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Treatment options are limited for esophageal carcinoma (EC).
G47D, a triple-mutated, conditionally replicating herpes sim-
plex virus type 1 (HSV-1), exhibits enhanced killing of tumor
cells with high safety features. Here, we studied the efficacy of
G47D using preclinical models of human EC. In vitro, G47D
showed efficient cytopathic effects and replication capabilities
in all eight human esophageal cancer cell lines tested. In athy-
mic mice harboring subcutaneous tumors of human EC
(KYSE180, TE8, and OE19), two intratumoral injections with
G47D significantly inhibited the tumor growth. To mimic the
clinical treatment situations, we established an orthotopic EC
model using luciferase-expressing TE8 cells (TE8-luc). An in-
tratumoral injection with G47Dmarkedly inhibited the growth
of orthotopic TE8-luc tumors in athymic mice. Furthermore,
we evaluated the safety of applying G47D to the esophagus in
mice. A/J mice inoculated intraesophageally or administered
orally with G47D (107 plaque-forming units [pfu]) survived
for more than 2 months without remarkable symptoms,
whereas the majority with wild-type HSV-1 (106 pfu) deterio-
rated within 10 days. PCR analyses showed that the G47D
DNAwas confined to the esophagus after intraesophageal inoc-
ulation and was not detected in major organs after oral admin-
istration. Our results provide a rationale for the clinical use of
G47D for treating EC.

INTRODUCTION
Esophageal carcinoma (EC) remains a substantial cause of cancer-
related mortality worldwide.1 Despite recent advances in diagnosis
and multimodal treatments, the survival outcome of EC patients
has improved only modestly over the past decades, with the 5-year
survival ranging from 15% to 25%.2,3 Esophageal squamous cell car-
cinoma accounts for the majority of the incident esophageal cancer
cases each year, particularly in the high-incidence regions of eastern
Asia and Africa, while esophageal adenocarcinoma is more prevalent
in North America and Western Europe.4

Radical esophagectomy with pre- or post-operative chemo-/chemora-
diotherapy is themainstay of treatment for resectable, locally advanced
EC, and chemotherapy for unresectable or relapsed EC.5–7 Newmodal-
ities, such as taxane-based triplet regimens8 and immune checkpoint
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inhibitors,9–11 have recently been applied for treating advanced EC.
Unfortunately, immune checkpoint inhibitors show low response rates
in patients with gastroesophageal cancer.12 EC treatment options are
limited when the tumor progresses or the patient is intolerant to
first-line standard chemotherapy. Therefore, there is a high need for
developing novel therapeutic strategies for refractory EC.

Oncolytic viruses exhibit antitumor activity through selective killing
of cancer cells and induction of specific antitumor immunity,13 and
have emerged as promising immunotherapeutic agents for currently
incurable malignancies.14 Many oncolytic viruses have been tested in
clinical trials, of which talimogene laherparepvec (T-VEC) was the
first to be approved by the US Food and Drug Administration
(FDA) for patients with malignant melanoma in 2015.15,16 The clin-
ical implementation of oncolytic viruses has been rather slow for pa-
tients with gastroesophageal cancer.17–19 Oncolytic adenovirus,
alone20 or in combination with chemotherapeutic agents,21,22 has
been investigated in mouse models with subcutaneous EC tumors.
Phase I and II clinical trials are ongoing using a telomerase-specific
oncolytic adenovirus in combination with pembrolizumab or with
radiotherapy.23,24

G47D is a triple-mutated, third-generation oncolytic herpes simplex
virus type 1 (HSV-1), which was developed by an additional dele-
tion of the a47 gene from the genome of G207, a second-generation
oncolytic HSV-1, to enhance the oncolytic activity and retain the
immunogenicity of infected cancer cells.25,26 In the course of selec-
tive cancer cell destruction, G47D facilitates the priming of the im-
mune system with cancer neoantigens, serving as a platform to
revert immunologically “cold” tumors into “hot” tumors.25,27,28

G47D can be armed with therapeutic genes of interest to increase
its antitumor potency.29–31 The immunomodulatory features of
G47D can potentially overcome tumor resistance to immune check-
point inhibitors.32
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Figure 1. Cytopathic effects and virus yields of G47D in human EC cell lines

(A) Cells were seeded onto six-well plates at 2� 105 cells/well or onto 96-well plates

at optimal cell density. After an overnight incubation, the cells were infected with

G47D (MOI of 0.01 or 0.1 or mock). The cell viability was determined daily either by

counting surviving cells with a Coulter Counter or by the CellTiter96 Aqueous Non-

Radioactive Cell Proliferation Assay. The percentage of surviving cells is expressed

as a percentage of mock-infected controls. G47D exhibited good cytopathic effects

at an MOI of 0.1 in all human esophageal cancer cell lines examined. Data are

presented as the mean of triplicates ±SD. One-way ANOVA followed by Dunnett’s

test was used to determine statistical significance (***p < 0.001; ns, not significant;

versus mock-infected controls). (B) Cells were seeded onto six-well plates at 3 �
105 cells/well. Triplicate wells were infected with G47D at an MOI of 0.01. At 24 or

48 h after infection, cells were collected and progeny virus was titered on Vero cells.

