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Malignant soft tissue tumors, particularly highly malignant
leiomyosarcomas, are resistant to chemotherapy and associ-
ated with a poor prognosis. T-01, a third-generation geneti-
cally modified herpes simplex virus type 1, replicates in tu-
mor cells alone and exerts a cell-killing effect. The current
study aimed to investigate the antitumor effect of T-01,
which is a novel treatment for leiomyosarcoma. In vitro,
six human cell lines and one mouse sarcoma cell line were
assessed for T-01 cytotoxicity. In vivo, the efficacy of T-01
was examined in subcutaneously transplanted leiomyosar-
coma (SK-LMS-1) cells and subcutaneously or intraperitone-
ally transplanted mouse sarcoma (CCRF S-180II) cells. Cyto-
kines were assessed using ELISpot assay with splenocytes
from the allogeneic models for immunological evaluation.
T-01 showed cytotoxicity in all seven cell lines (p < 0.001).
In the SK-LMS-1 xenotransplantation model, tumor growth
was suppressed by T-01 administration (p = 0.02). In the
CCRF S-180II subcutaneous tumor model, bilateral tumor
growth was significantly suppressed in the T-01-treated
group compared with the control group (p < 0.001). In the
peritoneal dissemination model, T-01 treatment caused sig-
nificant survival prolongation compared with the control
(p < 0.01). In conclusion, third-generation genetically modi-
fied herpes simplex virus type 1 may be an effective novel
therapy against refractory sarcomas.

INTRODUCTION

Soft tissue tumors generally refer to tumors that arise from or differ-
entiate into non-epithelial tissues such as muscular, adipose, fibrous,
vascular, and peripheral nerve tissues. There are more than 100 types
of benign and malignant soft tissue tumors, including approximately
40 types of malignant soft tissue tumors.' The main histological types
of malignant soft tissue tumors are liposarcoma, undifferentiated sar-
coma, rhabdomyosarcoma (RMS), leiomyosarcoma (LMS), synovial
sarcoma, and malignant peripheral nerve sheath tumor.” Due to the
extremely poor outcome in patients with LMS and RMS, innovative

treatment strategies are required.”’ ® Of these, advanced-stage LMS
is associated with a poor prognosis and is not responsive to second-
line chemotherapy.” Surgery is a curative treatment option for local-
ized LMS, regardless of the site of origin. However, in LMS originating
from the retroperitoneum or abdominal cavity or in cases involving a
tumor with a diameter exceeding 10 c¢m, an adequate resection
margin is challenging to secure with surgical treatment, and the prog-
nosis is often poor.”* There are several cases of advanced-stage uter-
ine LMS with metastasis to the lymph nodes, hematogenous metas-
tasis to the lungs and liver, and peritoneal dissemination.” The
incidence of stage IV LMS is higher than that of stage I LMS. Thus,
uterine LMS is characterized by distant metastasis.” The 5-year sur-
vival rates of patients with uterine LMS according to the Federation
of Gynecology and Obstetrics 2008 staging system are 55.4% for stage
I, 32.6% for stage I1, 24.6% for stage III, and 13.1% for stage V. To
date, there is no effective chemotherapy for uterine LMS. However,
doxorubicin-based therapy is recommended as the first-line treat-
ment for locally advanced or metastatic LMS arising outside the
uterus.'> However, no second-line treatment has been established
for cases in which doxorubicin-based therapy is not effective. A com-
bination of surgery, radiation therapy, and chemotherapy is the stan-
dard of care for RMS. In the RMS study groups in Europe, the United
States, and Japan, the 3-year progression-free survival rates were 80%
to 100% for individuals at low risk of developing RMS, 50% to 80% in
those at intermediate risk, and 30% to 50% in those at high risk."?
Currently, approximately 70% of pediatric patients with non-meta-
static RMS are cured with multidisciplinary treatment combining
radiotherapy and chemotherapy.'* However, these treatments have
not improved the RMS cure rate in adults, and the prognosis of
RMS remains extremely poor (with an overall survival rate of only
20%-40%)."
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Figure 1. Cytotoxic activity of T-01 in vitro

Cell lines (such as SKN, RKN, SK-UT-1, SK-LMS-1, RD, RMS-YM, and CCRF S-180ll) were treated with the T-01 virus (MOI = 0.01 [filled circles] or 0.1 [open circles]) and
were incubated for a specific number of days. The number of surviving cells was counted and expressed as a percentage relative to that in the PBS control at each time point.

Data are expressed as mean = SE (n = 6/time point).

Herpes simplex virus type 1 (HSV-1) infects different varieties of cell
types and exhibits strong cytotoxicity, thereby making it an attractive
treatment for sarcoma. HSV-1 may be suitable for clinical application
because it is not affected by circulating antibodies in cell-to-cell trans-
mission.'® Hence, oncolytic viral therapy can specifically destroy tu-
mor cells because mutations in genes correlated with viral DNA syn-
thesis, viral virulence, or both can promote viral replication in cancer
cells. Oncolytic HSV-1 (0HSV-1) can be a novel treatment for malig-
nant tumors because it induces selective replication and damage in tu-
mor cells. Furthermore, it is not associated with cross-resistance to
other therapeutic strategies such as chemotherapy.'” oHSV is under-

going phase I-III clinical trials for the treatment of solid cancers.'® **

The oHSV G207 variant from HSV-1 strain F has deletions in both
copies of the y34.5 gene and a LacZ insertion within the ICP6 gene,
thereby inactivating ICP6. This phenomenon allows viral replication
in cancer cells to compensate for these mutations, but not in normal
cells, including neurons.” In clinical applications, the LacZ gene is
useful as a viral replication marker. The mutant G47A is derived
from the G207 variant by introducing a third deletion in the a47
gene that overlaps with the US11 promoter.”* The expression of the
USI1 gene is accelerated, and it functions as a second site suppressor
of the y34.5 mutation to restore virus replication ability, which is
weakened in the y34.5 deletion HSV-1 in tumor cells alone.
Compared with G207, G47A can more efficiently replicate and induce
the presentation of major histocompatibility complex (MHC) class I
molecules while maintaining the safety profile of G207.”* These prop-
erties enhance the response of cytotoxic lymphocytes to tumor cells
and improve the therapeutic efficacy of the virus, as shown in animal
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models of brain tumors, prostate and breast cancer, and neurofi-
**°%7 Clinical trials about G47A in patients with recurrent glio-
blastoma, olfactory neuroblastoma, or prostate cancer are under way
in ]apan.28

broma.

T-01, a third-generation genetically modified HSV-1, has a genomic
structure similar to that of G47A.*° Recent studies have shown that
T-01 effectively inhibits the growth of human hepatocellular carci-
noma and neuroendocrine tumors in mice.”””' In human hepatocel-
lular carcinoma, tumor inhibition of tumor is attributed to the im-
mune activity of T-01. The current study aimed to examine the
antitumor activity of T-01 in LMS and RMS cell lines and in mouse
xenograft models. Moreover, the immune response of the host in a
mouse allogeneic transplant model using a mouse sarcoma cell line
was evaluated.

