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1 | INTRODUCTION

Multimodality therapies are used to manage patients with hepatocellular carcinoma
(HCQ), although advanced HCC is incurable. Oncolytic virus therapy is probably the
next major breakthrough in cancer treatment. The third-generation oncolytic herpes
simplex virus type 1 (HSV-1) T-01 kills tumor cells without damaging the surround-
ing normal tissues. Here we investigated the antitumor effects of T-01 on HCC
and the host’s immune response to HCC cells. The cytopathic activities of T-01
were tested in 14 human and 1 murine hepatoma cell line in vitro. In various
mouse xenograft models, HuH-7, KYN-2, PLC/PRF/5 and HepG2 human cells and
Hepal-6 murine cells were used to investigate the in vivo efficacy of T-01. T-01
was cytotoxic to 13 cell lines (in vitro). In mouse xenograft models of subcuta-
neous, orthotopic and peritoneal tumor metastasis in athymic mice (BALB/c nu/nu),
the growth of tumors formed by the human HCC cell lines and hepatoblastoma cell
line was inhibited by T-01 compared with that of mock-inoculated tumors. In a
bilateral Hepal-6 subcutaneous tumor model in C57BL/6 mice, the growth of
tumors inoculated with T-01 was inhibited, as was the case for contralateral
tumors. T-01 also significantly reduced tumor growth. T-01 infection significantly
enhanced antitumor efficacy via T cell-mediated immune responses. Results
demonstrate that a third-generation oncolytic HSV-1 may serve as a novel treat-
ment for patients with HCC.
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chemotherapeutic agents are limited.>* Therefore, novel and effec-

tive curative and adjuvant therapies are urgently required.

Hepatocellular carcinoma (HCC) is the fifth and the eighth most
common malignancy in men and women, respectively, and more than
500 000 new cases are diagnosed worldwide each year.? The long-
term prognosis of patients with HCC who are treated with curative

intent is unsatisfactory, and the efficacies of available

Recently, oncolytic virus therapy has been recognized as a
promising new therapeutic approach for cancer treatment.® The use
of conditionally replicating herpes simplex virus type 1 (HSV-1) that
specifically kills tumor cells is an attractive strategy for HCC therapy.

Oncolytic HSV-1 (oHSV) contains mutations in genes associated with
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virulence, viral DNA synthesis, or both, which can limit virus replica-
tion to cancer cells and, thus, oHSV specifically destroys only tumor
cells.® Furthermore, oHSV is not associated with cross-resistance to
other therapy strategies, such as chemotherapy.®

Oncolytic HSV-1 is in phase I-lll clinical trials for treating solid
tumors.” ™ One of the first mutants, oHSV G207, was derived from
HSV-1 strain F with deletions in both copies of the y34.5 gene and
harbors a lacZ insertion that inactivates the ICP6 gene, which per-
mits replication in cancer cells that can complement these muta-
tions but not in normal cells, including neurons.’> oHSV T-Vec is a
double-mutated HSV-1 with deletions in the y34.5 and a47 genes,
and the human granulocyte-macrophage colony-stimulating factor
(GM-CSF) gene inserted into the deleted y34.5 loci.’® T-Vec (tal-
imogene laherparepvec) was approved for melanoma by the FDA in
the USA and was subsequently approved in Europe and Aus-
tralia.?®>* The mutant G47A was derived from G207 by introducing
a third deletion within the a47 gene that overlaps the US11 pro-
moter.r>2° Compared with G207, G47A replicates more efficiently
and increases the presentation of the MHC class | molecule while
maintaining the safety profile of G207.1° These properties enabled
the development of an enhanced cytotoxic lymphocyte response
against tumor cells and enhanced the therapeutic efficacy of the
virus, as indicated by the results acquired from studies of animal
models of brain tumors.® Furthermore, Fukuhara et al® demon-
strate that an induction of specific antitumor immunity in the
course of oncolytic activities plays an important role in presenting
antitumor effects.

In the present study, we used T-01,2* which has a genomic
structure similar to that of G47A. In T-01, the 047 and y34.5 loci
are deleted and the LacZ gene replaces the ICP6 gene. Deletion of
the a47 loci enhanced antitumor immune responses following treat-

t.2! We examined the antitumor activities of T-01 in HCC cell

men
lines and mouse tumor xenograft models, and evaluated the host's

immune response to HCC cells.