The dotted line shows the assumed titer of administered G47D per well. Vero cell

line was used as a control. In all cell lines tested, G47D showed good replication

capabilities by 48 h after infection. The results presented are the mean of

triplicates ±SD.
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Notably, stereotactic injections with G47D provided excellent sur-
vival benefit for patients with glioblastoma in a phase II clinical trial
(manuscript under preparation), and G47D awaits a governmental
approval as a new drug in Japan. In preclinical studies, G47D has
shown efficacy not only for brain tumors but also for a variety of
cancers.33–37 G47D has also been used in clinical trials for prostate
cancer, olfactory neuroblastoma, and malignant mesothelioma.38

Because of its versatile efficacy and the proven safety in the human
brain, the clinical application of G47D should further expand in the
near future.

In this study, we explore the usefulness of G47D as a therapeutic agent
for EC in preclinical models, including a clinically relevant orthotopic
mouse EC model. Furthermore, we evaluate the safety of G47D for
treating EC by direct inoculation or by oral administration in the
esophagus of HSV-1 sensitive A/J mice.

RESULTS
Cytopathic effect and replication capability of G47D in vitro

To characterize the oncolytic activities of G47D in esophageal cancer,
we studied its cytopathic effects and replication capabilities in eight
human esophageal cancer cell lines in vitro. In all cell lines examined,
G47D at a multiplicity of infection (MOI) of 0.1 caused >60% cell
destruction within 4 days after infection (Figure 1A). TE8 cells
(esophageal squamous cell carcinoma) and OE19 cells (esophageal
adenocarcinoma) were especially susceptible to G47D, with >80%
cell destruction by day 4 at an MOI of 0.01 (Figure 1A). We further
examined the replication capabilities of G47D in human esophageal
cancer cells. Virus yields increased by 48 h after infection at an
MOI of 0.01 in all cell lines tested, although the extent of replication
varied among cell lines (Figure 1B). These observations indicate that
G47D can replicate well and exert efficient cell killing in human
esophageal cancer cells, irrespective of tissue types.

Efficacy of G47D in subcutaneous EC tumor models

Next, we studied the in vivo efficacy of G47D using three mouse
models with subcutaneous tumors of human esophageal cancer.
Athymic mice harboring KYSE180, TE8, or OE19 tumors of approx-
imately 6 mm in diameter were inoculated intratumorally with G47D
(4 � 104, 2 � 105, or 1 � 106 plaque-forming units [pfu]) or mock
twice (days 0 and 3). Intratumoral inoculations with G47D caused a
significant inhibition of tumor growth in all subcutaneous tumor
models even at the lowest dose tested (p < 0.01 versus mock on day
30 [KYSE180], day 22 [TE8], and day 27 [OE19]; Figure 2). In all
models, there was no significant difference among the three doses
used, although there seemed to be a tendency for dose dependency.

Generation of an orthotopic EC tumor model

Subcutaneous xenograft tumor models do not fully reflect the clinical
features of the tumors.39 To evaluate the efficacy of G47D under a
more clinically relevant condition, we attempted to generate a repro-
ducible orthotopic EC tumor model that mimics the clinical situation
of treating a tumor in its organ of origin.40

We generated orthotopic tumors in athymic mice using eight human
esophageal cancer cell lines (Figure S1), and evaluated the change in
body weight, the engraftment rate, and the survival rate. Most of the
mice harboring orthotopic tumors did not show marked loss in body
weight, irrespective of the type of implanted tumor cells (Figure S2A).
All tumor cell lines showed a high engraftment rate, four of eight cell
lines being 100% (Figure S2B). Most tumor models showed a rather
long survival, except for the OE19 model, in which half the animals
Molecular Therapy: Oncolytics Vol. 23 December 2021 403
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Figure 2. Efficacy of G47D in subcutaneous EC tumor models

Subcutaneous tumors of a human esophageal cancer cell line (KYSE180 (upper

left), TE8 (upper right), or OE19 (lower left)) were generated in 6-week-old female

athymic mice. Established tumors, 5–6 mm in diameter, were inoculated with G47D

(4 � 104, 2 � 105, or 1 � 106 pfu) or mock on days 0 and 3 (n = 9–10 per group).