RESULTS

Cytopathic effects of T-01 and virus yields in vitro

The effects of original T-01%° on human LMS (such as SKN, RKN, SK-
UT-1, and SK-LMS-1), human RMS (RD and RMS-YM), and mouse
sarcoma (CCRF S-180II) cells were examined using an in vitro cyto-
toxicity assay (n = 6 per group). T-01 infection inhibited cell prolifer-
ation on days 1 to 4 (Figure 1). When infected at a low MOI (0.01), on
day 4, the populations of SKN, RKN, SK-UT-1, and SK-LMS-1 cells
were reduced to <10%, <10%, <20%, and <30%, respectively. The
CCRF S-1801I cell population was reduced to <30% and the RMS-
YM and RD cell populations to <60% and <90%, respectively,
compared with the control (PBS). There was a tendency for growth
inhibition in RMS-YM and RD cells after infection with T-0l.
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Figure 2. Viral replication of T-01 in vitro

In vitro virus yields were determined using plaque assays
48 h after infection with T-01 (MOI = 0.01) in vero or sar-
coma cells (such as SKN, RKN, SK-UT-1, SK-LMS-1, RD,
RMS-YM, and CCRF S-180l) (5 x 10° cells/well). The
bold line indicates the initial virus concentration. Data are
expressed as mean + SE (n = 6).

of T-01 was dependent on the concentration and
frequency of administration.

RMS-YM SK-UT-1

When infected at a high MOI (0.1), the proportions of all cell lines
(SKN, RKN, SK-UT-1, SK-LMS-1, RD, RMS-YM, and CCRF
S-180II) were significantly reduced on day 4 to <20% in RMS-YM
cells (p < 0.001) and <10% in other cell lines (p < 0. 001), compared
with the control (PBS).

To examine viral replication at a low MOI (0.01), the cells were first
infected with the virus at a concentration of 5.0 x 10> plaque-forming
units (PFU) and were cultured for 48 h. Then, the in vitro virus yield
was measured using the plaque assay. Only RKN cells had a 0.64-fold
decrease in virus yield. Meanwhile, other cell lines, specifically SKN,
SK-UT-1, SK-LMS-1, RD, RMS-YM, and CCRF S-180II, had 123-,
234-, 302-, 9.2-, 3.0-, and 2.3-fold increase in the yield, respectively
(Figure 2). T-01 showed good replication ability in all cultured cell
lines except for RKN cells.

Effects of T-01 in mice with subcutaneous tumors

The effect of T-01 was examined in athymic mice harboring subcu-
taneous tumors derived from human LMS (SK-LMS-1) or human
RMS (RMS-YM) cells. Three treatment groups were evaluated: PBS,
2.0 x 10° PFU T-01, and 2.0 x 10° PFU T-01 (n = 10 per group). Tu-
mor growth, as measured using tumor volume, was more likely to be
slower in mice inoculated with 2.0 x 10° compared with those inoc-
ulated with 2.0 x 10° T-01. Moreover, it was inhibited in the T-01
group in a dose-dependent manner compared with the PBS group
(Figures 3A and 3B). Next, we examined tumor growth in response
to different T-01 dosing protocols. In this experiment, athymic
mice with subcutaneous tumors generated from SK-LMS-1 cells (hu-
man LMS cell line) were infected with PBS or T-01 twice a week for 1,
2, or 4 weeks (n = 8 per group) at a constant virus concentration of
2.0 x 10° PFU. The tumor volume was more likely to be smaller in
the 2- and 4-week inoculation groups than in the 1-week inoculation
group. All T-01 treatment groups had significant tumor growth inhi-
bition compared with the PBS group on day 28 (PBS: tumor
volume £SE, 0.959 + 0.201 cm>; T-01 at 1 week: 0.333 + 0.141, p=
0.003; T-01 at 2 weeks, 0.105 + 0.027, p < 0.001; T-01 at 4 weeks,
0.034 + 0.018, p < 0.001) (Figure 3C). Therefore, the antitumor effect
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Histological examination

After 1 week of T-01 inoculation, tumors derived
from the human LMS cell line SK-LMS-1 and the
human RMS cell line RMS-YM were positive
for HSV-1 and 5-Bromo-4-chloro-3-indolyl-B-D-galactopyranoside
(X-gal) staining (Figures 4D and 4H), respectively. H&E staining
showed that tumor cells were destroyed at the site of virus amplifica-
tion (Figures 4B and 4F). By contrast, in mice inoculated with PBS for
1 week, HSV-1 positivity was not observed in the tumors (Figures 4C
and 4G). H&E staining indicated no destruction in tumor cells
(Figures 4A and 4E). However, tumors derived from the mouse sar-
coma cell line CCRF S-180II and treated directly with T-01 were pos-
itive for X-gal (Figure 4M). H&E staining showed tumor cell destruc-
tion at the site of virus amplification in immunocompetent mice
(Figure 4J). Tumors on the non-inoculated side of mice treated
with T-01 were not positive for X-gal (Figure 4N). However, H&E
staining showed destruction of tumor cells (Figure 4K). In mice inoc-
ulated with PBS for 1 week, there was no X-gal positivity (Figure 4I),
and H&E staining revealed no destruction of tumor cells (Figure 4L).

Efficacy of T-01 treatment in immunocompetent mice with
bilateral subcutaneous tumors derived from CCRF S-180ll cells
ICR mice with bilateral subcutaneous tumors derived from CCRF
S-1801I cells on their backs were inoculated with T-01 (at 2.0 x 10°
or 2.0 x 10° PFU) on one side only. Tumor growth was compared
with respect to treatment (PBS and 2.0 x 10> or 2.0 x 10° PFU
T-01) and the inoculated versus non-inoculated side (n = 8 per
group). Both the T-Ol-inoculated and non-inoculated sides had
significantly suppressed tumor growth compared with the PBS group
on day 28 (p < 0.001; Figure 5). Mice inoculated with 2.0 x 10° PFU
T-01 had a smaller tumor volume than those inoculated with
2.0 x 10° PFU T-01. Tumor growth was suppressed in a dose-depen-
dent manner in the T-01 group compared with the PBS group.

Induction of cytokines in mice transplanted with CCRF S-180lI
cells

ICR mice with bilateral back subcutaneous tumors derived from the
mouse sarcoma cell line CCRF S-180II were inoculated with T-01
on one side only. Mice inoculated with 2.0 x 10° PFU T-01 (n = 5)
secreted significantly higher levels of interferon gamma (IFN-y)
and interleukin (IL)-4 than PBS-treated mice (n = 5 p < 0.01)
(Figures 6A and 6C). A higher level of IL-2, but a lower level of
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Figure 3. Dose-dependent antitumor effect of T-01 using different admin-
istration protocols in mice with subcutaneous tumors

(A) SK-LMS-1 and (B) RMS-YM cells were implanted subcutaneously in female
athymic mice. Tumors were inoculated twice weekly (days O and 3) with T-01
(2.0 x 10° PFU [open circle] or 2.0 x 10° PFU [filled squares]) or PBS (solid circles).
Data are expressed as mean + SE (n = 10 mice/group). (C) SK-LMS-1 cell-derived
tumors in female athymic mice were inoculated twice weekly (days O and 3) with
PBS (filled circles) or T-01 (2.0 x 10° PFU) at various time points: 2 (open circle),
4 (filed squares), or 8 (open squares) inoculations. Data are expressed as mean +
SE (n = 10 mice/group). *p < 0.05 and **p < 0.01 versus PBS treatment.