2 | MATERIALS AND METHODS

2.1 | Cell lines

Human HCC cell lines (HuH-7, Li-7, JHH-1, JHH2, JHH5, JHH6,
JHH7, HLE, HLF, PLC/PRF/5 and huH-1), a human hepatoblastoma
(HBC) cell line (HuH-6) and a murine hepatoma (Hepal-6) cell line
were obtained from the Japanese Collection of Research Biore-
sources (Osaka, Japan). Human HBC cells (HepG2) and an African
green monkey kidney cell line (Vero) were obtained from the RIKEN
BioResource Center (Tsukuba, Japan). Dr Hirohisa Yano (Kurume
University, Fukuoka, Japan) provided the human HCC cell line KYN-2.

HuH-7, JHH-1, HLE, HLF, PLC/PRF/5, huH-1, HuH-6, HepG2,
Hepal-6 and Vero cells were cultured in DMEM containing 10%
FBS (GIBCO, Grand Island, New York, USA). JHH2, JHH5, JHH6 and
JHH7 cells were cultured in Williams’ medium E containing 10%
FBS. KYN-2 and Li-7 cells were cultured in RPMI1640 containing
10% FBS.
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2.2 | Plasmids, viruses and transfection

Firefly (Photinus pyralis) luciferase (luc) cDNA from pGL3 basic (Pro-
mega, Madison, Wisconsin, USA) was inserted into the pLVSIN-CMV
Pur retroviral vector (Takara Bio/Clontech, Palo Alto, California,
USA) to generate pLVSIN-CMV-luc. Lenti-X 293T packaging cells
(Takara Bio/Clontech) were cotransfected with pLVSIN-CMV-luc and
a Lentiviral HTX Packaging System (Takara Bio/Clontech) using X-
Fect Transfection Reagent (Takara Bio/Clontech). Supernatants from
transfected Lenti-X 293T cells were added to subconfluent cells in
the presence of polybrene (8 pg/mL final concentration; Sigma-
Aldrich, Buchs SG, Switzerland). The transduced cells were propa-
gated in medium containing 15 pg/mL puromycin (Sigma-Aldrich)
and the transfected cells were named HuH-7-luc, KYN2-luc and
HepG2-luc.

The details for constructing the T-01 as HSV-1 mutant are as
published previously.?! Virus stocks were purified and concentrated
as described with minor modifications.??

2.3 | Animals

Five-week-old male C57BL/6 mice and athymic mice (BALB/c nu/
nu) were purchased from Japan SLC (Shizuoka, Japan) and used in
experiments at 6 weeks of age. All mice were caged in groups of 4
or fewer. Mice were anesthetized with an intraperitoneal injection of
pentobarbital. The mouse studies were conducted according to the
guidelines approved by the Animal Care and Use Committee of Kan-

sai Medical University.

2.4 | In vitro cytotoxicity and virus replication
assay

Assays were performed as previously described.t”?* Briefly, cells
were infected with virus or mock for 1 hour and incubated at 37°C
in DMEM supplemented with 1% heat-inactivated FBS. The number
of surviving cells (cytotoxicity) was expressed as a percentage of the
mock-infected controls. Cells were infected with T-01 at a multiplic-
ity of infection (MOI) = 0.01 and incubated at 37°C for 48 hours.
The titer of the progeny virus stock was determined using a plaque

assay with Vero cells. Each experiment was performed in triplicate.

2.5 | Therapy of subcutaneous tumors

Tumors were generated by subcutaneously injecting tumor cells
(5 x 109 into the left flank (HuH-7, KYN-2, PLC/PRF/5 and HepG2
cells) or bilateral flanks (Hepa 1-6 cells) of athymic mice (HuH-7,
KYN-2, PLC/PRF/5 and HepG2 cells) or C57BL/6 mice (Hepa 1-6
cells). When tumors reached 5-7 mm in diameter, animals were ran-
domized, and tumors were inoculated with virus (2 x 10° pfu) or
mock in 20 uL PBS(—) containing 10% glycerol inoculated on the left
side (day 0). Viruses were similarly inoculated on day 3. Tumor size
was measured using Vernier calipers and tumor growth was deter-

mined by measuring the tumor volume (0.5 x [long axis] x [short
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axis]?) twice each week. The mice were killed if they appeared mori-
bund or the maximum diameter of tumors exceeded 20 mm. The
subcutaneous tumors were excised, fixed in formaldehyde and
embedded in paraffin for histological analysis.

C57BL/6 mice harboring established subcutaneous Hepal-6
tumors in both flanks were used to determine the efficacy of T-01
therapy in immunocompetent mice engrafted with murine hepatoma

cells.

