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The prognosis of oral squamous cell carcinoma (OSCC)
largely depends on the control of lymph node metastases.
We evaluate the therapeutic efficacy of G47A, a third-gener-
ation oncolytic herpes simplex virus type 1 (HSV-1), in mouse
tongue cancer models. Intratumoral injection with G47A
prolonged the survival in all orthotopic models investigated.
In both athymic and immunocompetent models, G47A in-
jected into the tongue cancer swiftly traffics to the draining
cervical lymph nodes and suppresses lymph node metastases.
In the immunocompetent KLN205-MUC1 model, in which
the metastatic cascade that tongue cancer patients commonly
experience is reproduced, intratumoral G47A injection even
immediately prior to a tumor resection prolonged survival.
Cervical lymph nodes 18 h after G47A treatment showed
the presence of G47A infection and an increase in CD69-pos-
itive cells, indicating an immediate activation of T cells.
Furthermore, G47A injected directly into enlarged metastatic
lymph nodes significantly prolonged the survival at an
advanced stage. Whereas intratumorally injected oncolytic
HSV-1 does not readily circulate in the blood stream, G47A
is shown to traffic in the lymphatics swiftly. The use of
G47A can lead to entirely new treatment strategies for tongue
cancer and other OSCC at all clinical stages.

INTRODUCTION

Oral squamous cell carcinoma (OSCC), the sixth most common can-
cer worldwide, is treated by surgical resection with or without radia-
tion and chemotherapy.' OSCC exhibits a poor prognosis because it
frequently metastasizes to cervical lymph nodes and ultimately
spreads to distant organs, most frequently to the lung.” ® A radical
resection of oral and maxillofacial lesions can lead to severe impair-
ment of oral functions and physical appearance, which impairs the
quality of life (QOL) of patients. Even with a complete resection of
primary lesions, micrometastasis often results in lymph node metas-
tasis, especially in tongue cancer patients.”” Therefore, a successful
control of lymph node metastases is essential for improving the sur-
vival rate of patients with OSCC.°
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Oncolytic virus therapy is a promising therapeutic approach for intrac-
table cancer.® Talimogene laherparepvec (T-Vec), a double-mutated
oncolytic herpes simplex virus type 1 (HSV-1) armed with granulo-
cyte-macrophage colony stimulating factor (GM-CSF), has been
approved as a drug for melanoma in the United States and Europe.” '
A variety of oncolytic viruses such as HSV-1,"*"'* adenovirus,'* '® and
Newecastle disease virus have been tested in patients with head and neck
cancer."” Some preclinical studies have reported the lymphatic spread of
oncolytic viruses in immunodeficient animal models.”’** An impor-
tant question, however, is whether cervical lymph node metastases
that occur as a natural course of tongue cancer can be controlled
with an oncolytic virus under immunocompetent conditions.

G47A is a third-generation oncolytic HSV-1 with triple mutations; de-
letions in both copies of the y34.5 gene, a lacZ insertion inactivating
the ICP6 gene, and a deletion of the a47 gene and the overlapping
US11 promoter.”* The y34.5 gene counteracts the host-cell-induced
shutdown of protein synthesis mediated by protein kinase R upon viral
infection, and because such protein synthesis shutdown is usually
disabled in cancer cells, the y34.5 mutation permits viral replication
within cancer cells but not in normal cells.”> ICP6 encodes the large
subunit of ribonucleotide reductase that is required for virus DNA
replication,” and therefore the ICP6 inactivation permits viral replica-
tion only in dividing cells. The «47 gene functions to antagonize host
cell’s transporter associated with antigen presentation,”” and therefore
the deletion of the gene precludes the downregulation of major histo-
compatibility complex (MHC) class I expression, causing enhance-
ment of antitumor immune responses.”* The deletion also results in
immediate early expression of the neighbor USI1 gene, which results
in enhanced viral replication in cancer cells.”® In this study, we eval-
uate the efficacy of G47A in mouse models of orthotopic tongue
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Figure 1. In vitro evaluation of G47A activity in
human OSCC and mouse SCC cell lines

(A) In vitro cytotoxicity assays for human OSCC cells. Four
human OSCC cell lines were infected with G47A (MOI =
0.01 or 0.1). The number of surviving cells was counted
daily, and the results are expressed as a percentage of
mock-infected controls. All human OSCC lines tested
were susceptible to G47A. The results are presented as
the mean + standard deviation (SD). (B) In vitro viral
replication in OSCC cells. The black line indicates the
initial G47A titer used for this assay. G47A showed high
virus yields in all human OSCC cells tested. (C and D)
In vitro cytotoxicity assays in mouse SCC cells. Two
mouse SCC cell lines were infected with G47A (MOI = 0.1
or 1). G47A was susceptible to KLN205-MUC1 at a MOI
of 1.0 and to SCCVII at a MOI of 0.1. Error bars, + SD.

