CTLA-4 and PD-1 inhibition immediately after
the initial G47D inoculation, although others have suggested that PD-
1 inhibition might be advantageous when it is administered some
days after initial oncolytic virus treatment.35,43 In contrast, a recent
study showed that PD-1 inhibition synergistically worked with onco-
lytic virus therapy when it was initiated concomitantly with the onco-
lytic virus.14 It has been reported using mouse models that the use of
oncolytic virus therapy ahead of ICI treatments sensitizes refractory
cancer to an immune-checkpoint blockade.45,46 We recently showed
that a neoadjuvant use of G47D enhanced the efficacy of radiofre-
Molecular Th
quency ablation and ICI treatments in mice.47

The effects of different ICIs clearly depend on
the immunogenicity of the tumor models used.
In fact, a recent study using less immunogenic
brain tumor models provided different results:
not only CTLA-4 but also PD-1 inhibition
enhanced the antitumor efficacy of G47D armed
with murine interleukin (IL)-12.10 Systemic im-
mune organization and the immune composition of the TME greatly
differ between various murine tumor models, varying in the degree of
immune infiltration and diversity.48 In our study, detailed analysis
and comparison of immune compositions of AKR and other subcu-
taneous tumor models may lead to a potential mechanism associated
with the synergistic activity of CTLA-4 but not PD-1 inhibition in the
AKR tumors.

Previous studies demonstrated the discrepancy between the preclini-
cal and clinical efficacy of anti-CTLA-4 immunotherapy.25,49,50 In
particular, CTLA-4 inhibition has the capacity to selectively deplete
intratumoral Tregs in preclinical murine models25,49 but does not
have this effect in human tumors.50 Related to its effect on Tregs,
the therapeutic efficacy of oncolytic vaccinia virus was augmented
when combined with an anti-CTLA-4 antibody but not enhanced
when used together with an anti-CD25 antibody, another Treg-deple-
tion agent, indicating that the synergistic effect of CTLA-4 inhibition
depends on its activation of CD8+ T cells rather than on depletion of
Tregs.51 Further studies are required to elucidate the potentially
important mechanism of CTLA-4 inhibition on Tregs. Furthermore,
a recent clinical study showed anti-PD-1 immunotherapy to be more
efficacious and less toxic than anti-CTLA-4 immunotherapy.52 In hu-
man, it has been shown that oncolytic herpes virus (T-VEC) in
erapy: Oncolytics Vol. 22 September 2021 137
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Figure 7. Depletion of CD4+ T cells abrogated the

enhanced efficacy of the combination therapy

The experimental designs are presented in Figure S4.

(A and B) Tumor growth (A) and survival analysis (B) of CD8+

T cell depletion assay (n = 7). A CD8+ T cell depletion

decreased but did not abolish the enhanced efficacy of the

combination therapy (0/7 cures). (C and D) Tumor growth

(C) and survival analysis (D) of CD4+ T cell depletion assay

(n = 7). The efficacy of the combination therapy was

completely abrogated by a depletion of CD4+ T cells. (E and

F) Tumor growth (E) and survival analysis (F) of the NK cell

depletion assay (n = 7). The synergistic therapeutic effect

and the survival benefit by the combination therapy were

retained under a depletion of NK cells (1/7 cure). The results

are presented as the mean ± SEM. One-way ANOVA fol-

lowed by Dunnett’s test was used for comparisons of tumor

growth. For the survival analysis, the log-rank test followed

by Holm’s sequential Bonferroni corrections was used to

determine statistical significance (*p < 0.05; **p < 0.01;

***p < 0.001; ns, not significant).
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combination with PD-1 inhibition and/or CTLA-4 inhibition leads to
increased efficacies.15,16 Whether the combination of G47D and
CTLA-4 inhibition is useful for treating human malignancies awaits
to be verified.