2.6 | Orthotopic tumor therapy in mice

Orthotopic tumors were generated by injecting 5 x 10° HuH-7-Luc,
KYN-2-Luc or HepG2-Luc cells into the left lobe of the liver of athy-
mic mice under laparotomy. When an orthotopic tumor was con-
firmed using an in vivo imaging system (IVIS) after implantation, mice
were randomized, and the mock or virus (2 x 10° pfu) in 20 uL PBS
(—) containing 10% glycerol preparation was inoculated into the
tumor. Mice inoculated with HuH-7-Luc cells were killed 21 days
after initial treatment, and tumor volumes were determined (5 or
10 mice per group).

2.7 | Peritoneal metastasis tumor therapy in mice

Peritoneal metastatic tumors were generated by intraperitoneally
injecting KYN-2-Luc cells (5 x 10° into athymic mice or Hepal-6
cells (5 x 10%) into C57BL/6 mice. When peritoneal metastasis was
detected, the mice were randomized, and mock or virus
(2 x 10° pfu, twice) in 20 pL PBS(—) containing 10% glycerol was

inoculated intraperitoneally or into the caudal vein on days O and 3.

2.8 | Histochemical analysis

2.8.1 | HE staining

Mice were killed 7 days after inoculation of T-01. Subcutaneous
tumor tissues of virus- or mock-inoculated mice were embedded
in 10% formalin, and sections (5-um thick) were mounted on sila-
nized slides (Dako Cytomation, Glostrup, Denmark) and stained
with HE.

2.8.2 | Immunohistochemical analysis of herpes
simplex virus type 1

Sequential sections were cut and subjected to immunohistochemical
analysis to detect HSV-1. The sections were treated to inhibit
endogenous peroxidase activity and prevent nonspecific binding of
the secondary antibody and then incubated with a rabbit polyclonal
anti-HSV-1 antibody (1:50 000) (Dako Cytomation), rinsed, and then
incubated with an HRP-conjugated goat anti-rabbit IgG antibody
(Nichirei Bioscience, Tokyo, Japan). The positive site was visualized
by a brownish color using 3-3'diaminobenzidine (DAB) as a chro-
mogenic substrate. Sections were then counterstained with hema-

toxylin.

2.8.3 | Analysis of CD4 and CD8 expression

Mice were killed 14 days after virus or mock inoculation, and subcu-
taneous Hepal-6 tumor tissues and spleens were embedded in opti-
mal cutting temperature compound and frozen in liquid nitrogen.
Sections (5-um thick) were mounted on silanized slides (Dako
Cytomation). Samples were incubated with a rat anti-CD4 antibody
(diluted 1:5) or a rat anti-CD8 antibody (diluted 1:10) (BD Pharmin-
gen, CA, USA), followed by incubation with a donkey anti-rat 1gG
(Jackson ImmunoResearch Laboratories, Pennsylvania, USA). The
positive site was visualized by brownish color, using DAB as a chro-
mogenic substrate. Sections were then counterstained with hema-
toxylin. CD4-positive and CD8-positive (CD4", CD8") and negative
cells were counted in randomly selected deeply stained fields using a
light microscope (x100). The mean numbers of CD4" and CD8" cells
per mm? were counted (positive cells per mm?, n = 3 per group).

2.9 | ELISPOT assay

Assays were performed according to the manufacturer's protocols
(MABTECH AB, Nacka Strrand, Sweden). Subcutaneous Hepal-6
tumors were established in the left flank of C57BL/6é mice and mock
inoculated or inoculated with T-01 twice (days O and 3). On day 14,
treated mice were killed, and the splenocytes were collected. After
splenocytes were re-stimulated with pulsed Hepal-6 cells, the
immunogenic potential of T-01 was evaluated using ELISPOT assays
to detect IFN-y and IL-4. Briefly, re-stimulated CD8* or CD4" target
splenocytes (4 x 10°) were added to the plate and then effector
Hepal-6 cells (5 x 10°) or untreated controls and target cells were
added to the plate, which was then incubated for 24 hours at 37°C in
an atmosphere containing 5% CO,. The number of spots was automat-

ically counted using an Eliphoto system (Minerva Tech, Tokyo, Japan).