manner (Figure 2A). In a separate experiment,
subcutaneous SAS tumors, inoculated with
G47A (1 x 10° pfu) or mock on days 0 and 3,
were excised on day 15 for immunohistochemical
analysis using Ki-67 as a proliferation marker.
The rate of Ki-67 positivity of tumor cells drasti-
cally decreased in the areas with high HSV-1 pos-
itivity, presumably reflecting the areas with abun-
dant G47A replication (Figure S1). Intratumoral
injections with G47A (5 x 10° pfu) significantly
inhibited the growth of subcutaneous KLN205-
MUCI tumors in DBA/2 mice. The growth of
subcutaneous SCCVII tumors in C3H/He mice
was significantly inhibited at lower doses (2 x
10° and 1 x 10° pfu; Figures 2B and 2C).

G47A is efficacious in orthotopic tongue

o
o

o
N
w
o

Days Days

cancer. We show that, when injected into the primary tongue tumors,
G47A not only inhibits the growth of primary lesions, but also drains
into the cervical lymph nodes almost instantly and suppresses the
extent of lymph node metastases.

RESULTS

Human OSCC and mouse SCC cell lines are susceptible to G47A
in vitro

All human OSCC lines tested were susceptible to G47A in vitro and
supported efficient viral replication (Figures 1A and 1B). Mouse squa-
mous cell carcinoma (SCC) cell lines (KLN205-MUCI and SCCVII
cells) were also tested in vitro, revealing that KLN205-MUCI cells
were relatively resistant to G47A, whereas SCCVII cells were moder-
ately susceptible to G47A (Figures 1C and 1D).

G47A is efficacious in human OSCC and mouse SCC
subcutaneous tumor models

Intratumoral injections with G47A significantly inhibited the growth of
subcutaneous SAS tumors in athymic mice in a dose-dependent

3 cancer models of athymic mice

Next, we examined the efficacy of G47A in

two orthotopic tongue cancer models in athy-
mic mice (SAS-GFP and HSC-3; Figure 3A). The susceptibility of
SAS-GFP cells to G47A was comparable to that of SAS cells (data
not shown). Intratumoral injection with G47A 3 days after tumor
implantation significantly prolonged the survival compared with
control in both SAS-GFP and HSC-3 models (Figures 3B and
3C). In both models, there was no significant difference in efficacy
between the doses used (2 x 10° pfu and 1 x 10° pfu). G47A was
significantly efficacious in both orthotopic tongue cancer models
even when it was injected at delayed time points; 5 days for SAS
or 7 days for HSC-3 after tumor implantation (Figures 3D and
3E). The immunostaining for green fluorescent protein (GFP)
and hematoxylin and eosin (H&E) staining of tumor samples ob-
tained 3 and 5 days after tumor implantation of SAS-GFP cells
(1 x 10°) show that the tumor is well established at day 3 and
grows rapidly to occupy a large portion of the tongue by day 5
(Figure S2). In the SAS-GFP human orthotopic tongue cancer
model, 3-time injections with a low dose of G47A (2 x 10° pfu)
exhibited a significantly higher efficacy than a single injection
with a high dose (1 x 10° pfu; Figure 3F).
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Figure 2. In vivo evaluation of G47A efficacy for
human OSCC and mouse SCC subcutaneous tumor
models

(A) Efficacy of G47A in subcutaneous SAS tumors in
athymic mice. Established subcutaneous SAS tumors were
inoculated with G47A (2 x 10% or 1 x 10° pfu) or mock
when tumors reached approximately 8 mm in diameter.
Intratumoral injections with G47A significantly inhibited the
growth of subcutaneous SAS tumors in a dose-dependent
manner. (B and C) Efficacy of G47A in KLN205-MUC1 and
SCCVII subcutaneous tumors in DBA/2 mice and C3H/He
mice, respectively. Established KLN205-MUC1 (B) or
SCCVII (C) subcutaneous tumors approximately 5 mm in
diameter were inoculated with G47A at doses indicated on
days 0 and 3. Intratumoral injections with G47A (5 x 10°
pfu) significantly inhibited the growth of subcutaneous
‘i KLN205-MUC1 tumors in DBA/2 mice. Intratumoral in-
jections with G47A significantly inhibited the growth of
subcutaneous SCCVII tumors at both doses used (2 x 10°
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G47A injected into the primary tongue tumors traffics to the
cervical lymph node