G47D treatment caused a significant inhibition of tumor growth in all subcutaneous

tumor models irrespective of the dose used. Each experiment was conducted

at least twice with similar results. The results presented are the mean ± SEM (n =

9–10). One-way ANOVA followed by Dunnett’s test was used to determine statis-

tical significance (**p < 0.01; ***p < 0.001).
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died within 90 days due to the progression of peritoneal dissemina-
tion (Figure S2B). The orthotopic tumormodel with TE8 cells (esoph-
ageal squamous cell carcinoma) exhibited a 100% engraftment rate
and a consistent survival course without peritoneal dissemination,
and therefore was considered the best suited among the tumormodels
evaluated for assessing the antitumor efficacy of G47D.

To monitor the tumor growth using a noninvasive, semiquantitative
bioluminescent imaging method,41 we established TE8 cells that
stably express luciferase (TE8-luc). When the TE8-luc cells were sub-
cutaneously implanted into athymic mice, a significant and strong
correlation was observed between tumor volume and the luciferase
emission level (r = 0.945, p < 0.001, data not shown).

Intratumoral G47D treatment inhibited the growth of orthotopic

tumors

The potential of G47D as a therapeutic means for esophageal cancer
was studied using the orthotopic tumor model of TE8-luc. The exper-
imental design is depicted in Figure 3A. Female athymic mice were
inoculated with TE8-luc (2 � 106 cells) into the abdominal esophagus
wall (on day �18). The mice were randomly divided into two groups
3 days later (n = 10 per group), at which time point there was no sig-
nificant difference in the total photon counts of orthotopic tumors be-
tween the two groups. Eighteen days after the tumor implantation (on
day 0), the established orthotopic tumors were intratumorally inocu-
lated with G47D (1 � 106 pfu) or mock. In vivo imaging system
404 Molecular Therapy: Oncolytics Vol. 23 December 2021
(IVIS) for tumor-encoded luciferase revealed a significant reduction
in tumor burden in mice treated with G47D compared with those
treated with mock (p < 0.01 on day 13; Figure 3B). The changes of
IVIS images of two treatment groups with time are shown in Figure 3C.
The weight of harvested tumors from the G47D-treatedmice on day 34
was significantly lower than that from the mock-treated surviving mice
(median 32.1 mg versus 76.4 mg, p < 0.001).

Hematoxylin-eosin (HE) staining of cross sections of the abdominal
esophagus of mice with orthotopic tumors revealed that tumor cells
invade extensively across the layers and into the lumen of the esoph-
agus in mock-treated mice (Figure 4A), whereas the layered structure
of the esophagus was well preserved in G47D-treated mice (Figure 4B).
Immunohistochemical staining for HSV-1 in the same cross section
indicated HSV-1 positivity, presumably depicting replicating G47D,
localized within the tumor at 34 days after treatment (Figure 4C).

Safety evaluation of intraesophageal inoculation and oral

administration of G47D

To evaluate the safety of applying G47D in the esophagus, A/J mice
were intraesophageally inoculated with mock, G47D (1 � 107 pfu),
or wild-type HSV-1 strain F (1 � 106 pfu) (n = 5 per group). In
another set of experiments, A/J mice were orally administered with
mock, G47D (1� 107 pfu), or strain F (1� 106 pfu) (n = 5 per group).
A/J is known to be one of the most susceptible mouse strains to
HSV-1 infection.42 Each mouse was monitored twice a week for clin-
ical manifestations based on three parameters (Figure 5A) and the
body weight for 2 months.

In both experiments, intraesophageal inoculation and oral adminis-
tration, mice given either mock or G47D all survived, with only a
few showing a transient and minor decrease in clinical scores in the
beginning and without weight loss (mock, Figures 5B and 5C [left];
G47D, Figures 5B and 5C [middle]). In contrast, many of the mice
given strain F deteriorated within 10 days of administration and
becamemoribund.With strain F, three out of five died by direct intra-
esophageal inoculation (Figure 5B [right]) and four out of five died by
oral administration (Figure 5C [right]). These observations indicate
that G47D is at least 10 times less toxic than strain F when applied
to the esophagus in HSV-1-susceptible A/J mice.