2.10 | Rechallenge studies

Mice with established subcutaneous tumors formed by Hepal-6 cells
and regressed cells after treatment using T-01 (2 x 10° pfu, twice)
as well as age-matched naive male C57BL/6 mice were rechallenged
with Hepal-6 cells. Hepal-6 cells (5 x 10°) were injected subcuta-
neously into the back, and tumor growth was observed as described
previously.?* The animals were observed for 60 days.

2.11 | Safety evaluation of T-01 when injected to
the liver

To evaluate safety of T-01, T-01 (2 x 10° pfu) in 20 pL of PBS con-
taining 10% glycerol or mock preparation was injected into the left
lobe of the liver of athymic mice. Mice were monitored for clinical
manifestations daily for 7 days (n = 3). The mice were killed 1 week
after the injection of T-01 or mock preparation and were subjected
to analyses of serum and pathology. Before killing the mice, the
blood was collected in the ophthalmic vein. Serum aspartate amino-
transferase, alanine

aminotransferase, y-glutamyltranspeptidase,
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amylase, alkaline phosphatase and lactate dehydrogenase were ana-
lyzed using commercial kits (Wako Pure Chemicals, Osaka, Japan).
Serum urea nitrogen and creatinine were measured with Denka Sei-
ken (Tokyo, Japan) and Alfresa Pharma (Osaka, Japan) commercial
kits, respectively.

Body weight was evaluated at the start of treatment and upon
death. Liver, lungs and kidneys were excised, fixed in formaldehyde,

and embedded in paraffin for histological analysis.

2.12 | Statistical analysis

All data are expressed as the mean 4+ SEM. The in vitro data and
in vivo tumor-volume data were evaluated using an unpaired t-test.
Overall survival was estimated using the Kaplan-Meier method, and
the data were compared using the log-rank test. P < .05 was consid-

ered statistically significant.

3 | RESULTS

3.1 | Cytopathic effects of T-01 and virus yields
in vitro

We first examined the effects of T-01 on a panel of human HCC
(12), human HBC (2) and murine hepatoma (1) cells using in vitro
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cytotoxicity assays. At day 4 after infection with T-01 at MOI 0.01,
cell survival was reduced to >40%-50% in KYN-2, huH-1, HLF, PLC/
PRF/5, JHH-2, JHH-6, JHH-7, HepG2, HuH-6 and Hepal-6 cells
(Figure 1). No significant changes were detected in other T-01-
infected cells. However, after infection with T-01 at MOI 0.1, the
number of surviving cells decreased to >80% in KYN-2, huH-1, Li-7,
JHH-6, JHH-7, HepG2 and HuH-6 cells, and to >40%-50% in HuH-
7, HLF, PLC/PRF/5, JHH-1 JHH-2 and Hepal-6 cells. No significant
effects were detected in HLE and JHH-5 cells. Together our results
show that T-01 at MOI 0.1 induced significant cell death in 13 cell
lines.

We also examined virus yields in the cell lines and found that
the virus yields increased in most cells, except for JHH-5 and JHH-7
cells (unchanged) and HLE and JHH-2 cells (decreased) (Figure 2).
The cell lines used in these assays and the data are summarized
(Table S1).

3.2 | Effects of T-01 in mice with subcutaneous

tumors

The efficacy of T-01 was tested in athymic mouse models with sub-
cutaneous tumors that were generated using human HCC and HBC
cell lines (Figure 3). HuH-7, KYN-2, PLC/PRF/5 and HepG2 are
related to hepatitis B or C viruses, and their differentiation states
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FIGURE 1 Cytotoxic activity of T-01 in vitro. Cell lines were treated with T-01 virus (MOI = 0.01 [filled circles] and 0.1 [open circles]) and
then incubated for the indicated days. The number of surviving cells was counted and expressed as a percentage of mock-infected controls at

each time point. Data represent the mean £ SE (n = 3 per time point)
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FIGURE 2 Viral replication of T-01
in vitro. The in vitro virus yields were
determined using a plaque assay 48 h after
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FIGURE 3 Antitumor effect of T-01 in mice with subcutaneous tumors. Human tumor cells (HuH-7, KYN-2, PLC/PRF/5 and HepG2) were
implanted subcutaneously into male athymic mice. Established tumors were inoculated with mock preparation (filled circles) or T-01

(2 x 10° pfu) once on day O (open triangles) or twice on days 0 and 3 (filled squares). Effects on tumor growth are shown in the top row; data
represent the mean + SE (n = 10 mice per time point per group). Survival is shown in the bottom row. *P < .05 and **P < .01 vs mock treatment

are shown (Table S2). Established subcutaneous tumors, which were
palpable 21-28 days after implantation, were inoculated with mock
or T-01 on day O or on days O and 3. We detected reduced growth
of tumors from each cell line in mice inoculated once or twice with
T-01 compared with mock-inoculated mice (Figure 3, top). Further-
more, 2 inoculations with T-01 markedly extended the survival rates
of mice bearing subcutaneous tumors formed by HuH-7, KYN-2,
PLC/PRF/5 and HepG2 cells (Figure 3, bottom).