Implanted SAS and HSC-3 cells are known to cause regional lymph
node metastases in orthotopic tongue cancer models.”>** Therefore
we utilized these models to investigate the effect of G47A injected
into the primary lesion 7 days after tumor implantation on the lymph
node metastases (Figure 4A). Fluorescence microscopy 4 days after
G47A inoculation into SAS-GFP tongue tumors revealed that,
whereas all mock-treated mice developed bilateral lymph node metas-
tases depicted by GFP signals, 5 of 9 G47A-treated mice did not
exhibit any GFP signal in the lymph nodes of either side (Figure 4B).
Immunohistochemical analysis 3 days after G47A inoculation re-
vealed the presence of EGFP" tumor cells in the lymph node cortex
and abundant HSV positivity, presumably representing G47A-in-
fected cancer cells, distributed mainly in the subcapsular area (Fig-
ure 4C). Quantitative PCR showed significantly higher copy numbers
of G47A DNA, but not necessarily infectious G474, in the cervical
lymph nodes of tumor-bearing mice than in those without tumors
(p = 0.02, Figure 4D). HSV-1 infection in the metastatic cervical
lymph nodes was also confirmed in the HSC-3 tongue cancer model
treated with an intratumoral G47A injection (Figure S3). These re-
sults indicate that G47A injected into primary tongue tumor traffics
to the cervical lymph nodes and exhibits antitumor effects locally in
the regional metastatic cervical lymph nodes. G47A, when injected
into the tongue of normal HSV-1-sensitive A/J mice, has shown to
be safe, causing no side effects, in preclinical safety studies (data
not shown).

G47A immediately traffics to the cervical lymph nodes and
activates T cells

To investigate the efficacy of G47A under immunocompetent condi-
tions, we generated tongue tumors by injecting KLN205-MUCI and
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and 1 x 10° pfu) in C3H/He mice. Arrows indicate the
timings of G47A injection. Tumor volume (mm®) = length x
width x height (mm). The results are presented as the
mean + standard error of the mean (SEM) . *p < 0.05; ***p <
0.001 (Tukey-Kramer method).

35

SCCVII cells in syngeneic DBA/2 and C3H/He mice, respectively. An
intratumoral injection with G47A into the tongue tumors on day 3
prolonged the survival compared with control in both models (Fig-
ure 5A; Figure S4). In the KLN205-MUCI tongue cancer model, 3-
time injections with a low dose of G47A (1 x 10° pfu) exhibited an
efficacy equivalent to a single injection with a high dose (5 x 10°
pfu; Figure 5B). Immunostaining for MUCI revealed that cervical
lymph node metastases existed at day 3 of tumor implantation with
the metastatic volume increasing at day 7 (Figures 5C and 5D).
HSV-1 staining of metastatic cervical lymph nodes 18 h after a
G47A injection into the tongue tumor showed G47A-infected tumor
cells within the lymph nodes (Figure 5E). Quantitative PCR showed a
high copy number of G47A DNA existing in the cervical lymph node
as early as 10 min after G47A injection into the tongue tumor that
gradually decreased with time in the following days (Figure S5).
Flow cytometric analysis of lymphocytes in the cervical lymph nodes
18 h after G47A injection into the tongue tumor revealed a signifi-
cantly higher proportion of CD69-positive cells among both CD8-
and CD4-positive cells in G47A-treated animals compared with
mock-treated ones (Figure 6), indicating that the G47A treatment

causes immediate activation of T cells in the regional lymph nodes.*

Intratumoral injection with G47A immediately prior to tumor
resection prolongs survival

To evaluate the efficacy of G47A injected immediately prior to tumor
resection, we injected G47A intratumorally 3 or 7 days after tumor
implantation in the orthotopic KLN205-MUCI1 model immediately
after which the tongue was resected (Figure 7A). Without G47A treat-
ment, the mice became moribund at around 35 days after tumor im-
plantation due to large cervical tumors and multiple lung metastases,
mimicking the clinical course of tongue cancer patients (Figure 7B).
The G47A treatment, at both early (day 3) and late (day 7) time
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Figure 3. In vivo evaluation of G47A efficacy for
human orthotopic tongue cancer models in athymic
mice