IL-10, was secreted in the T-01 group than in the PBS group (p < 0.05)
(Figures 6B and 6D).

Immunological analysis of CD4+ and CD8+ lymphocytes

ICR mice with bilateral subcutaneous tumors derived from CCRF
S-180II mouse sarcoma cells on their backs were inoculated with
T-01 (2.0 x 10° PFU) on one side only. CD4+ and CD8+ lymphocytes
were counted and compared among PBS-treated mice and the inoc-
ulated and non-inoculated sides of T-01-treated mice (n = 3 per
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group). The proportions of CD4+ and CD8+ lymphocytes signifi-
cantly increased in the T-01 inoculation group compared with the
PBS group (p < 0.01; Figure S1). The proportions of CD4+ and
CD8+ lymphocytes were more likely to be higher on the T-01 non-
inoculated side of T-01-treated mice than in PBS-treated mice (p =
0.489 and 0.0718, respectively; Figure S1).

Next, the number of CD4+ and CD8+ lymphocytes in the spleen of
T-01-treated mice was examined. ICR mice with bilateral subcutane-
ous tumors derived from CCRF S-180II mouse sarcoma cells on their
backs were inoculated with T-01 (2.0 x 10° PFU) on one side only.
The number of CD4+ and CD8+ lymphocytes in the spleen was
assessed and compared between the PBS- and T-01-treated mice
(n = 4 per group). Mice treated with T-01 had a significantly higher
number of CD4+ and CD8+ lymphocytes than those treated with
PBS (p = 0.026 and 0.018, respectively; Figure S2).

Efficacy of T-01 in peritoneal dissemination models

Peritoneal metastatic tumors were established in ICR mice implanted
with CCRF S-1801I cells. Mice were then inoculated intraperitoneally
with PBS or T-01 (2.0 x 10°) twice a week, and survival was examined.
The mice were infected with PBS or T-01 twice a week for 1, 2, and
4 weeks (n = 10 per group). In the PBS group treated with CCRF
S-180II cells, several gross peritoneal tumor nodules were formed.
Meanwhile, in the T-01 group, tumors had disappeared or decreased
in size in mice that survived for 60 days. The 2- and 4-week inoculation
groups were more likely to have a longer survival than the 1-week inoc-
ulation group. Each treatment group had a significantly prolonged sur-
vival than the PBS group at 60 days (1 week, p = 0.001; 2 weeks,
p <0.001; and 4 weeks, p < 0.001) (Figure 7). There was a trend toward
longer survival in the 4-week inoculation group than in the 1-week
inoculation group (p = 0.0671). Therefore, the prolongation of survival
with T-01 was dependent on the number of doses.

DISCUSSION

The T-01 used in this study can synthesize viral proteins only in
proliferating cells due to the insertion of the LacZ gene within the
ICP6 gene. However, it cannot synthesize proteins except in cancer
cells due to the deletion of the y34.5 gene. In addition, deletion of
the 47 gene enhances viral replication exclusively in cancer cells
and increases MHC class I expression in tumor cells, leading to
enhanced tumor immunity. This genetically modified oncolytic virus
infects and replicates within cancer cells, thereby exerting a cell-
killing effect. The progeny of T-01 that replicate in cancer cells trans-
fer from cell to cell and exert an antitumor effect via repeated cycles of
replication, cell death, and infection. A critical feature of this onco-
lytic virus is that it does not replicate in, or harm, infected normal
cells. T-01 has almost the same genome structure as G47A.*° In
June 2021, G47A was approved under the generic name of teserpa-
turev after a phase II investigator-initiated clinical trial in patients
with glioblastoma conducted in Japan.

The current study showed that oncolytic viral therapy provides an
alternative treatment to chemotherapy for refractory sarcoma.
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Figure 4. Inmunohistochemical analysis of HSV-1 in
xenograft tumors

Athymic mice were subcutaneously transplanted with SK-
LMS-1 (A-D) and RMS-YM (E-H) cells, and the resulting
subcutaneous tumors were inoculated with T-01 (2.0 x 10°

% PFU) or PBS twice weekly (days 0 and 3). Mice were eutha-
nized on day 7 after inoculation, and tissue sections were
stained with H&E (A, B, E, and F), anti-HSV-1 antibody (C,
D), or X-gal (G, H). ICR mice with bilateral subcutaneous tu-
mors arising from the CCRF S-180Il cells (-N) were estab-
lished, and one of the bilateral subcutaneous tumors was
inoculated with T-01 (2.0 x 10° PFU) or PBS twice weekly

- (days 0 and 3). Mice were euthanized 7 days after inocula-

= tion, and histological images of tissue sections stained with

% H&E (-K) or X-gal (L-N) are shown. Representative images

& from these experiments are presented.
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Figure 5. Cytopathic effects of T-01 in immunocompetent mice with bilateral subcutaneous tumors
Male ICR mice harboring subcutaneous CCRF S-180Il tumors in their bilateral flanks were established. Tumors on one side were inoculated with T-01 (2.0 x 10° PFU [solid
square] or 2.0 x 106 PFU [open circle]) or PBS (solid circle) twice weekly (days 0 and 3). Tumor volumes on the (A) inoculated and (B) uninoculated sides were evaluated. Data

are presented as mean + SE (n = 8 mice/group). “*p < 0.01 versus PBS treatment.

Previous studies by Cripe and coworkers have found that the ther-
apeutic effect of oHSV in immunocompetent sarcoma mouse
models varied widely and that it was mediated by T cells.”>* I
addition, transforming growth factor-p inhibition could comple-
ment oncolytic herpes virotherapy of RMS by promoting an
improved antitumor immunological response.’” Furthermore, the
combination of virotherapy and immune checkpoint therapy was
found to be effective against sarcoma.’ Therefore, third-genera-
tion genetically modified T-01 may have antitumor effects against
advanced-staged, recurrent, or distant metastatic sarcoma. In our
study, T-01 had good cytotoxic effects and replication capacity
in RMS and LMS in vitro (Figures 1 and 2). Our in vivo experi-
ments showed that inoculation with T-01 was effective in inhibit-
ing tumor growth in the subcutaneous tumor models of LMS and
RMS (Figure 3). Tumor suppression was inhibited by higher con-
centrations and more frequent administration of T-01. In these ex-
periments, T-01 had a tumor-suppressive effect on LMS and RMS.
Thus, T-01 may effectively suppress different types of sarcomas.
The killing activity of T-01 against RKN was not correlated with
the volume of virus (PFU). In addition to the replication level of
T-01, we cannot deny the possibility that the efficiency of T-01 en-
try into cells and the expression level of HSV receptors in the cell
lines used are involved in the cytotoxic activity of T-01.>** Cripe
and coworkers have revealed that human RMS cell lines expressed
high levels of Nectin-1 and low levels of other HSV entry recep-
tors, nectin-2, and herpesvirus entry mediator, compared with
other pediatric tumors. Moreover, they assessed infected RMS
cell lines with K26GFP (wild-type gD) or its receptor-restricted de-
rivatives d5-28V (nectin-1 restricted) and A3C/Y38C (HVEM
restricted). In all cases, the transduction efficiency of nectin-1-
restricted viruses was comparable to that of wild-type HSV-I1.
Meanwhile, minimal transduction was observed with HVEM-
restricted viruses. Thus, human and mouse RMS cell lines are sus-
ceptible to HSV-mediated gene transfer, and they primarily use the
nectin-1 receptor for virus entry.”