3.3 | Effects of T-01 on orthotopic tumors

We examined the effects of T-O1 on orthotopic tumors induced by
HuH-7-Luc, KYN-2-Luc and HepG2-Luc cells. Tumor-bearing mice

were inoculated with mock or T-01 on day 0. The mice transplanted

with HuH-7-Luc cells were killed 21 days later, and tumor volumes
of the T-01 and mock groups were evaluated. The tumor volumes of
mice inoculated with T-01 were markedly reduced compared with
those of mock-treated mice, with volumes upon death of
1.65 &+ 0.67 and 0.025 + 0.025 cm® in the mock and T-O1 groups,
respectively (Figure 4A, top and middle). T-01 inoculated mice trans-
planted with HuH-7-Luc, KYN-2-Luc and HepG2-Luc cells survived
longer compared with the mock-infected groups (Figure 4A bottom,
B,C, respectively).

3.4 | Effect of T-01 on peritoneal metastases

We established peritoneal metastatic tumors in athymic or C57BL/6

mice implanted with KYN-2-Luc or Hepal-6 cells, and inoculated
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mice intraperitoneally with mock or T-01 twice (days O and 3). The
mock-infected mice injected with KYN-2-Luc and Hepa 1-6 cells
developed gross peritoneal tumor nodules and the sizes of the
tumors formed in mice inoculated with T-01 were decreased com-
pared with mock infection (Figure 5A, right; photos in KYN-2-Luc
cells). The T-01 infected KYN-2-Luc and Hepal-6 mice survived
longer compared with the mock-infected groups (Figure 5A,C). For
comparison, we also injected T-01 into the caudal vein of KYN-2-
Luc mice and found that the group inoculated intravenously with T-
01 survived as long as those inoculated intraperitoneally with T-01
(Figure 5B).

3.5 | Efficacy of T-01 treatment of
immunocompetent mice with bilateral subcutaneous
tumors formed by Hepal-6 cells

In general, mouse tumor cells are more resistant to oncolysis induced
by HSV-1 compared with human cells. Therefore, Hepal-6 tumors
were established in both flanks of C57BL/6 mice, which were palpa-
ble 21 days after tumor cell injection, and the left-sided tumors were
inoculated with T-01 twice (days O and 3) at 2 x 10% 2 x 10° or
2x10° pfu. We found that doses of 2 x 10° and 2 x 10° pfu
caused a significant reduction in tumor growth compared with con-
trols (Figure 6A). Furthermore, the growth of the contralateral
uninoculated tumors was significantly reduced by inoculation of
2 x 10° pfu of T-01 (Figure 6B). Furthermore, T-O1 once at
2 x 10° pfu (day 0) also showed a significant reduction in tumor
growth compared with controls, as similar results as mentioned
above (data not shown).
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To determine whether T-01 conferred strong antitumor immu-
nity, C57BL/6 mice with subcutaneous tumors formed from Hepal-
6 cells were inoculated twice with T-01 (2 x 10° pfu) or mock con-
trol. Tumors disappeared 4 weeks later, and we performed a second
subcutaneous injection of Hepal-6 cells (5 x 10%) in the back of
mice. After 4 weeks, none of the 10 mice inoculated with T-01 grew
tumors. In contrast, subcutaneous tumors grew rapidly in 5/10

mock-inoculated mice (P = .016, Fisher’s test; data not shown).

3.6 | Induction of IFN-y and interleukin-4 in mice
with tumors formed by Hepal-6 cells

The splenocytes obtained from mice with Hepal-6 cell-derived
tumors that were treated with T-01 released higher amounts of IFN-
v compared with mock-infected cells (Figure 7A). In contrast, there
was no difference in the release of IL-4 from splenocytes harvested

from mice with or without T-01 (Figure 7B).

3.7 | Immunohistochemical analysis of
subcutaneous tumors

HE staining of the tissues of mice bearing subcutaneous tumors
induced by HuH-7 or Hepal-6 cells revealed that inoculation with
T-01 elicited a prominent antitumor effect, which was confirmed by
the detection of necrotic cells, compared with mock-treated mice
(Figure 8, top and middle). Furthermore, strong HSV-1 staining was
observed in the necrotic cells (Figure 8, bottom).