Biodistribution of G47D administered to the esophagus

Before investigating the biodistribution of G47D, we sought to obtain
data on the tendency of biodistribution using wild-type HSV-1. Strain
F (1 � 107 pfu) was administered either intraperitoneally or orally to
A/J mice, one mouse each was sacrificed daily until day 5, and the
amount of viral DNA in nine organs was detected by qPCR. When
strain F was administered intraperitoneally, the virus tended to spread
widely to the organs of the peritoneum, then replicated in the adrenal
glands, followed by replication in the spinal cord and the brain (Fig-
ure S3A). When strain F was administered orally, the virus was de-
tected from organs of initial infection, the gastro-esophagus, and
the lung (presumably from aspiration), then tended to enter and
replicate in the brain (Figure S3B). Two potential pathways have



Figure 3. Efficacy of G47D in an orthotopic EC model

(A) Experimental design. Female athymic mice were inoc-

ulated with TE8-luc cells (1 � 106 cells) into the esophageal

wall (day �18). After confirmation of the orthotopic tumors

with IVIS 3 days after the implantation (on day �15), the

mice were randomly divided into two groups (n = 10 per

group), and were treated with an intratumoral inoculation

with G47D (1.0 � 106 pfu) or mock on day 0. The photon

counts of the tumors were calculated with IVIS every

3–4 days. On day 34, all surviving mice were euthanized

and the tumor weight was compared between the groups.

(B) The average of the logarithmic photon flux was plotted

on a chart. G47D treatment significantly decreased the total

bioluminescence from tumors (p < 0.01 on day 13). Each

experiment was conducted at least twice with similar re-

sults. The results presented are the mean ± SEM (n = 10).

The Welch’s t test was used to determine statistical signif-

icance (**p < 0.01). (C) The changes of IVIS images with time

of both treatment groups are shown.
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been suggested for HSV-1 to spread after an intraperitoneal adminis-
tration in mice: (1) from the adrenal glands via the spinal cord to the
brainstem, or (2) from the myenteric plexus of the gut via the vagal
nerves to the brainstem,43 which supports the results of our prelimi-
nary study. Therefore, for the main studies with G47D, we chose the
esophagus, the adrenal glands, the spinal cord, and the brain as major
organs to investigate.

To investigate the biodistribution of G47D after application in the
esophagus, A/J mice were intraesophageally inoculated with G47D
(1.0 � 107 pfu) or strain F (1 � 107 pfu) (n = 12 per group). Again,
in another set of experiments, A/J mice were orally administered
with G47D (1.0 � 107 pfu) or strain F (1.0 � 107 pfu) (n = 12 per
group). Three mice per group were sacrificed on days 1, 3, 5, and 7,
and the amount of G47DDNA in major organs was detected by qPCR.

In A/J mice receiving a direct inoculation with G47D into the subser-
osa of the esophagus, G47D DNA was detected at high levels in the
esophagus on day 1 (three out of three), then gradually decreased,
Molecular T
but could still be detected in all three mice on
day 7 (Figure 6A, top). G47D DNA was also de-
tected in the adrenal glands (two out of three)
on day 1, but not detected by day 7 (Figure 6A,
top). G47D DNA was undetectable in the spinal
cord and detected only in one out of three on
two occasions in the brain (Figure 6A, top). In
marked contrast, in mice receiving a direct inoc-
ulation with strain F into the subserosa of the
esophagus, the copy numbers of strain F DNA re-
mained high throughout the time course in the
esophagus and increased over time in the adrenal
glands, the spinal cord, and the brain (Figure 6A,
bottom), indicating the replication of strain F
in the nervous system. In A/J mice receiving an
oral administration with G47D, G47D DNA was not detected in ma-
jor organs throughout the time course, except for one out of three in
the esophagus on day 1 (Figure 6B, top). In contrast, in mice receiving
an oral administration with strain F, strain F DNA was detected at
high levels throughout the time course in the esophagus andmarkedly
increased over time in the spinal cord and brain, indicating that orally
administered strain F can enter and replicate in the central nervous
system (Figure 6B, bottom).

To summarize, G47D DNA distribution was confined mainly to the
esophagus, the inoculated site, after a direct inoculation. G47D DNA
was almost undetectable in the esophagus, and there was none in other
major organs, after an oral administration. These observations further
confirm the safety of G47D when applied to the esophagus.

DISCUSSION
Currently available therapies provide unsatisfactory outcomes for pa-
tients with EC, underscoring the need for innovative treatment stra-
tegies.44 We demonstrate that all human esophageal cancer cell lines
herapy: Oncolytics Vol. 23 December 2021 405
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Figure 4. Histology and immunohistochemistry of orthotopic EC tumors

treated with G47D

Orthotopic EC tumors in athymic mice were treated with an intratumoral inoculation

with G47D (1 � 106 pfu) or mock or G47D. Mice were euthanized 34 days after the

treatments, orthotopic tumors excised, and the paraffin-embedded tissue sections

stained with HE or immunostained with an anti-HSV-1 antibody. The red dotted

circles indicate the extent of local tumor invasion (T, tumor; L, lumen; E, esophageal

wall). Representative HE staining images of orthotopic EC tumors inoculated with

mock (A) and G47D (B). (A) In orthotopic EC treated with mock, tumor cells invade

extensively across the layers of the esophageal wall, narrowing the lumen of the

esophagus. (B) In orthotopic EC treated with G47D, the tumor size remains small

and the original structure of the esophageal wall is preserved. (C) The same tumor

from (B) immunostained for HSV-1. HSV-1 positivity, presumably indicating repli-

cating G47D, localizes within the tumor. Original magnification,�30 (A) and�40 (B,