n
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Oncolytic viral therapy using T-01 destroys tumor cells via direct
killing activity while preserving normal cells, recognizing the de-
stroyed tumor cells as non-self cancer antigens, and enhancing
the antitumor effect via T-cell-mediated tumor immunity. In im-
mune-normal cases, the T-cell-mediated immune response is
enhanced by T-01, thereby resulting in a stronger antitumor ef-
fect.” In immune-normal mice, the virus was undetectable in
distantly located tumors that were not inoculated with
oHSV-1.** However, tumor cells infected with HSV-1 lacking
the a47 gene have increased the expression of MHC class I mole-
cules and stimulated tumor immune cells to exert antitumor ef-
fects on distant tumors, compared with tumor cells infected with
HSV-1 with residual a47 gene.”* Our previous study showed
that T-01 treatment inhibited tumor growth on both the non-inoc-
ulated and inoculated sides compared with PBS treatment in im-
mune-normal mice implanted with Hepal-6 on the bilateral dorsal
surfaces.”” The CD8+ splenocytes of mice in the T-01-treated
group stimulated with hepal-6 released higher levels of IFN-y
and exhibited a remarkedly increased proportion of lymphocytes
that specifically recognize hepal-6 tumor cells.”” In this study,
we generated subcutaneous tumors and peritoneal dissemination
metastatic tumors derived from CCRF S-180IT cells, a mouse sar-
coma cell line, in immune-normal mice. If the bilateral subcutane-
ous tumor models were inoculated with T-01 on one side only, the
growth of tumors on both the non-inoculated and inoculated sides
was suppressed compared with tumors in the PBS group (Figure 5).
Furthermore, the splenocytes from T-Ol-treated mice showed
increased secretion of the immune-enhancing cytokines INF-v,
IL-2, and IL-4 and decreased secretion of tumor-suppressive IL-
10. Therefore, the proportion of tumor-specific lymphocytes
increased in the immune-stimulated splenocytes (Figure 6). Thl
cells involved in the response to antitumor immunity produce
IFN-y and IL-2, whereas Th-2 cells produce IL-4.*"** In addition,
IL-10 contributes to cancer progression by downregulating MHC
class II expression in antigen-presenting cells and MHC class I
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Figure 6. IFNY, IL-2, IL-4, and IL-10 levels in the splenocytes of CCRF S-180Il tumor-bearing mice
Male ICR mice with subcutaneously established CCRF S-180ll tumors on the bilateral dorsum were treated with PBS or T-01 (2.0 x 10° PFU) twice weekly (days 0 and 3).
ELISPOT assays for (A) IFNy, (B) IL-2, (C) IL-4, and (D) IL-10 were performed with the splenocytes of each group. Data are presented as mean + SE (n = 5 mice/group).

*p < 0.05 and **p < 0.01 versus PBS treatment.

expression in tumor cells, thereby creating an immune-permissive
environment.”” The increased level of cytokines that activate
T cells is attributed to the increased proportions of CD4+ and
CD8+ T cells. Immunohistochemical analysis revealed that the
proportion of CD4+ and CD8+ lymphocytes was more likely to in-
crease in tumors on both the inoculated and non-inoculated sides
of mice in the T-01 group compared with the PBS group (Fig-
ure S1). The arming of oHSVs with transgenes is a useful strategy
for adding specific antitumor functions to oncolytic viruses.'® T-01
is the base oHSV for arming interleukin-2, IL-18, soluble B7-1, or
thrombospondin 1.1629 Arming IL-12, IL-18, or soluble B7-1
oHSVs may significantly enhance antitumor efficacy via the
enhanced induction of antitumor immunity. Combined with the
systemic administration of immune checkpoint inhibitors is a

reasonable strategy to enhance the efficacy of tumor lytic viruses.'®
Current studies have confirmed the antitumor efficacy of T-01
when used as an armed base oHSV. However, the efficacy of
armed oHSV with immune checkpoint inhibitors is still being
investigated.

We assessed the antitumor effect of T-01 in a peritoneal dissemina-
tion model in immunocompetent mice implanted with CCRF
S-1801II cells (Figure 7). This model exhibited peritoneal dissemina-
tion nodules and massive bloody ascites. The PBS group had rapid tu-
mor progression and death. Meanwhile, the T-01 group had a signif-
icant survival. In all patients (n = 10) in the 4-week T-01 treatment
group, peritoneal nodules and ascites disappeared from the peritoneal
cavity of the mice. Therefore, T-01 can selectively infect peritoneal
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Figure 7. Cytotoxic effect of T-01 in mice with peri-
toneal dissemination
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disseminated nodules via ascites and can exert its cell-killing effect.
Therefore, T-01 may be a fundamental treatment for different types
of cancers that have progressed to peritoneal dissemination. The
mechanism of the T lymphocyte-dependent response by T-01 is a
puzzling issue, which deserves dedicated future studies.

In conclusion, T-01 can effectively inhibit tumor growth in the mouse
models of RMS and LMS. Oncolytic viral therapy using third-gener-
ation oHSV may be a novel treatment for refractory sarcoma.

MATERIALS AND METHODS

Cell lines and viruses

The human RMS cell line RD, human LMS cell lines RKN and SKN,
and mouse sarcoma cell line CCRF S-180I1, which was derived from
the ascites fluid, were purchased from the Japanese Collection of
Research BioResources (Osaka, Japan).”**® The human LMS cell
lines SK-UT-1 and SK-LMS-1 were purchased from the American
Type Culture Collection. The African green monkey kidney cell
line vero and the human RMS cell line RMS-YM were obtained
from RIKEN BioResource Center (Tsukuba, ]apan).”’/18 Viral stocks
were prepared via high-speed centrifugation after the release of virus-
infected vero cells using heparin, as described in a previous study.”