The effect of T-01 infection on the immune response to the
tumor was then tested in immunocompetent mice bearing tumors
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FIGURE 5 Cytopathic effects of T-O1 in mice with peritoneal
metastatic tumors. Human hepatocellular carcinoma (HCC) cells
(KYN-2-Luc) or murine hepatoma cells (Hepal-6) were implanted
intraperitoneally in male athymic mice or in C57BL/6 mice,
respectively. Photos in KYN-2-Luc cells (A, lower right, mock-
infected; upper right, T-O1-infected mice with KYN-2-Luc cells).
Graphs show survival of KYN-2-Luc tumors treated by
intraperitoneal inoculation (A, left), KYN-2-Luc tumors treated by
intravenous inoculation (B) and Hepal-6 tumors treated by
intraperitoneal inoculation (C). Tumors were inoculated as indicated
with mock preparation (open circles) or T-01 (2 x 10° pfu) (filled
circles) twice on days 0 and 3 (n = 8 mice per group). *P < .05 and
**P < .01 vs mock treatment

formed by Hepal-6 cells. T cell migration into a tumor mass is a crit-
ical component of the immune response, which causes tumor regres-
sion.Z® The number of CD8" cells was significantly increased in the
Hepal-6 tumors in T-O1-treated and untreated flanks compared with
mock-infected mice (Figure 9). However, the numbers of CD4" posi-
tive cells were unchanged among the 3 groups. T-01 treatment did
not influence the numbers of CD8* and CD4" cells in the spleen
compared with the mock-infected group. Immunohistochemical anal-
yses of subcutaneous tumors treated with T-01 did not reveal virus
in the untreated side, and T-01 treatment did not induce detectable

pathological changes in the liver, kidney and spleen (data not

shown).

3.8 | Safety of intrahepatic inoculation of T-01

To determine whether intrahepatic inoculation of T-01 induced cyto-
toxicity, we used BALB/c nu/nu mice because BALB/c mice are
more susceptible to HSV-1 infection compared with C57BL/6 mice.
BALB/c nu/nu mice were inoculated intrahepatically with mock
preparation or T-01 (2 x 10° pfu) and monitored daily for clinical
manifestations for 7 days. All mock-inoculated and T-O1-inoculated
mice survived without any detectable abnormalities, and there were
no significant differences in blood analysis data between groups
(Table S3). Furthermore, there were no significant differences in the
body weights and HE staining data of liver, lungs and kidneys
between mock-inoculated and T-Ol-inoculated mice (data not
shown).

4 | DISCUSSION

A major goal of antitumor therapy is to specifically target tumor cells
while sparing adjacent healthy tissue from destruction. Here we
determined the cytopathic effects of a third-generation oHSV T-01
on cell lines established from human HCC, human HBC, and a mur-
ine hepatoma (in vitro) and demonstrated the therapeutic value of
oHSV T-01 in mouse models of HCC and HBC. Furthermore, we
assessed the effects of T-O1 on the host’s antitumor immune
response in a mouse model of hepatoma.

The major causative factors associated with HCC are infection
with hepatitis B (HBV) and C (HCV) viruses.?* The huH-1, JHH-7,
PLC/PRF/5, KYN-2 and HepG2 cell lines are related to HBV;?>28
HuH-7 is related to HCV:?? and the association of HLE, HLF, Li-7
and JHH-2, 5, 6, 7 with HBV is unknown. The HuH-7 and HepG2
cell lines are well differentiated, the PLC/PRF/5 line is moderately
differentiated, KYN-2 is poorly differentiated, and HLE and HLF are
undifferentiated. The states of differentiation of the other cell lines
studied here are unknown. T-01 induced cytopathic effects in vitro
in most of the HCC and HBC cells used, independent of their phe-
notype (Figure 1). We found that the killing activity of T-01 on HLF,
PLC/PRF/5, JHH-2 and Hepal-6 were uncorrelated to the amounts
(pfu) of the virus (Figure 1), because HLF and PLC/PRF/5 had a ten-
dency to be killed by their antitumor effects themself, JHH-2 repli-
cated rather slowly and Hepal-6 (mouse tumor cells) were more
resistant to oncolysis induced by HSV-1 compared with human
cells.*° However, T-01 had no detectable effect on HLE and JHH-5
cells, likely because of the relatively low levels of T-01 replication
(Figure 2). It cannot negate the possibility that the entry efficiency
of T-01 into cells and/or the expression levels of HSV receptors on
cell lines used were involved in the cytopathic activities of T-01 in
addition to the levels of T-01 replication.>¥%¢ Such information may
help to elucidate why some tumors are highly sensitive to oHSV,
and may lead to methods for selecting patients with the most
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FIGURE 6 Cytopathic effects of T-01 in immunocompetent mice with bilateral subcutaneous tumors. C57BL/6é mice were established
harboring subcutaneous Hepal-6 tumors in their bilateral flanks. A, Left side tumors were treated by inoculation with mock (filled circles) or T-
01 at 2 x 10* pfu (open triangles), 2 x 10° pfu (filled squares), or 2 x 10° pfu (open diamonds) twice (days 0 and 3) (n = 8 mice per group).
The growth of the left inoculated (A) and contralateral uninoculated tumors (B) was measured. Data represent the mean + SE. **P < .01 vs