In conclusion, the results demonstrate the dynamics of immune mod-
ulation of TME when intratumoral G47D therapy is combined with
systemic CTLA-4 inhibition in a murine tumor model and provide
a rationale for the clinical use of G47D with ICIs. G47D converts im-
munogenically cold tumors to hot tumors and works synergistically
with ICIs in eliciting a potent, adaptive, specific antitumor immune
response, which may lead to a curative therapy for poorly immuno-
genic malignancies.
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MATERIALS AND METHODS
Cell lines

Murine esophageal SCC cell lines, AKR and
HNM007, both derived from C57BL/6 mice,
were kindly provided by Dr. Nakagawa.53,54

SCCVII, a murine SCC cell line derived from a
C3H mouse, was provided by Professor Yoshiaki
Yura. Hepa1-6, a murine hepatoma cell line
derived from a C57BL/6 mouse, was obtained
from Japanese Collection of Research Bio-
resources (Osaka, Japan). Murine melanoma
cell line B16-F10 and Vero (African green mon-
key kidney) cells were purchased from the Amer-
ican Type Culture Collection (Rockville, MD,
USA). All cell lines were cultured according to
the instructions provided by the suppliers.

Virus and antibodies

G47D was grown, purified, and titered on Vero
cells using a plaque assay as described previ-
ously.17,55 Therapeutic mouse anti-CTLA-4 (clone 9H10) and anti-
PD-1 (clone RMP1-14) antibodies were produced by Bio X Cell.
Polyclonal Syrian hamster immunoglobulin G (IgG) and rat IgG2a
were used as isotype controls for anti-CTLA-4 and anti-PD-1, respec-
tively. Depletion of monoclonal antibodies for CD8 (clone 53-6.7),
CD4 (clone GK1.5), and NK1.1 (clone PK136) was purchased from
Bio X Cell.

Cytopathic effect and virus yield studies

In vitro cytopathic effect studies were performed as previously
described.56 Briefly, cells were seeded onto six-well plates at 2 �
105 cells/well and incubated overnight at 37�C. The following day,
the cells were infected with G47D at various MOIs (0.01, 0.1, or 1)
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or mock and further incubated at 34.5�C. The number of surviving
cells was counted daily with a Coulter Counter (Beckman Coulter,
Fullerton, CA, USA) and expressed as a percentage of mock-infected
controls. For virus yield studies, the cells were seeded onto 6-well
plates at 3 � 105 cells/well and incubated overnight at 37�C. The
following day, triplicate wells were infected with G47D at an MOI
of 0.1. At 24 and 48 h after infection, the cells were scraped into the
medium and lysed by three cycles of freezing and thawing. The prog-
eny virus was titered as described previously.56

Animal experiments

All animal experiment protocols were approved by the Committee for
Ethics of Animal Experimentation and were in accordance with the
Guideline for Animal Experiments in the University of Tokyo. 6-
week-old female C57BL/6 and C3H mice were purchased from CLEA
Japan (Tokyo, Japan). The mice were maintained under specific path-
ogen-free conditions and provided with sterile food, water, and cages.

Subcutaneous tumor models

Subcutaneous AKR, HNM007, and B16-F10 tumors were generated
by inoculating 5 � 105 cells into the left flanks of 6-week-old female
C57BL/6 mice. SCCVII subcutaneous tumors were established by
inoculating 1 � 106 cells into the left flanks of 6-week-old female
C3H mice. When tumors reached approximately 4�5 mm in diam-
eter, the animals were randomized, and mock or G47D (5 � 106

PFUs for AKR and B16-F10 and 2 � 105 PFUs for SCCVII) in
20 mL of phosphate-buffered saline (PBS) containing 10% glycerol
was inoculated into the left-flank tumors. Intratumoral G47D injec-
tion was repeated 3 days later. The tumor volume (length � width
� height) at the starting point was approximately 40�50 mm3 and
was measured twice a week. Mice were sacrificed when the maximum
diameter of the tumor reached 24 mm.