Mice

Four-week-old male ICR mice and female athymic mice (BALB/c nu/
nu) were purchased from Charles River Laboratories Japan, Inc. (Ka-
nagawa, Japan) and were used at 5 weeks of age. The mice were caged
in groups of four or fewer. Animal husbandry and experiments were
performed according to the ARRIVE and PREPARE guidelines.*”*°
Mouse experiments were conducted in accordance with the guide-
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60 In vitro cytotoxicity assays were performed, as
described in previous studies.”*”" Cells were
seeded in six-well plates, incubated at 37°C
overnight, and then inoculated with virus or
PBS for 1 h. The medium was removed, and
the cells were incubated in fresh medium sup-

plemented with 1% fetal calf serum at 34.5°C. The number of viable

cells was counted for 4 days using the Coulter counter (Beckman

Coulter, Fullerton, CA) and was expressed as percentage of the

mock-infected control. To determine the virus yield, cells were

seeded in six-well plates (5 X 10°/well) and cultured at 37°C for

24 h. The cells were then infected with T-01 at an MOI of 0.01

and were incubated at 37°C for 48 h. The titer of the progeny virus

strain was assessed using plaque assay using vero cells. Each exper-
iment was performed three times.

Experiments using subcutaneous tumor models

Tumor cells (5 x 10°) were administered subcutaneously into the
right flank of athymic mice (SK-LMS-1 and RMS-YM cells) or the
bilateral flanks of ICR mice (CCRF S-180II cells). When the tumors
reached a diameter of 5 to 7 mm, the animals were randomly assigned
to the T-01 and PBS groups. T-01 virus (2.0 x 10° PFU) was diluted to
20 pL in PBS containing 10% glycerol and was administered into the
tumors of mice in the T-01 group. Meanwhile, only PBS was admin-
istered to mice in the PBS group.

In the first experiment, PBS or T-01 was administered into mice on
days 0 and 3 (with a total of two inoculations). The tumor growth
of the two groups (n = 10 per group) was compared. Further, it was
monitored twice a week for 4 weeks using calipers after virus inocu-
lation using the following formula: tumor volume (0.5 x [major
axis] X [minor axis]?). In the second experiment, the virus concentra-
tion was kept constant at 2.0 x 10° PFU. The mice in the PBS and
T-01 groups were inoculated with PBS or T-01 twice a week for 1,
2, or 4 weeks (with a total of two, four, and eight inoculations, respec-
tively) (n = 8 per group). In the third experiment, ICR mice with es-
tablished subcutaneous tumors (from CCRF S-180II cells) on both
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flanks were used to examine the efficacy of T-01 in immunocompe-
tent mice. On days 0 and 3, only one side of the tumor was treated
with PBS or T-01 (with a total of two inoculations), and the PBS
and T-01 groups were compared (n = 8 per group).

Mice were euthanized when they became moribund (lethargic, supine
or prone, restricted gait in response to rough breathing or stimula-
tion) or when the maximum tumor diameter exceeded 20 mm.
Next, they were anesthetized via the intraperitoneal administration
of pentobarbital. Subcutaneous tumors were harvested, fixed in 10%
formaldehyde, and then embedded in paraffin for histological anal-
ysis. This study was performed based on the guidelines of the NIH Of-
fice of Animal Care and Use.”

Peritoneal metastasis in mice

Peritoneal metastatic tumors were induced via the intraperitoneal
administration of 5 x 10° CCRF S-1801I cells into ICR mice. The for-
mation of peritoneal dissemination with bloody ascites was observed
in all mice after 6 days. At the time of peritoneal metastasis, the mice
were randomized and inoculated intraperitoneally with T-01
(2.0 x 10° PFU) in 100 uL PBS containing 10% glycerol twice a
week (days 0 and 3) at various time points (1, 2, and 4 weeks) or
with PBS at the same time points. The day of the initial administration
was set as day 0, and the overall survival time was examined.

Histochemical analysis

H&E staining

Mice were killed on day 7 after two administrations of 2.0 x 10° PFU
T-01 or PBS on days 0 and 3. Subcutaneous tumor tissues were
embedded in 10% formalin, and 5-um-thick sections were placed
on silanized slides (Dako Cytomation, Glostrup, Denmark) and
stained with H&E.

5-Bromo-4-chloro-3-indolyl-B-D-galactopyranoside staining

and immunohistochemical analysis of HSV-1

Mice were killed on day 7 after the administration of 2.0 x 10° PFU
T-01 or PBS on days 0 and 3. The samples were snap frozen in isopen-
tane cooled with dry ice. Cryostat sections, with a thickness of 10 pum,
were prepared from each sample. Sections were fixed in 2% parafor-
maldehyde in PBS for 10 min, washed three times in PBS, and incu-
bated with PBS containing 2 mM magnesium chloride, 0.01% sodium
deoxycholate, and 0.02% Nonidet P-40 (NP-40) at 4°C for 10 min.
Sections were further incubated with substrate solution (PBS contain-
ing 1 mg/mL 5-bromo-4-chlor o-3-indolyl-b-D-galactopyranoside
[X-Gal], 5-mM potassium ferricyanide, 5-mM potassium ferrocya-
nide, 2-mM magnesium chloride, 0.01% sodium deoxycholate, and
0.02% NP-40) at 32°C for 3 h and then washed once with water
and twice with PBS containing 2-mM EDTA. Sections were counter-
stained with hematoxylin before mounting,”"

Sequential sections were cut and subjected to immunohistochemical
analysis to detect HSV-1. The sections were treated to inhibit endog-
enous peroxidase activity and prevent nonspecific binding of the sec-
ondary antibody, incubated with a rabbit polyclonal anti-HSV-1 anti-

body (1:50,000) (Dako Cytomation), rinsed, and then incubated with
an horseradish peroxidase-conjugated goat anti-rabbit immunoglob-
ulin (Ig)G antibody (Nichirei Bioscience, Tokyo, Japan). A positive
reaction was visualized as a brownish color using 3-3'-diaminobenzi-
dine as the chromogenic substrate.”*”’

Analysis of CD4 and CD8 expression

Subcutaneous CCRF S-180II tumors were established on the bilateral
flanks of ICR mice, and only one tumor was inoculated with PBS or
T-01 (2.0 x 10° PFU) twice a week (days 0 and 3). Mice were killed
10 days after virus or PBS inoculation, and subcutaneous tumor tis-
sues and spleens were embedded in optimal cutting temperature com-
pound and frozen in liquid nitrogen. Sections (with a thickness of
5 um) 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 Pharmingen, San Diego,
CA), followed by incubation with donkey anti-rat IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA). A positive reaction
was visualized as a brownish color using 3-3’-diaminobenzidine as the
chromogenic substrate. Sections were then counterstained with he-
matoxylin. CD4+ and CD8+ cells were counted within randomly
selected intensely stained fields using a light microscope. The mean
numbers of CD4+ and CD8+ cells per mm? were counted (n=3

per group).

Enzyme-linked immunospot assay

Subcutaneous CCRF S-180II tumors were established on the bilateral
flanks of ICR mice, and only one of the tumors was inoculated with
PBS or T-01 (2.0 x 10°) twice a week (days 0 and 3). On day 10,
the treated mice were euthanized, and splenocytes were collected.
Splenocytes were evaluated for T-01 immunogenicity using the
enzyme-linked immunospot (ELISPOT) assay, which detects IFN-
Y, IL-4, IL-2, and IL-10. The splenocytes (6.0 x 10°) were added to
the plate, and target cells were added to the plate and placed in an
incubator containing 5% CO, for 24 h at 37°C. ImmunoSpot S6
Analyzer (Cellular Technology Limited, Cleveland, OH) was used
to automatically count the number of spots.