C), as indicated. Scale bars: 1 mm (A) and 500 mm (B, C).
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tested are highly susceptible to G47D, irrespective of tumor histology.
G47D exhibits remarkable efficacy in subcutaneous EC xenograft
models and in a clinically relevant orthotopic EC tumor model.
G47D proves to be safe when applied to the esophagus of HSV-1 sen-
sitive A/J mice, either intraesophageally or orally. These findings indi-
cate that G47D could be useful for improving the clinical outcome of
EC patients.

To our knowledge, the efficacy of an oncolytic virus has not been
investigated in an orthotopic EC tumor model. Orthotopic tumor
models reportedly characterize the cellular and biological features
of tumors in a more clinically relevant way than subcutaneous tumor
models, and therefore allow the study of tumor-stromal interaction,
which is important to understand tumorigenesis and tumor responses
to treatments.39,40,45 In addition, our orthotopic tumor model enables
accurate monitoring of tumor growth, without invasive procedures,
through bioluminescence imaging.41,46 Using the orthotopic tumor
model, we find that an intratumoral inoculation with G47D is highly
efficacious. Unlike in the mouse model, a direct intratumoral injec-
tion into esophageal cancer in patients is easily doable via endoscope,
so it could become a principal means of treating EC in clinical
settings.47
406 Molecular Therapy: Oncolytics Vol. 23 December 2021
We further show that application of G47D to the esophagus is safe,
using HSV-1-sensitive A/J mice. An intraesophageal inoculation
with a high dose of G47D does not cause a substantial clinical mani-
festation, and G47D DNA is detectable only locally within the esoph-
agus. The safety studies with oral administration were performed on
supposition of a leakage of G47D into the esophageal lumen or spray-
ing of G47D to the tumor surface as a potential route of administra-
tion. The results support that G47D is safe even if it was administered
orally. The safety features of G47D are not at all natural features of
HSV-1 but are acquired by the well-designed, triple mutations within
the genome.25 In fact, we show that a wild-type HSV-1 strain F, not
only when inoculated directly into the subserosa of the esophagus
but also when administered orally, can enter the central nervous sys-
tem and replicate, resulting in death of the majority of animals even at
one-tenth of a dose of G47D. G47DDNA was detected in the brain of
one mouse out of three that received a direct inoculation with G47D
into the subserosa of the esophagus. The finding is presumably due to
the neurotropic nature of HSV-1.48 Although it is unknown whether
G47D can become latent in sensory neurons, because G47D can repli-
cate in cancer cells only, G47D DNA in normal cells in the brain
should stay harmlessly as DNA without ever producing a virus.

The replication capability of HSV-1 in normal cells is best demon-
strated in brain tissue in vivo. A previous study showed that all of
the A/J mice inoculated with strain F (2 � 103 pfu) in the brain dete-
riorated rapidly and became moribund within 7 days, clearly demon-
strating the replication capability of strain F in the normal brains of
HSV-1-susceptible A/J mice.25 On the other hand, G47D did not cause
any manifestation when inoculated into the brain of A/J mice at 2 �
106 pfu. Furthermore, the first-in-human clinical trial in patients
with recurrent glioblastoma (UMIN000002661) proved the safety
of G47D when injected into the human brain tumor. The
subsequent phase II clinical trial in patients with glioblastoma
(UMIN000015995) further confirmed the safety of G47D when in-
jected repeatedly in the brain tumor for the maximum of six doses.
This phase II trial led to recent approval of G47D as a new drug for ma-
lignant glioma in Japan. Besides glioblastoma, a phase I study in pa-
tients with castration-resistant prostate cancer (UMIN000010463)
demonstrated the safety of G47D when injected into the prostate.
The results from the present study and these preclinical and clinical
studies indicate that G47D does not replicate in normal tissues.

Because the biodistribution study was performed in normal A/J mice
without tumors, the actual biodistribution of G47D in humans can
only be observed in patients with esophageal cancer and therefore
awaits a clinical trial. Furthermore, because the only natural host of
HSV-1 is human, it is difficult to extrapolate the biodistribution
data of mice to those in humans. However, previous preclinical
studies demonstrated that intracerebral inoculation with high-titer
G207 resulted in no viral distribution beyond the central nervous sys-
tem at any time point after inoculation in non-human primates49,50

and BALB/c mice.51 The biodistribution of G207 in non-human pri-
mates did not differ from that in mice. The safety and biodistribution
evaluation of G47D in HSV-1-susceptible A/J mice therefore at least



Figure 5. Safety evaluation of G47D applied to the esophagus of A/J mice

A/Jmice were intraesophageally inoculated or orally administered with mock, G47D

(1� 107 pfu) or wild-type HSV-1 strain F (1� 106 pfu) (n = 5 per group). Cages were

then blinded, and each mouse was monitored twice a week for clinical manifesta-

tions and bodyweight for 2months. (A) Clinical manifestation scores were estimated

based on three parameters: appearance, activity, and response. Each parameter

has a response on a five-point (0–4 points) ranging from normal (4) to death (0).