(A). The experimental schedule is shown. (B and C) After
3 days of tumor implantation (B, SAS-GFP; C, HSC-3),
G47A was intratumorally inoculated at a dose of 2 x 10° or
1 x 10° pfu, respectively. In both models, a single intra-
tumoral injection with G47A significantly prolonged the
survival at both doses. (D and E), After 5 (D, SAS-GFP) or 7
(E, HSC-3) days of tumor implantation, G47A was intra-
tumorally inoculated at a dose of 2 x 10% or 1 x 10° pfu,
respectively. In both models, a single intratumoral injection
with G47A at a delayed timing significantly prolonged the

survival. “p <0.01; **p <0.001 (log-rank test). (F) G47A ata
low dose (2 x 10° pfu) or mock was inoculated intra-
tumorally three times, 3, 6, and 9 days after tumor implan-
tation (SAS-GFP), or G47A ata high dose (1 x 10° pfu) once
3 days after tumor implantation, and the survival was
observed. Three-time injections with a low dose of G47A
exhibited a significantly higher efficacy than a single injection
with a high dose. *p < 0.05; ***p < 0.001 (generalized Wil-
coxon test). Arrows indicate the timings of G47A injection.
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G47A-treated group survived. The surviving
mice were determined to be free of metastasis,
both in the cervical lymph nodes and lungs, by
macroscopic inspection at the end of the study
(day 80; data not shown). G47A therefore may
exert its efficacy even at an advanced stage by in-
jecting into metastatic lymph nodes.
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points, significantly prolonged the survival of tumor-implanted mice
compared with control (median survival 56.0 versus 38.0 days, p =
0.01; 42.0 versus 37.0 days, p = 0.01, respectively; Figures 7C and
7D). The suppression of metastases by G47A treatment was also
observed macroscopically in a separate experiment (Figure 7E). The
results indicate that G47A is efficacious even when injected immedi-
ately prior to tongue tumor resection.

G47A injection into metastatic cervical lymph nodes prolongs
survival at an advanced stage

As the prognosis of patients with tongue cancer largely depends on the
control of cervical metastases,” we next evaluated the efficacy of G47A
when injected into the metastatic cervical lymph nodes. KLN205-
MUCI cells were implanted in the tongue of DBA/2 mice, and the pri-
mary tumors were resected on day 3. After confirming the enlargement
of metastatic cervical lymph nodes on day 15 (Figure 8A), G47A was
injected into the bilateral cervical lymph nodes under direct view twice
on days 16 and 21 (Figures 8B and 8C). The G47A treatment led to a
significant prolongation of survival compared with mock-treated con-
trol (median survival 52.0 versus 42.0 days, p < 0.01; Figure 8D).
Whereas all 9 mice in the control group died, 2 out of 9 mice in the

DISCUSSION

Treatment of OSCC is problematic as the tumor
cells metastasize to the cervical lymph nodes. Moreover, due its loca-
tion, extensive resection cannot be performed as it could severely
impair the patient QOL. We seek to overcome these obstacles by em-
ploying a new therapeutic modality, namely a third-generation onco-
lytic HSV-1, G47A. We show that, in fact, a single intratumoral injec-
tion with G47A significantly prolongs the survival of athymic mice
bearing orthotopic tongue cancer of SAS-GFP or HSC-3. In the
SAS-GFP tongue cancer model, 3-time injections with a low dose of
G47A exhibited a significantly higher efficacy than a single injection
with a dose higher than the total of three low doses, implicating that
multiple doses are more efficacious than a single dose. The G47A
treatment efficiently suppressed the extent of cervical lymph node
metastases, and the presence of G47A in the lymph nodes was evident
at 4 days after inoculation into the primary tumor.

We further generated an orthotopic tongue cancer model using
KLN205-MUCI cells in HSV-1-sensitive DBA/2 mice to investigate
the efficacy of G47A under immunocompetent conditions. This
model reproduces the metastatic cascade that tongue cancer patients
commonly experience. Again, a single intratumoral injection with
G47A prolongs the survival of immunocompetent mice bearing

Molecular Therapy: Oncolytics Vol. 22 September 2021 391
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Figure 4. In vivo evaluation of G47A in metastatic cervical lymph nodes after injections into the primary tongue tumors in athymic mice