Flow cytometric analysis

Subcutaneous CCRF S-1801II tumors were established on the bilateral
flanks of ICR mice, and only one of the tumors was inoculated with
PBS or T-01 (2.0 x 10°) twice a week (days 0 and 3). On day 10,
the treated mice were euthanized, and splenocytes were collected.
GentleMACS dissociator and gentleMACS C tubes (Miltenyi Biotec,
Bergisch Gladbach, Germany) were used to prepare splenocytes ac-
cording to the manufacturer’s protocol. Red blood cells were removed
using lysis buffer (BD Biosciences, San Jose, CA). Splenocytes were
stained with several antibodies (Table S1) and analyzed using the
gating strategy (Figure S3). Flow cytometric analysis was performed
using the FACSCanto II flow cytometer (BD Biosciences).

Statistical analysis

Data were presented as means + SE. In vitro data and in vivo tumor
volume data were compared using the Student’s t test. Multiple
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comparisons were evaluated using the Tukey-Kramer test. Overall
survival was evaluated using the Kaplan-Meier method and was
compared using the log rank test. A p value of <0.05 was considered
statistically significant. Statistical analysis was performed using R
version 3.4.3 (R Foundation for Statistical Computing, Vienna,
Austria) and JMP 14.0.0 (SAS Institute, Cary, NC).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.0mt0.2022.04.010.

ACKNOWLEDGMENTS

This research was supported in part by a grant to M.K. from the In-
ternational Joint Usage/Research Center, the Institute of Medical Sci-
ence, the University of Tokyo, and grants to M.K. and T.T. from Prac-
tical Research for Innovative Cancer Control (Grant Number
JP18ck0106416), Japan Agency for Medical Research and Develop-
ment (AMED).

AUTHOR CONTRIBUTIONS

Conceptualization, M.H. and M.K,; methodology, M.H. and H.M.;
investigation, M.H., T.Y., and T.O.; data curation, M.H., T.Y,, and
T.O.; writing—original draft preparation, M.H. and M.K,; writing—
review and editing, M.H., M.K,, and M.H; visualization, M.H. and
MK, formal analysis, K.Y.; supervision, T.T. and M.S.; project
administration, M.K. All authors have read and agreed to the pub-
lished version of the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Committee on Bone and Soft Tissue Tumors (2015). National Bone and Soft Tissue
Tumor Registry List 2015 (Japanese Orthopaedic Association/National Cancer
Center).

N

. Fletcher, C.D.M., Bridge, J.A., and Hogendoorn, P.C.W. (2013). World Health
Organization Classification of Tumours of Soft Tissue and Bone, Fourth edition
(IARC Press).

w

. Dry, SM., and Frohling, S. (2020). Leiomyosarcoma. WHO Classification of
Tumours. In Soft Tissue and Bone Tumours, Fifth edition, 3, WHO Classification
of Tumours Editorial Board., ed (IARC), pp. 195-197.

4. Goldblum, J.R,, Folpe, A.L., Weiss, S.W., and Enzinger, F.M. (2014). Enzinger and
Weiss’s Soft Tissue Tumors, Sixth edition (Mosby/Elsevier), pp. 549-568.

[

. Malinka, T., Nebrig, M., Klein, F., Pratschke, J., Bahra, M., and Andreou, A. (2019).
Analysis of outcomes and predictors of long-term survival following resection for
retroperitoneal sarcoma. BMC Surg. 19, 61. https://doi.org/10.1186/s12893-019-
0521-9.

f=2)

. George, S., Serrano, C., Hensley, M.L,, and Ray-Coquard, L. (2018). Soft tissue and
uterine leiomyosarcoma. J. Clin. Oncol. 36, 144-150. https://doi.org/10.1200/jco.
2017.75.9845.

~

. Seagle, B.L.L., Sobecki-Rausch, J., Strohl, A.E., Shilpi, A., Grace, A., and Shahabi, S.
(2017). Prognosis and treatment of uterine leiomyosarcoma: a National Cancer
Database study. Gynecol. Oncol. 145, 61-70. https://doi.org/10.1016/j.ygyno.2017.
02.012.

®

. Prat, J. (2009). FIGO staging for uterine sarcomas. Int. J. Gynaecol. Obstet. 104,
177-178. https://doi.org/10.1016/j.ijgo0.2008.12.008.

234 Molecular Therapy: Oncolytics Vol. 25 June 2022

Nl

10.

16.

20.

21.

22.

23.

24.

Molecular Therapy: Oncolytics

. D’Angelo, E., and Prat, J. (2010). Uterine sarcomas: a review. Gynecol. Oncol. 116,

131-139. https://doi.org/10.1016/j.ygyno.2009.09.023.

Littell, R.D., Tucker, L.Y., Raine-Bennett, T, Palen, T.E., Zaritsky, E., Neugebauer, R.,
Schubert, J.E., Embry-Schubert, J., and Lentz, S. (2017). Adjuvant gemcitabine-doce-
taxel chemotherapy for stage I uterine leiomyosarcoma: trends and survival out-
comes. Gynecol. Oncol. 147, 11-17. https://doi.org/10.1016/j.ygyno.2017.07.122.

. Bogani, G., Fuca, G., Maltese, G., Ditto, A., Martinelli, F., Signorelli, M., Chiappa, V.,

Scaffa, C., Sabatucci, I, Lecce, F., et al. (2016). Efficacy of adjuvant chemotherapy in
early stage uterine leiomyosarcoma: a systematic review and meta-analysis. Gynecol.
Oncol. 143, 443-447. https://doi.org/10.1016/j.ygyno.2016.07.110.

. Seddon, B., Scurr, M., Jones, R.L., Wood, Z., Propert-Lewis, C., Fisher, C., Flanagan,

A, Sunkersing, J., A'Hern, R., Whelan, J., and Judson, I. (2015). A phase II trial to
assess the activity of gemcitabine and docetaxel as first line chemotherapy treatment
in patients with unresectable leiomyosarcoma. Clin. Sarcoma Res. 5, 13. https://doi.
org/10.1186/513569-015-0029-8.

. Arndt, C.A.S. (2013). Risk stratification of rhabdomyosarcoma: a moving target. Am.

Soc. Clin. Oncol. Educ. Book, 415-419. https://doi.org/10.14694/edbook _am.2013.
33.415.

. Raney, R.B., Maurer, H.M., Anderson, J.R., Andrassy, R.J., Donaldson, S.S., Qualman,

SJ., Wharam, M.D., Wiener, E.S., and Crist, W.M. (2001). The Intergroup
Rhabdomyosarcoma Study Group (IRSG): major lessons from the IRS-I through
IRS-IV studies as background for the current IRS-V treatment protocols. Sarcoma
5, 9-15. https://doi.org/10.1080/13577140120048890.