Score 0 means the death of the mouse. (B) Time course changes in clinical mani-

festations (top) and body weight ratio based on the body weight on day 0 (bottom) in

mice inoculated intraesophageally with mock (left), G47D (middle), or strain F (right).

(C) Time course changes in clinical manifestations (top) and body weight ratio

(bottom) in mice administered orally with mock (left), G47D (middle), or strain F

(right). In both experiments (B and C), all mice treated with G47D survived without

remarkable manifestations, but many of the mice treated with strain F deteriorated

rapidly and became moribund.
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suggests the safety and biodistribution profile in humans. As observed
in preclinical safety studies in A/J mice, G47D was in fact safe when
used in the human brain.

Neoadjuvant therapy followed by surgery is a clinical paradigm for
patients with advanced EC. Recent preclinical studies in mouse
models have shown that a neoadjuvant use of oncolytic viruses
has a potential of eradicating the microscopic presence of cancer
cells. For example, replicating pox virus administered systemically
prior to surgery could reverse surgical stress-induced natural killer
cell suppression in metastatic breast cancer and melanoma.52 Preop-
erative uses of Maraba virus and vaccinia virus proved to be useful
for controlling postsurgical cancer recurrence via activation of
innate immunity and specific antitumor immunity.53,54 Further-
more, we recently demonstrated that G47D can be used as a neoad-
juvant therapy to suppress tumor relapse after radiofrequency
ablation.34 Since neoadjuvant chemo-/chemoradiotherapy is stan-
dardly used for resectable EC patients, a neoadjuvant use of G47D
for EC is a possibility that merits testing preclinically and clinically.
A direct oncolysis with G47D alone may not be sufficient for a cure.
We recently showed that G47D in combination with systemic
administration of immune checkpoint inhibitors can cure half of
the mice bearing murine EC tumors.55 Arming of G47D with immu-
nostimulatory genes has been shown to result in enhanced efficacy.29

Human interleukin-12-expressing oncolytic HSV-1 with a G47D
backbone (T-hIL12) is currently being tested in patients with mela-
noma (jRCT2033190086).

In conclusion, G47D is efficacious in both subcutaneous and ortho-
topic EC tumors in mice. G47D is safe when a high dose is adminis-
tered intraesophageally and orally. Intratumoral injections with
G47D thus constitute a practical and useful therapeutic approach
for human esophageal cancer.

MATERIALS AND METHODS
Cell lines

Human esophageal squamous cell carcinoma cell lines KYSE70,
KYSE180, KYSE220, T.Tn, and TE8, and human esophageal adeno-
carcinoma cell lines OE19, OE33, SKGT-4, and Vero (African green
monkey kidney) cells were used. KYSE70, KYSE180, KYSE220, and
T.Tn were obtained from the Japanese Collection of Research Bio-
resources (Osaka, Japan). OE19, OE33, and SKGT-4 were bought
from the European Collection of Authenticated Cell Cultures (Porton
Down, Salisbury, UK). TE8 and Vero cells were purchased from the
Institute of Physical and Chemical Research (Riken, Saitama, Japan)
and the American Type Culture Collection (Rockville, MD), respec-
tively. Cells were cultured according to the directions provided by
the suppliers. Luciferase-expressing TE8 (TE8-luc) cells were estab-
lished with pre-made luciferase lentiviral particles expressing the
firefly luciferase3 gene (#LVP326, GenTarget) according to the man-
ufacturer’s protocol. Clonal selection was performed in a medium
containing 5 mg/mL blasticidin (Wako, Japan). All cell lines were
used within 10 passages and confirmed to be mycoplasma free using
the MycoAlert Mycoplasma Detection Kit.
Molecular Therapy: Oncolytics Vol. 23 December 2021 407
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Figure 6. Biodistribution of G47D applied to the

esophagus of A/J mice

A/J mice were intraesophageally inoculated or orally

administered with G47D (1 � 107 pfu) or wild-type HSV-1

strain F (1 � 107 pfu) (n = 12 per group). Three mice per

group were sacrificed on days 1, 3, 5, and 7, and the

amount of G47D DNA in major organs (esophagus, adrenal

glands, spinal cord, and brain) was detected by qPCR.