(A) SAS-GFP cells (1 x 10°%) were implanted in the tongues of athymic mice. After 7 days, G47A was inoculated intratumorally at a dose of 1 x 10° pfu. Cervical lymph node
metastasis was analyzed by immunohistochemistry 3 days after virus inoculation or assessed using fluorescence microscopy and quantitative PCR 4 days after virus
inoculation. The experimental schedule is shown. (B) Representative fluorescence micrographs of the cervical regions 4 days after virus inoculation. Arrows indicate primary
tongue tumors, and arrowheads indicate metastases to the cervical lymph nodes. GFP* tumors in the cervical lymph nodes were detected in control mice (a), but not in the
G47A-treated mice (b). (C) Immunohistochemistry of the cervical ymph nodes 4 days after virus inoculation; H&E staining (a), EGFP staining (b), and HSV-1 staining (c). HSV-
1 positivity was mainly detected in the subcapsular area. Scale bars; 500 um (upper), 100 um (lower). (D) Quantitative real-time PCR analysis of G47A DNA in the cervical
lymph nodes 4 days after virus inoculation. Significantly higher copy numbers of G47A DNA were detected in the cervical lymph nodes of tumor-bearing mice than in those
without tumors. n = 4 in each group. Error bars, + SEM. *p < 0.05 (Mann-Whitney U test).

tongue cancer. In this model, tumor cells are already metastatic to cer-
vical lymph nodes 3 days after tumor implantation to the tongue. Sur-
prisingly, the presence of G47A in those lymph nodes was evident at
18 h by HSV-1 immunostaining and at 10 min by quantitative real-
time PCR after inoculation into the primary tumor, indicating that
G47A traffics to the regional lymph nodes almost instantly. Injection
with G47A into the tongue cancer followed by an immediate resection
effectively prolonged the survival even at a relatively late stage (7 days
after tumor implantation), further supporting the finding that G47A
swiftly traffics to the regional lymph nodes.

In contrast to the fact that intratumorally administered oncolytic
HSV-1 does not readily circulate within the blood stream, we
show that G47A can traffic within the lymphatics without delay.
The phenomenon that oncolytic viruses can traffic to the regional
lymph nodes after injection into primary tumors has been re-
ported.22 However, we further elucidate that such trafficking occurs

392 Molecular Therapy: Oncolytics Vol. 22 September 2021

almost instantly. Therefore, at least at a very early time point, vi-
ruses are likely capable of trafficking to lymph nodes without tumor
cells. One of the controversies in the field of OSCC is whether to
perform prophylactic neck dissection in clinical node-negative
OSCC patients. While elective neck dissection has been reported
to result in higher rates of survival than therapeutic neck dissec-
tion,”” lymphatics draining the oral cavity are considered to work
as a mechanical or immunologic barrier to the spread of cancer
and therefore should be preserved until clinically involved.” Our
results show that G47A injected into the primary tongue cancer
presurgically can swiftly traffic to the cervical lymph nodes and sup-
press the extent of metastases. Therefore, with the use of G47A at
hand, the extent of neck dissection could be minimized. Our results
further show that, in the KLN205-MUCI model, G47A injected
into metastatic lymph nodes after primary tumor resection pro-
longs the survival and can lead to a cure even at an advanced stage.
The fact that cervical lymph nodes can be directly inoculated with
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Figure 5. In vivo evaluation of G47A efficacy in an orthotopic tongue cancer model using immunocompetent mice

(A) KLN205-MUCH cells (2 x 10°%) were implanted into the tongue of DBA/2 mice. G47 A was intratumorally inoculated at a dose of 2 x 10° pfuor 1 x 10° pfu on day 3, and the
survival was monitored. Intratumoral G47A injection at a dose of 1 x 10° pfu significantly prolonged the survival compared with control. **p < 0.01 (log-rank test). (B) G47A at
alow dose (1 x 10° pfu) or mock was inoculated intratumorally three times, 3, 6, and 9 days after tumor implantation, or G47A at a high dose (5 x 10° pfu) once 3 days after
tumor implantation, and the survival was observed. Three-time injections with alow dose of G47A exhibited an efficacy equivalent to a single injection with a high dose. **p <
0.01; **p < 0.001 (generalized Wilcoxon test). Arrows indicate the timings of G47 A injection. (C) KLN205-MUC1 cells were implanted into the tongues of DBA/2 mice, and
after 3 or 7 days, G47A was intratumorally inoculated at a dose of 1 x 10° pfu. The cervical lymph nodes were excised 18 h after virus inoculation and analyzed by
immunohistochemistry or flow cytometry. (D and E) Immunohistochemistry of cervical lymph nodes 18 h after virus inoculation; MUC1 staining (D), HSV-1 staining (E).
Metastatic MUC1-positive tumor cells and G47 A-infected tumor cells can be observed. Insets depict enlarged images of areas indicated. Scale bars, 100 um in high power

fields, 500 pm in low power fields.