. Hawkins, W.G., Hoos, A., Antonescu, C.R,, Urist, M., Leung, D.H.Y., Gold, J.S.,

Woodruff, .M., Lewis, ].J., and Brennan, M.F. (2001). Clinicopathologic analysis of
patients with adult rhabdomyosarcoma. Cancer 91, 794-803. https://doi.org/10.
1002/1097-0142(20010215)91:4<794::aid-cncr1066>3.0.c0;2-q.

Fukuhara, H., Ino, Y., and Todo, T. (2016). Oncolytic virus therapy: a new era of can-
cer treatment at dawn. Cancer Sci. 107, 1373-1379. https://doi.org/10.1111/cas.
13027.

. Peters, C., and Rabkin, S.D. (2015). Designing herpes viruses as oncolytics. Mol. Ther.

Oncolytics 2, 15010. https://doi.org/10.1038/mt0.2015.10.

. Rampling, R,, Cruickshank, G., Papanastassiou, V., Nicoll, J., Hadley, D., Brennan, D.,

Petty, R., MacLean, A., Harland, J., McKie, E., et al. (2000). Toxicity evaluation of
replication-competent herpes simplex virus (ICP 34.5 null mutant 1716) in patients
with recurrent malignant glioma. Gene Ther. 7, 859-866. https://doi.org/10.1038/sj.
gt.3301184.

. Markert, J.M., Medlock, M.D., Rabkin, S.D., Gillespie, G.Y., Todo, T., Hunter, W.D.,

Palmer, C.A., Feigenbaum, F., Tornatore, C., Tufaro, F., and Martuza, R.L. (2000).
Conditionally replicating herpes simplex virus mutant, G207 for the treatment of ma-
lignant glioma: results of a phase I trial. Gene Ther. 7, 867-874. https://doi.org/10.
1038/s.8t.3301205.

Kemeny, N., Brown, K., Covey, A., Kim, T., Bhargava, A., Brody, L., Guilfoyle, B.,
Haag, N.P.,, Karrasch, M., Glasschroeder, B., et al. (2006). Phase I, open-label,
dose-escalating study of a genetically engineered herpes simplex virus, NV1020, in
subjects with metastatic colorectal carcinoma to the liver. Hum. Gene Ther. 17,
1214-1224. https://doi.org/10.1089/hum.2006.17.1214.

Hu, J.C,, Coffin, R.S., Davis, C.]., Graham, N.J,, Groves, N., Guest, P.J., Harrington,
KJ., James, N.D., Love, C.A.,, McNeish, L, et al. (2006). A phase I study of
OncoVEXGM-CSF, a second-generation oncolytic herpes simplex virus expressing
granulocyte macrophage colony-stimulating factor. Clin. Cancer Res. 12, 6737-
6747. https://doi.org/10.1158/1078-0432.ccr-06-0759.

Kaufman, H.L., Kim, D.W., DeRaffele, G., Mitcham, J., Coffin, R.S., and Kim-Schulze,
S. (2010). Local and distant immunity induced by intralesional vaccination with an
oncolytic herpes virus encoding GM-CSF in patients with stage IIlc and IV mela-
noma. Ann. Surg. Oncol. 17, 718-730. https://doi.org/10.1245/510434-009-0809-6.

Mineta, T., Rabkin, S.D., Yazaki, T., Hunter, W.D., and Martuza, R.L. (1995).
Attenuated multi-mutated herpes simplex virus-1 for the treatment of malignant gli-
omas. Nat. Med. 1, 938-943. https://doi.org/10.1038/nm0995-938.

Todo, T., Martuza, R.L., Rabkin, S$.D., and Johnson, P.A. (2001). Oncolytic herpes
simplex virus vector with enhanced MHC class I presentation and tumor cell killing.
Proc. Natl. Acad. Sci. U S A 98, 6396-6401. https://doi.org/10.1073/pnas.101136398.


https://doi.org/10.1016/j.omto.2022.04.010
https://doi.org/10.1016/j.omto.2022.04.010
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref1
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref1
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref1
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref2
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref2
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref2
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref3
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref3
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref3
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref4
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref4
https://doi.org/10.1186/s12893-019-0521-9
https://doi.org/10.1186/s12893-019-0521-9
https://doi.org/10.1200/jco.2017.75.9845
https://doi.org/10.1200/jco.2017.75.9845
https://doi.org/10.1016/j.ygyno.2017.02.012
https://doi.org/10.1016/j.ygyno.2017.02.012
https://doi.org/10.1016/j.ijgo.2008.12.008
https://doi.org/10.1016/j.ygyno.2009.09.023
https://doi.org/10.1016/j.ygyno.2017.07.122
https://doi.org/10.1016/j.ygyno.2016.07.110
https://doi.org/10.1186/s13569-015-0029-8
https://doi.org/10.1186/s13569-015-0029-8
https://doi.org/10.14694/edbook_am.2013.33.415
https://doi.org/10.14694/edbook_am.2013.33.415
https://doi.org/10.1080/13577140120048890
https://doi.org/10.1002/1097-0142(20010215)91:4&lt;794::aid-cncr1066&gt;3.0.co;2-q
https://doi.org/10.1002/1097-0142(20010215)91:4&lt;794::aid-cncr1066&gt;3.0.co;2-q
https://doi.org/10.1111/cas.13027
https://doi.org/10.1111/cas.13027
https://doi.org/10.1038/mto.2015.10
https://doi.org/10.1038/sj.gt.3301184
https://doi.org/10.1038/sj.gt.3301184
https://doi.org/10.1038/sj.gt.3301205
https://doi.org/10.1038/sj.gt.3301205
https://doi.org/10.1089/hum.2006.17.1214
https://doi.org/10.1158/1078-0432.ccr-06-0759
https://doi.org/10.1245/s10434-009-0809-6
https://doi.org/10.1038/nm0995-938
https://doi.org/10.1073/pnas.101136398

www.moleculartherapy.org

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fukuhara, H., Martuza, R L., Rabkin, $.D., Ito, Y., and Todo, T. (2005). Oncolytic her-
pes simplex virus vector G47A in combination with androgen ablation for the treat-
ment of human prostate adenocarcinoma. Clin. Cancer Res. 11, 7886-7890. https://
doi.org/10.1158/1078-0432.ccr-05-1090.

Liu, R, Varghese, S., and Rabkin, S.D. (2005). Oncolytic herpes simplex virus vector
therapy of breast cancer in C3(1)/SV40 T-antigen transgenic mice. Cancer Res. 65,
1532-1540. https://doi.org/10.1158/0008-5472.can-04-3353.

Messerli, S.M., Prabhakar, S., Tang, Y., Mahmood, U., Giovannini, M., Weissleder, R.,
Bronson, R., Martuza, R., Rabkin, S., and Breakefield, X.O. (2006). Treatment of
schwannomas with an oncolytic recombinant herpes simplex virus in murine models
of neurofibromatosis type 2. Hum. Gene Ther. 17, 20-30. https://doi.org/10.1089/
hum.2006.17.20.