Each dot represents the viral DNA copy number of the

specimen (n = 3). (A) In mice receiving a direct inoculation

with G47D into the subserosa of the esophagus (top), high

levels of G47D DNA were detected from the esophagus

throughout the time course. G47D DNA was also detected

in the adrenal glands early after inoculation, but not de-

tected by day 7. In mice receiving a direct inoculation with

strain F into the subserosa of the esophagus (bottom), the

copy numbers of strain F DNA remained high throughout

the time course in the esophagus and increased over time in

the adrenal glands, spinal cord, and brain. (B) In mice

receiving an oral administration with G47D, G47D DNA was

not detected in major organs throughout the time course,

except for one in the esophagus on day 1 (top). In mice

receiving an oral administration with strain F, strain F DNA

was detected at high levels throughout the time course in

the esophagus and markedly increased over time in the

spinal cord and brain (bottom).
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Viruses

G47D and a wild-type HSV-1, strain F, were grown, purified, and
titered by plaque assay on Vero cells as described previously.25,26

Cytotoxicity assays

In vitro cytotoxicity 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 in-
fected with G47D (MOI of 0.01 or 0.1) 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) and expressed
as a percentage of mock-infected controls.

Virus yield studies

Cells were seeded onto six-well plates at 5 � 105 cells/well and incu-
bated overnight at 37�C. The following day, triplicate wells were in-
fected with G47D at an MOI of 0.01. At 24 and 48 h after infection,
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the cells were scraped into the medium and lysed
by three cycles of freezing and thawing. The ex-
tracted viruses were titrated in Vero cells, and
viral plaques were counted 3 days after infection
as described previously.56

Animal experiments

All animal experiment protocols conformed to all
relevant regulatory standards and were approved
by the Committee for Ethics of Animal Experi-
mentation and were in accordance with the
Guideline for Animal Experiments in the University of Tokyo. Six-
week-old female athymic (BALB/c nu/nu) mice were purchased
from Clea Japan (Tokyo, Japan). Mice were maintained under specific
pathogen-free conditions and provided with sterile food, water, and
cages.

Subcutaneous tumor models

Subcutaneous tumors of esophageal cancer were generated by inocu-
lating 3 � 106 cells (KYSE180), 4 � 106 cells (OE19), or 5 � 106 cells
(TE8) into the right flank of 6-week-old female athymic mice
(BALB/c nu/nu). When tumors reached approximately 5–7 mm in
diameter, the animals were randomized, and mock or G47D (4 �
104, 2 � 105, or 1 � 106 pfu) in 20 mL of phosphate-buffered saline
(PBS) containing 10% glycerol was inoculated into the right-flank
tumors twice (n = 9–10 for each group). Mock-infected extract was
prepared from virus buffer-infected cells.28 The tumor size was
measured using a digital caliper (Mitutoyo) twice per week and the
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tumor volume was calculated using the following formula: tumor vol-
ume (mm3) = length � width � height. Mice were euthanized when
the maximum diameter of the tumor reached 24 mm. Each experi-
ment was conducted at least twice with similar results.

An orthotopic tumor model of esophageal squamous cell

carcinoma

Orthotopic implantation of TE8-luc cells (2 � 106 cells) was per-
formed in 6-week-old female athymic mice as previously reported.41

Briefly, a slanting 10-mm skin incision was made in the left upper
abdomen under anesthesia. The stomach was pulled down with twee-
zers so that the abdominal esophagus could be seen. A 1-mL syringe
with a 30-gauge needle (Nipro, Tokyo, Japan), in which TE8-luc cells
were suspended in a 10-mL volume of RPMI medium and Matrigel
(2.0 � 106 cells/20 mL), was inserted into the anterior wall of the
abdominal esophagus. The tumor cells were then slowly injected so
that they were not spilt on the peritoneal cavity. The appearance of
a small swelling at the injection site indicated successful cell injection.
The esophagus was then returned to the peritoneal cavity, and the
abdominal wall and skin were closed with 5-0 polydioxanone (PDS).

Three days after the tumor cell inoculation, orthotopic tumor volume
was determined by bioluminescence imaging with an IVIS (IVIS
Lumina Series III, SPI, Japan) and the mice were randomly divided
into two groups (n = 10). Eighteen days after the tumor implantation
(on day 0), the mice were inoculated intratumorally with mock or
G47D (1� 106 pfu) in 20 mL of PBS containing 10% glycerol. The to-
tal photon counts of orthotopic tumors were observed. On day 34, all
mice were euthanized, the tumors were harvested, and the weight
measurement and the histological examinations were performed.