G47A with efficacy after manifesting metastatic tumor growth sup-
ports the notion that prophylactic neck dissection should be
avoided. Because human cells are generally more susceptible to
G47A than murine cells, a higher efficacy may be expected in clin-
ical settings. Whether lymphatic trafficking of oncolytic viruses is a
phenomenon observed most frequently in the cervical region needs
further investigation.

The triple mutations of G47A include a deletion of the «47 gene that
causes enhanced MHC class I presentation of infected tumor cells,
and intratumoral G47A injection has been shown to induce specific
antitumor immune responses efficiently.”* In this study, flow cytom-

etry of lymphocytes in the cervical lymph nodes 18 h after G47A in-
jection into the tongue cancer showed a significant increase in
CD69-positive cells among both CD8- and CD4-positive cells, indi-
cating that G47A not only traffics to cervical lymph nodes swiftly
but also activates T cells immediately. We also observed a higher
proportion of CD69-positive cells among CD8-positive cells in the
cervical lymph nodes 18 h after G47A was injected into the normal
tongue of DBA/2 mice compared with mock (data not shown), sug-
gesting that this early activation of T cells is at least partly due to an
immune response against G47A. Presumably, this activation of
T cells, when accompanied by a tumor cell destruction by G47A
and a processing by antigen presenting cells in the regional lymph

Molecular Therapy: Oncolytics Vol. 22 September 2021 393
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Figure 6. Flow cytometric analysis of the cervical lymph nodes
KLN205-MUC1 cells (2 x 10% were implanted in the tongues of DBA/2 mice. After
7 days, G47A was intratumorally inoculated into the tongue tumors at a dose of 1 x
10° pfu. After 18 h, the cervical lymph nodes were removed and lymphocytes were
analyzed by a flow cytometer. (A) Representative plots of CD69-positive cells among
CD8- or CD4-positive T cells. (B) The proportions of CD69-positive lymphocytes
among CD8-positive cells (left) and CD4-positive cells (right). A significantly higher
proportion of CD69-positive cells among both CD8- and CD4-positive cells was
detected in the G47 A-treated animals compared with mock-treated ones. n = 4 per
group. Error bars, + SEM. *p < 0.05 (Student’s t test).

nodes, can facilitate the elicitation of specific antitumor immune re-
sponses.”” ** MHC class I expression has been reported to correlate
with the prognosis of OSCC,”” and oncolytic virus therapy, espe-
cially using G474, is known to turn immunologically “cold” tumors
“hot.”*" Tt is likely that G47A not only suppresses cervical lymph
node metastases via its swift trafficking but also acts via the stimu-
lation of host antitumor immunity.

Presurgical inoculation of tongue cancer with G47A results in imme-
diate trafficking of G47A to the cervical lymph nodes and suppression
of lymphatic metastases. The use of G47A even immediately before
tumor resection can therefore minimize the extent of neck dissection,
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thereby preserving the QOL of patients. Injections with G47A into
metastatic lymph nodes can also be efficacious at an advanced stage.
Furthermore, because G47A also acts via systemic immunity, im-
mune checkpoint inhibitors may augment the efficacy of G47A.*>*!
These results show that G47A can be employed in the development
of entirely new treatment strategies for tongue cancer and other
OSCC at various clinical stages.

MATERIALS AND METHODS

Cell lines and virus

Vero (African green monkey kidney) cells were purchased from the
American Type Culture Collection (Rockville, MD, USA) and
cultured as described previously.”*** Human OSCC cell lines SAS,
OSC-19, HSC-3, and SCC-4 were purchased from the Health Science
Research Resources Bank (Osaka, Japan). A mouse SCC cell line,
KLN205-MUCI1, derived from DBA/2 strain was obtained from
RIKEN BioResource Center (Tsukuba, Japan). A mouse SCC cell
line, SCCVII, derived from C3H/He strain was a generous gift from
Professor Yoshiaki Yura (Second Department of Oral and Maxillofa-
cial Surgery, Osaka University, Osaka, Japan). The cells were cultured
according to the instructions provided by the suppliers. G47A was
grown in Vero cells, and virus titers were determined by using
6-well plates with semi-confluent Vero cells infected in serial dilu-
tions as described previously.”***** Mock-infected extract (mock)
was prepared from virus buffer-infected cells, using the same proced-
ures as those used for virus inoculum.