mock treatment
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FIGURE 7 IFN-y and IL-4 levels in &
splenocytes from Hepal-6 tumor-bearing
mice. C57BL/6 mice harboring established 2007
subcutaneous Hepal-6 tumors in the left
flank were treated with mock preparation s
or T-01 (2 x 10° pfu) twice (days O and

3). IFN-y and IL-4 ELISPOT assays were o
performed in splenocytes from treated

groups. Data represent the mean + SE

(n = 3 mice per group). **P < .01 vs mock

treatment

sensitive tumors in oHSV therapy. We analyzed the expression levels
of the herpesvirus entry mediator A (HVEM/HveA) and nectin-1
(HveC/CD111) on cell lines such as HuH-7, PLC/PRF/5, HLE and
JHH-5. By flow cytometry analysis, we found that cellular sensitivity
to killing by T-01 was presumably uncorrelated to the expression of
HVEM and nectin-1 (data not shown).

To investigate the antitumor effects of T-O1 in vivo, we estab-
lished subcutaneous tumor models of HCC using 4 cell lines. We
selected cell lines related to HBV and HCV, which were well differ-
entiated with a high frequency of occurrence and a poorly differenti-
ated phenotype that is associated with poor prognosis. T-01 was
administered to subcutaneous tumors once or twice. A higher sur-
vival rate and a significant reduction in tumor growth were observed
in T-01-treated tumors compared with controls (Figure 3). Most sub-
cutaneous tumors gradually regressed, suggesting that T-01 may
effectively inhibit HCC with different malignant phenotypes.

Next, we examined the antitumor effect of T-0O1 using an ortho-
topic model that reflects clinical conditions (Figure 4). Furthermore,
we examined the effects of T-01 on a mouse model of peritoneal
dissemination using KYN-2 cells (Figure 5A,B), because poorly

IFN-y (B) 6% IL-4
*ok
500
400
z
g_ 300
w2
200
100
0
T-01 Mock
P .

differentiated adenocarcinomas frequently disseminate to the peri-
toneum. Ascites frequently accumulate in patients with peritoneal
metastasis, and ascites fluid is expected to be rich in anti-HSV anti-
bodies, because its immunoglobulin G content reflects that of
blood.3” We examined the effects of T-01 on peritoneal dissemina-
tion in an immunocompetent mouse strain engrafted with Hepal-6
cells (Figure 5C). Moreover, a model of orthotopic or peritoneal
metastasis is likely more informative compared with a model of a
subcutaneous tumor. In our next study, we will confirm the antitu-
mor efficacy and safety of T-O1 by using fresh tissue of clinical
tumor material, to ensure adequate clinical applications.®® The signifi-
cant efficacy and safety in preclinical models can appear the thera-
peutic benefits. We will confirm the antitumor efficacy and safety of
T-01 against clinical tumor material, to allow adequate clinical
application.