In vivo photon counting analysis was conducted twice a week on the
IVIS with Living Image acquisition and analysis software (Living
Image 4.4., Xenogen, United States) as previously described.57 For
detection of bioluminescence, the mice were anesthetized and intra-
peritoneally injected with D-luciferin (150 mg/kg; PerkinElmer, Wal-
tham, MA). Each experiment was conducted at least twice with
similar results.

Histological and immunohistochemical analysis of orthotopic

tumors

Mice harboring orthotopic TE8-luc tumors were treated and eutha-
nized 34 days after the treatment as scheduled in Figure 3A. Ortho-
topic tumors were harvested, fixed in 10% formaldehyde neutral
buffer solution (Sigma-Aldrich, St Louis, MOSA) for 72 h, and
embedded in paraffin. Sections (5-mm thick) were rehydrated using
an alcohol gradient and subjected to heat-mediated antigen retrieval
using target retrieval solution S1700 (Dako, Santa Clara, CA).

Sections were mounted on silanized slides (Dako Cytomation,
Glostrup, Denmark) and stained with HE. Sequential sections were
subjected to immunohistochemical analysis to detect HSV-1. The sec-
tions were treated with peroxidase blocking solution (Dako) and
Blocking One (Nacalai Tesque, Kyoto, Japan), incubated with a rabbit
polyclonal anti-HSV-1 antibody (1:2,000 dilution, 3 mg/mL) (Dako
Cytomation), rinsed, and incubated with an HRP-conjugated goat
anti-rabbit IgG antibody (Nichirei Bioscience, Tokyo, Japan). The
sections were developed with 3,30-diaminobenzidine (DAB) Peroxi-
dase Substrate kit (Vector laboratories, Burlingame, CA), and then
counterstained with hematoxylin. A NanoZoomer Digital Pathology
slide scanner (Hamamatsu Photonics K.K., Hamamatsu, Japan) was
used to view slides.

Safety evaluation of G47D applied to the esophagus

G47D (1 � 107 pfu), strain F (1 � 106 pfu), or mock (PBS containing
10% glycerol) in a volume of 10 mL was injected into the subserosa of
esophagus, or orally administrated into the lumen of esophagus using
a feeding needle, in 6-week-old female A/J mice (n = 5 for each
group). Cages were then blinded and mice monitored for changes
in clinical manifestations and body weight twice a week for 2 months.
Animal care was in accordance with institution guidelines.

Virus biodistribution studies

Six-week-old female A/J mice were given G47D (1� 107 pfu) or strain
F (1 � 106 pfu) by two different administration routes as described
above; i.e., intraesophageal inoculation (n = 12 per group) and oral
administration (n = 12 per group). Mice were sacrificed at 1, 3, 5,
and 7 days after the administration (n = 3 for each day), and the
amount of viral DNA in major organs (esophagus, adrenal glands,
spinal cord, and brain) was quantified using semiquantitative real-
time PCR. As a preliminary study, strain F (1 � 107 pfu) was admin-
istered either intraperitoneally or orally to 6-week-old female A/J
mice, one mouse each was sacrificed daily until day 5, and the amount
of viral DNA in nine organs (brain, spinal cord, gastro-esophagus,
small intestine, colon, liver, lungs, kidneys, and adrenal glands) was
quantified using semiquantitative real-time PCR.

The organs were homogenized, and genomic DNAwas extracted using
the QIAamp DNA mini kit (Qiagen) according to the manufacturer’s
instructions. Absolute quantification of viral DNA was conducted
using real-time TaqMan PCR (the 7500 Fast Real-Time PCR System,
Applied Biosystems) using HSV-1 gB primers (forward primer,
50-GGCACGCGGCAGTACTTT-30; reverse primer, 50-CCATGCGCT
CGCAGAGA-30; TaqMan probe, 50-GGTCGACAGGCACCTACA
ATGCCG-30). The standard plasmid containing the glycoprotein B
sequence of strain F andG47D served as positive control, and the values
were used to generate a standard curve from 10 to 1.0 � 106 copies.

Statistical analysis

All data were expressed as the mean ± standard deviation (SD) or the
mean ± standard error of the mean (SEM). Correlations were
analyzed graphically using scatterplots and by the Pearson correlation
coefficient, with application of the appropriate significance test
(t test). For cytopathic effect studies and subcutaneous tumor studies,
one-way ANOVA followed by Dunnett’s test was used, and, for
others, Student’s t test or the Welch’s t test was used to analyze the
statistical significance of differences. The survival curves were
analyzed by the Kaplan-Meier method, and p < 0.05 was considered
Molecular Therapy: Oncolytics Vol. 23 December 2021 409
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as statistically significant using the log rank test. In the figures, stan-
dard symbols are used: *p < 0.05; **p < 0.01; ***p < 0.001; NS, not sig-
nificant. Statistical analyses were carried out with JMP 14.0.0 (SAS
Institute, Cary, NC).
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