In vitro cytotoxicity studies

Cytopathic effects were evaluated as described previously.
Briefly, human OSCC cells or mouse SCC cells were seeded on six-
well plates at 2 x 10° cells/well and infected with mock or G47A at
an MOI 0f0.01, 0.1, or 1.0 in triplicates. The number of surviving cells
was counted daily with a Coulter Counter (Beckman Coulter, Fuller-
ton, CA, USA) and expressed as a percentage of mock-infected
controls.

24,45-47

Viral replication studies

Four human OSCC cell lines and Vero cells (control) were seeded in
6-well plates (5 x 10° cells/well) and infected with G47A at a multi-
plicity of infection (MOI) of 0.01. The infections were performed in
triplicates. After incubation at 37°C for 24 h, the number of progeny
virus was titered on Vero cells.

Immunohistochemistry

Excised subcutaneous tumors and lymph nodes were formalin-fixed,
paraffin-embedded, and cut into 4-um sections using a microtome.
Antibodies against HSV-1 (Dako, Glostrup, Denmark), enhanced
green fluorescent protein (EGFP; Abcam, Cambridge, UK), anti-
mouse Ki67 (Abcam), and mucin 1 (MUC 1; Abcam) were used for
immunohistochemistry. EnVision+ System-HRP Labeled Polymer
Anti-Rabbit IgG (Dako) was used as a secondary antibody. Immuno-
staining was visualized using DAB Substrate Kit (Vector Laboratories,
Burlingame, CA, USA). Some sections were counterstained with
H&E.
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Figure 7. In vivo evaluation of the efficacy of G47A
injected into primary tumors immediately prior to
tumor resection

(A) The experimental design is shown. KLN205-MUC1 cells
(2 x 10°% were implanted into the tongues of DBA/2 mice.
After 3 or 7 days, G47A was intratumorally inoculated at a
dose of 1 x 10° pfu, followed by immediate resection of the
tongues. (B) Representative images of advanced-stage
cervical lymph node (a) and lung (b) metastases 35 days
after tumor implantation without treatment. (C and D) In-
tratumoral G47 A injection on day 3 (C) or day 7 (D) of tumor
implantation followed by immediate tumor resection
significantly prolonged the survival. Arrows indicate the
timings of G47A injection. *p < 0.05 (log-rank test). (E)
Representative images of the cervical lymph nodes (upper:
a, b) and the lung (lower; c, d) of mice 35 days after tumor
implantation and treated with mock (left: a, c) or G47A
(right: b, d) on day 3. Arrowheads indicate cervical lymph
nodes.
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Generation of EGFP-expressing SAS cells and in vivo
fluorescence imaging

To detect lymph node metastasis by in vivo fluorescence imaging, we
generated SAS cells that stably express EGFP (SAS-GFP) using a retro-
viral vector pQCLIN-EGFP.* Visualization of SAS-GFP cells in the
primary lesions and metastatic cervical lymph nodes in the SAS-
GFP tongue cancer model was performed by observing directly under
an MVX10 stereo fluorescence microscope (Olympus, Tokyo, Japan).

Quantitative real-time PCR

G47A DNA copy numbers in lymph nodes were measured by quanti-
tative real-time PCR using the TagMan system (7500 Fast Real-Time
PCR System; Applied Biosystems, Foster City, CA, USA). DNA was ex-
tracted from the cervical lymph nodes using the QIAamp DNA Mini kit
(QIAGEN, Hilden, Germany). Quantitative real-time PCR was
performed on an Applied Biosystems 7500 Fast Real-Time PCR
system (Thermo Fisher Scientific, Waltham, MA, USA) using the
following probes and primers: TagMan probe, 5-TTCTggTgCACCTg
CggATCCC-3'; forward primer, 5'-CTCgCCTTTACCgCATCCT-3';

0 60
Days post-implantation

reverse primer, 5'-TgTAAAACgACggCCAgTgA-
3'. Genomic copies of G47A were quantified using
aplasmid containing the sequence amplified by the
primers mentioned above.

Animal studies

Female BALB/c nu/nu, DBA/2,and C3H/He mice
(5-6 weeks old) were purchased from Japan SLC
(Hamamatsu, Shizuoka, Japan). All experimental
animal protocols were approved by the Commit-
tee for Ethics of Animal Experimentation and
were in accordance with the Guideline for Animal
Experiments at the University of Tokyo.