The combination therapy

To evaluate the efficacy of G47D, anti-CTLA-4 antibody, anti-PD-1
antibody and their combinations in immunocompetent mice, unilat-
eral AKR, SCCVII, and B16-F10 subcutaneous tumors were estab-
lished. When the tumors reached approximately 4–5 mm in diameter
(40�50 mm3 in tumor volume), the animals were randomized, and
mock or G47D (5 � 106 PFUs for AKR and B16-F10 and 2 � 105

PFUs for SCCVII) in 20 mL of PBS containing 10% glycerol was inoc-
ulated into the left-flank tumors. The mock-infected extract was pre-
pared from virus buffer-infected cells employing the same procedures
as those used for the virus inoculum.23 Intratumoral G47D injection
was repeated 3 days later. Concurrently, the mice received three intra-
peritoneal injections with an anti-CTLA-4 antibody (25, 50, and
100 mg for AKR, SCCVII, and B16-F10 tumors, respectively) or an
anti-PD-1 antibody (200 mg) every 3 days. The amount of anti-
CTLA-4 antibody and anti-PD-1 antibody was determined according
to the results of preliminary experiments so that the amount would
cause a moderate effect on the tumor growth when the antibody
was used alone. The control groups received a corresponding dose
of isotype antibody. Treatment schedules are presented in Figures 2
and S2. The tumor volume (length � width � height) was measured
twice a week. Themice were euthanized when themaximum diameter
of the tumor reached 24 mm or when signs of deterioration or acute
weight loss were observed.

For in vivo drug-combination analysis, we employed the fractional
product method.57,58 The efficacy of each monotherapy and the com-
bination therapy were assessed as the fractional tumor volume (FTV).
FTV was calculated based on the following equation: (the mean vol-
ume of the treated tumors)/(that of the control tumors). Then, the ex-
pected FTV of the combination therapy was estimated by multiplying
the FTV by each monotherapy. The CI was derived from the ratio of
observed FTV of the combination therapy to expected FTV of the
combination therapy. CI < 1, CI = 1, and CI > 1 indicate a synergistic,
an additive, and an antagonistic effect, respectively.

Rechallenge study

C57BL/6 mice, of which subcutaneous AKR tumors had been
confirmed cured after treatment with G47D and anti-CTLA-4 anti-
body, were re-challenged subcutaneously with 1 � 105 AKR cells
per mouse on day 90 after the initial treatment. As controls, naive,
age-matched C57BL/6 mice received the same tumor challenge, i.e.,
at the same cell dose.

Flow cytometry

Mice with established AKR (5� 105 cells) subcutaneous tumors were
treated with the combination therapy (G47D + anti-CTLA-4 anti-
body) according to the schedule shown in Figure 2. 7 days later, the
subcutaneous tumors were harvested, stained for immune markers,
and analyzed using flow cytometry. Tumor-infiltrating cells were pre-
pared with a Tumor Dissociation Kit (Miltenyi Biotec, Auburn, CA,
USA) according to the manufacturer’s instructions. The total number
of analyzed live cells was matched between the groups with flow count
beads (Beckman Coulter, Fullerton, CA, USA). Zombie Yellow
Fixable Viability Kit (BioLegend, San Diego, CA, USA) was used to
stain dead cells. The cells were then pretreated with purified anti-
mouse CD16/32 (2.4G2; BD Biosciences, Franklin Lakes, NJ, USA),
stained with antibodies, and analyzed with a CytoFLEX (V5-B5-R3
configuration; Beckman Coulter, Fullerton, CA, USA). The following
fluorescent-labeled antibodies were purchased from BioLegend (San
Diego, CA, USA) and used for analysis: peridinin-chlorophyll-pro-
tein/cyanine 5.5 (PerCP/Cy5.5)-conjugated anti-CD45.2 (104),
Brilliant Violet 785-conjugated anti-CD3 (17A2), PE-Cy7-conjugated
anti-CD8 (53-6.7), fluorescein isothiocyanate (FITC)-conjugated
anti-CD4 (RM4.5), and PE-conjugated anti-NK1.1 (PK136). For all
channels, positive and negative cells were gated based on fluorescence
minus one control. For intracellular staining, the cells were permea-
bilized and fixed using the FlowX FoxP3/Transcription Factor
Fixation & Perm Buffer Kit (R&D Systems) before the addition of an-
tibodies for 20 min at room temperature and then stained with allo-
phycocyanin (APC)-conjugated anti-Foxp3 (MF23; BioLegend). The
cells were kept in stabilizing fixative until acquisition. The gating
strategy is shown in Figure S1. Foxp3 positivity was gated with the
appropriate isotype controls. The data were analyzed with FlowJo
software (version [v.]10.4; FlowJo).
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Extraction of RNA and quantitative real-time PCR