Tumor cells infected with an a47-deficient HSV-1 vector express
increased levels of MHC class | molecules and stimulate immune
cells to a greater extent compared with cells infected with an a47-
intact HSV-1 vector.'®> Furthermore, in immunocompetent mice,

oHSV inoculated into subcutaneous tumors is not detected in
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remote, uninoculated tumors.2t We show here that in immunocom-
petent mice bearing subcutaneous Hepal-6 tumors in both flanks, T-
01 infection inhibited the growth of the contralateral uninoculated
tumors as well as that of the inoculated tumors compared with mock
infection (Figure 6). Moreover, splenocytes from mice with Hepal-6-
derived tumors inoculated with T-01 released higher levels of IFN-v,
indicating the increased number of lymphocytes that specifically rec-
ognized immune stimulation of splenocytes (Figure 7). Furthermore,
the numbers of CD8" cells that infiltrated the Hepal-6 tumors were
significantly increased in the T-O1-treated and untreated sides com-
pared with mock treatment (Figure 9). These results suggested that
T-01 conferred antitumor immunity and that cytotoxic lymphocytes
induced by T-01 invaded the tumor. The deletion of the 247 locus
confers enhanced viral replication and partially restores MHC class |
expression in infected cells, which stimulates lymphocytes and
decreases natural killer cell cytolysis of host cells, which contributes
to drastic improvement of antitumor efficacy while preserving
safety.

Oncolytic HSV-1 vectors harbor mutations in the viral genome
that restrict viral replication to tumor cells, and, therefore, oHSV
kills the host tumor cells without harming normal tissue.}* G47A
was as safe as G207 at the tested dose (2 x 10° pfu) when inoc-
ulated in the brain of an AJ mouse.’®> AJ is one of the inbred
mouse strains most susceptible to HSV-1 infection, particularly
compared with BALB/c mice.®® Despite the toxicity of intraperi-
toneally inoculated wild-type HSV-1 to BALB/c mice,*° our results

showed that T-01 did not detectably harm normal tissues

FIGURE 8 Immunohistochemical
analyses of HSV-1 in mice with
subcutaneous tumors. Tumors were
induced by subcutaneously injecting HuH-
7 or Hepal-6 cells (5 x 10°) into the left
flank of athymic mice or C57BL/6 mice,
respectively. Subcutaneous tumors were
treated with mock preparation or T-01

(2 x 10° pfu) twice (days O and 3). Mice
were killed 7 d after inoculation, and tissue
sections were stained with HE or
immunostained with anti-HSV-1 antibody.
Bar = 50 um (magnification, x400)

(Table S3). Oncolytic viruses cannot replicate in normal cells, and
T-01 is, therefore, nontoxic when inoculated into the liver of nu/
nu BALB/c mice. Treatment for HCC depends on the stage of the
tumor and the degree of liver dysfunction. In the clinical, the
patients with HCC were derived from HBV and/or HCV infection,
which coexist in comorbid liver cirrhosis. T-01 has not posed a
safety concern; thus, it might be used not only normal liver but
also for hepatitis and cirrhosis. In our next study, we will confirm
the safety of T-01 by using animal models of liver cirrhosis and
chronic hepatitis.

“Arming” oHSV with transgene(s) is a useful strategy to add cer-
tain antitumor functions to oncolytic viruses.> T-01 is a base oHSV
for “arming” interleukin (IL)-12, IL-18, soluble B7-1 or throm-
bospondin-1.>2* Arming IL-12, IL-18 or soluble B7-1 oHSV may sig-
nificantly enhance the antitumor efficacy through augmentation of
the antitumor immunity induction. A combination with systemic
administration of immune check-point inhibitors is a reasonable
strategy to enhance the efficacy of oncolytic viruses.® In our current
study, the antitumor efficacy of T-01 was confirmed as a base oHSV
for “arming,” and investigating the efficacy of “arming” oHSV with
immune check-point inhibitors.

The safety and increased presentation of MHC class | molecules
associated with a third-generation oHSV shows that the oHSV is
useful as a backbone vector for expressing foreign antigens in the
context of vaccination. In conclusion, our study demonstrates that T-
01 effectively inhibited the growth of human HCC and HBC cells in

mouse models of HCC.
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FIGURE 9 Immunohistochemical analyses of CD8 and CD4
expression in mice with subcutaneous tumors. Subcutaneous Hepal-
6 tumors were established in both flanks of C57BL/6 mice, and the
left-side tumors were inoculated with T-01 (2 x 10° pfu) twice
(days 0 and 3). Mice were killed 14 d after viral inoculation. Sections
prepared from Hepal-6 tumors inoculated with T-01 (treated and
untreated sides) or mock preparation were immunostained for anti-
CD8 (top 2 rows) or anti-CD4 (bottom 2 rows). The graphs present
the numbers of CD8 or CD4 positive cells/mm?. Data represent the
mean 4 SE (n = 3 mice/group). Bar = 100 um (magnification x200).
**P < .01 vs mock treatment
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