Subcutaneous tumor models

Subcutaneous tumors were generated by inocu-
lating 1 x 10° cells into the left flanks of athymic or syngeneic mice
using a 26G needle. Subcutaneous tumors of approximately 8 mm
(SAS) or 5 mm (KLN205-MUCI and SCCVII) in diameter were inoc-
ulated with G47A or mock in 20 pL of 10% glycerol/Dulbecco’s phos-
phate-buffered saline on days 0 and 3, and the tumor sizes were
measured twice a week.”® Mice were euthanized when the tumor
size reached 24 mm in maximum diameter.

Orthotopic tongue cancer models

Under general anesthesia with intraperitoneal administration of keta-
mine and xylazine, tongue tumors were generated by implanting 1 x
10° cells of SAS-GFP or HSC-3 into the left side of the tongue of athy-
mic mice. Tongue tumors were inoculated with G47A or mock using
a Hamilton syringe (Hamilton Company, Reno, NV, USA) at indi-
cated time points. KLN205-MUC1 and SCCVII tongue tumors
were generated by implanting 2 x 10> cells into the left side of the
tongue of syngeneic DBA/2 mice and C3H/He mice, respectively,
and G47A was inoculated into the tumors as described above. In
SAS-GFP, HSC-3, and SCCVII tongue cancer models, implanted
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Figure 8. In vivo evaluation of the efficacy of G47A
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\ (A) A representative image of MUC1 immunostaining of the
__%* % - ;Z% cenvical lymph node 15 days after KLN205-MUCT cells
X were implanted in the tongue of DBA/2 mice. Scale bar,
500 um. (B and C) KLN205-MUC1 cells (2 x 10°) were
Day 0 Day 3 Day 16 and 21 implanted into the tongues of DBA/2 mice. After 3 days, the
tongues were resected, and G47A (2.5 x 10° pfu) was
D inoculated into the bilateral cervical lymph nodes under
1.0 1 direct view twice on days 16 and 21. (D) Two G47A in-
08 | jections into enlarged metastatic lymph nodes significantly
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tumor cells grow within the tongue and metastasize to cervical lymph
nodes, and animals typically die of primary tumor growth. KLN205-
MUCI tongue cancer model reproduces the metastatic cascade
commonly observed in tongue cancer patients: cervical lymph node
metastasis occurs without exception, followed by lung metastasis. An-
imals typically die of primary tumor growth, but when the primary
tumor has been resected, lung metastasis usually causes death. The
survival of mice inoculated with G47A or mock was observed every
day. A mouse was euthanized when it became moribund in accor-
dance with a protocol approved by the Institutional Animal Care
and Use Committee and defined to have survived until the following
day. Direct injections with G47A to the cervical lymph nodes were
performed using a 30G needle under general anesthesia with intraper-
itoneal administration of ketamine and xylazine.

Flow cytometry

A single-cell suspension was prepared from the cervical lymph nodes
removed from three mice. After lysis of red blood cells in 1 x RBC Lysis
Buffer Solution (eBioscience, San Diego, CA, USA) and selection of live
cells using the Zombie Yellow Fixable Viability Kit (BioLegend, San
Diego, CA, USA), lymphocytes were incubated with mouse anti-
CD16/32 antibody (Tonbo Biosciences, San Diego, CA, USA) followed
by incubation with fluorescein allophycocyanin-conjugated mouse
anti-CD8a (BD Biosciences, San Jose, CA, USA), phycoerythrin-Cy7-
conjugated mouse anti-CD69 (BioLegend), BrilliantViolet785-conju-
gated anti-mouse CD3 (BioLegend), fluorescein isothiocyanate-conju-
gated anti-CD4 (eBioscience), or fluorophore-conjugated isotype
controls (eBioscience). The cells were analyzed using CytoFLEX (V5-
B5-R3 configuration, Beckman Coulter, Fullerton, CA, USA), and
data were analyzed with CytExpert software (Beckman Coulter).

Statistical analysis

The Tukey-Kramer method was used to analyze the data from subcu-
taneous tumor models. Real-time PCR data were analyzed using
Mann-Whitney U test. Kaplan-Meier analysis was used for survival
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between the single injection group and the triple

injections group (Figures 3F and 5B), for which

the generalized Wilcoxon test was used, with
pairwise over strata. Data analysis was performed using SPSS v.22
software (IBM, New York, NY, USA). Student’s t test was used for
the flow cytometric analyses.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.0mt0.2021.06.008.
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