For gene product analysis, mice bearing subcutaneous AKR tumors
were inoculated twice intratumorally with G47D (on days 0 and 2)
and/or injected twice intraperitoneally with an anti-CTLA-4 antibody
(on days 0 and 2). On days 3 and 7, the tumors were excised and snap
frozen in liquid nitrogen. The samples were homogenized, and RNA
was extracted using the RNeasyMini Kit (QIAGEN) andQIAcube ac-
cording to the manufacturer’s instructions. RNA purity and yield
were assessed using NanoDrop. RNA was reverse transcribed to
cDNA using the ReverTra Ace qPCR RT Master Mix with gDNA
Remover (Toyobo). The samples were stored at �20�C until RT-
PCR was performed. Real-time qPCR was performed on 2 ng of
cDNA from each sample (n = 6) using Custom TaqMan Array
Card Assays (Thermo Fisher Scientific; the detail of the card is shown
in Table S1) and the QuantStudio 7 Flex Real-Time PCR System
(Thermo Fisher Scientific). The expression data for individual sam-
ples were normalized to the geometric mean of three housekeeping
genes (HKGs): Actb, Gapdh, and Hprt1. The comparative threshold
(Ct) values and fold changes in gene expression (relative quantifica-
tion) were calculated using the Expression Suite software v.1.0.3
(Life Technologies, Carlsbad, CA, USA), a data analysis tool that uti-
lizes the comparative Ct (DDCt) method. Only genes with a |log2 fold
change| of >1 and a p value %0.05 were considered to have changed
significantly. All experiments were performed twice, with six samples
for each group.

Enzyme-linked immunospot (ELISpot) assay

Mice with established subcutaneous AKR tumors were given the
combination therapy (G47D + anti-CTLA-4 antibody) according
to the schedule shown in Figure 2. Splenocytes of mice from each
treatment group were collected 14 days after the initial virus treat-
ment, and a mouse IFN-g ELISpot assay was performed according
to the manufacturer’s protocol (Mabtech, Nacka Strand, Sweden).
Clear, 96-well medial suprainfundibular plates (MSIPs) pre-coated
with monoclonal anti-mouse IFN-g antibody AN18 (Mabtech)
were used. Splenocytes (2 � 105) were co-cultured with either
AKR (1 � 104) or Hepa1-6 (1 � 104) tumor cells at a 20:1 ratio
for 48 h in aIFN-g-coated wells. Naive splenocytes were used as
controls. After incubation, the spots were detected using 1 mg/mL
of biotinylated anti-mouse IFN-g antibody R4-6A2-biotin. Specific
spots were counted and analyzed using an ImmunoSpot Analyzer
and ImmunoSpot software (Cellular Technology Limited [CTL],
Cleveland, OH, USA).

Immune cell subset depletion studies

The experimental schedules of depletion studies are presented in Fig-
ure S4. For depletion of CD8+ and CD4+ immune cells, mice were in-
jected intraperitoneally with 250 mg of monoclonal antibodies against
CD8+ and CD4+ 1 day before the treatment, on the day of the treat-
ment, and then every 5 days throughout the experiment. For deple-
tion of NK cells, mice were injected intraperitoneally with 500 mg
of an antibody against NK1.1 1 day before and 2 days after the tumor
challenge, followed by injection of 250 mg every 5 days throughout the
experiment.
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Statistical analysis

All data were expressed as the mean ± standard deviation (SD) or the
mean ± standard error of the mean (SEM). A two-tailed Student’s t
test (for comparison of two groups; Figures 6C and 6D) or one-way
ANOVA followed by Dunnett’s test (for comparison of three or
more groups; Figures 1, 2, 3, 4, 5, 6A, and 7) was used to determine
statistical significance, as appropriate. Survival curves were con-
structed using the Kaplan-Meier method, and the log-rank test (for
comparisons of 2 groups) or log-rank test followed by Holm’s sequen-
tial Bonferroni corrections (for comparisons of 3 or more groups) was
used to determine statistical significance, as appropriate. In the fig-
ures, standard symbols are used as follows: *p < 0.05, **p < 0.01,
and ***p < 0.001, as well as ns (not significant). Statistical analyses
were carried out with JMP 13.0.0 (SAS Institute, Cary, NC, USA).
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