Taguchi, S., Fukuhara, H., and Todo, T. (2019). Oncolytic virus therapy in Japan:
progress in clinical trials and future perspectives. Jpn. J. Clin. Oncol. 49, 201-209.
https://doi.org/10.1093/jjco/hyy170.

Ino, Y., Saeki, Y., Fukuhara, H., and Todo, T. (2006). Triple combination of oncolytic
herpes simplex virus-1 vectors armed with interleukin-12, interleukin-18, or soluble
B7-1 results in enhanced antitumor efficacy. Clin. Cancer Res. 12, 643-652. https://
doi.org/10.1158/1078-0432.ccr-05-1494.

Nakatake, R., Kaibori, M., Nakamura, Y., Tanaka, Y., Matushima, H., Okumura, T.,
Murakami, T., Ino, Y., Todo, T., and Kon, M. (2018). Third-generation oncolytic her-
pes simplex virus inhibits the growth of liver tumors in mice. Cancer Sci. 109,
600-610. https://doi.org/10.1111/cas.13492.

Matsushima, H., Kaibori, M., Hatta, M., Ishizaki, M., Nakatake, R., Okumura, T.,
Yoshii, K., and Todo, T. (2019). Efficacy of a third-generation oncolytic herpes sim-
plex virus in neuroendocrine tumor xenograft models. Oncotarget 10, 7132-7141.
https://doi.org/10.18632/oncotarget.27391.

Leddon, J.L., Chen, C.Y., Currier, M.A., Wang, P.Y., Jung, F.A,, Denton, N.L,, Cripe,
K.M., Haworth, K.B., Arnold, M.A., Gross, A.C,, et al. (2014). Oncolytic HSV viro-
therapy in murine sarcomas differentially triggers an antitumor T-cell response in
the absence of virus permissivity. Mol. Ther. Oncolytics 1, 14010. https://doi.org/
10.1038/mt0.2014.10.

Chen, C.Y., Hutzen, B., Wedekind, M.F,, and Cripe, T.P. (2018). Oncolytic virus and
PD-1/PD-L1 blockade combination therapy. Oncolytic Virother. 7, 65-77. https://
doi.org/10.2147/0v.s145532.

Hutzen, B., Chen, C.Y.,, Wang, P.Y., Sprague, L., Swain, H.M,, Love, J., Conner, J.,
Boon, L., and Cripe, T.P. (2017). TGF-p inhibition improves oncolytic herpes viroim-
munotherapy in murine models of rhabdomyosarcoma. Mol. Ther. Oncolytics 7,
17-26. https://doi.org/10.1016/j.omt0.2017.09.001.

Huang, Y.Y,, Yu, Z, Lin, S.F,, Li, S., Fong, Y., and Wong, R.J. (2007). Nectin-1 is a
marker of thyroid cancer sensitivity to herpes oncolytic therapy. J. Clin.
Endocrinol. Metab. 92, 1965-1970. https://doi.org/10.1210/jc.2007-0040.

Yu, Z., Adusumilli, P.S., Eisenberg, D.P., Darr, E., Ghossein, R.A., Li, S., Liu, S., Singh,
B., Shah, J.P., Fong, Y., and Wong, R.J. (2007). Nectin-1 expression by squamous cell
carcinoma is a predictor of herpes oncolytic sensitivity. Mol. Ther. 15, 103-113.
https://doi.org/10.1038/sj.mt.6300009.

Friedman, G.K,, Langford, C.P., Coleman, ].M., Cassady, K.A., Parker, ].N., Markert,
J.M., and Yancey Gillespie, G. (2009). Engineered herpes simplex viruses efficiently
infect and kill CD133+ human glioma xenograft cells that express CDI111.
J. Neurooncol. 95, 199-209. https://doi.org/10.1007/s11060-009-9926-0.

Wang, P.Y., Currier, M.A., Hansford, L., Kaplan, D., Chiocca, E.A., Uchida, H., Goins,
W.E., Cohen, ].B., Glorioso, J.C., van Kuppevelt, T.H., et al. (2013). Expression of

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

HSV-1 receptors in EBV-associated lymphoproliferative disease determines suscep-
tibility to oncolytic HSV. Gene Ther. 20, 761-769. https://doi.org/10.1038/gt.2012.93.

Jackson, J.D., McMorris, A.M., Roth, J.C., Coleman, J.M., Whitley, R.J., Gillespie,
G.Y,, Carroll, S.L.,, Markert, ].M., and Cassady, K.A. (2014). Assessment of oncolytic
HSYV efficacy following increased entry-receptor expression in malignant peripheral
nerve sheath tumor cell lines. Gene Ther. 21, 984-990. https://doi.org/10.1038/gt.
2014.72.

Wang, P.Y., Swain, H.M., Kunkler, A.L., Chen, C.Y., Hutzen, B.J., Arnold, M.A.,
Streby, K.A.,, Collins, M.H.,, Dipasquale, B, Stanek, JR, et al. (2016).
Neuroblastomas vary widely in their sensitivities to herpes simplex virotherapy unre-
lated to virus receptors and susceptibility. Gene Ther. 23, 135-143. https://doi.org/10.
1038/gt.2015.105.

Murphy, KM., Ouyang, W., Farrar, ].D., Yang, J., Ranganath, S., Asnagli, H.,
Afkarian, M., and Murphy, T.L. (2000). Signaling and transcription in T helper devel-
opment. Annu. Rev. Immunol. 18, 451-494. https://doi.org/10.1146/annurev.immu-
nol.18.1.451.

Ansel, KM, Djuretic, L, Tanasa, B., and Rao, A. (2006). Regulation of Th2 differen-
tiation and 114 locus accessibility. Annu. Rev. Immunol. 24, 607-656. https://doi.org/
10.1146/annurev.immunol.23.021704.115821.

Mannino, M.H., Zhu, Z,, Xiao, H., Bai, Q., Wakefield, M.R., and Fang, Y. (2015). The
paradoxical role of IL-10 in immunity and cancer. Cancer Lett. 367, 103-107. https://
doi.org/10.1016/j.canlet.2015.07.009.

McAllister, R M., Melnyk, J., Finklestein, J.Z., Adams, E.C., Jr., and Gardner, M.B.
(1969). Cultivation in vitro of cells derived from a human rhabdomyosarcoma.
Cancer 24, 520-526. https://doi.org/10.1002/1097-0142(196909)24:3<520::aid-
¢cncr2820240313>3.0.co;2-m.

Ishiwata, I, Nozawa, S., Nagai, S., Kurihara, S., and Mikata, A. (1977). Establishment
of a human leiomyosarcoma cell line. Cancer Res. 37, 658-664.

Foley, G.E., Drolet, B.P., McCarthy, R.E., Goulet, K.A., Dokos, ].M., and Filler, D.A.
(1960). Isolation and serial propagation of malignant and normal cells in semi-
defined media. Origins of CCRF cell lines. Cancer Res. 20, 930-939.

Doherty, RE., Bryant, H.E., Valluru, M.K,, Rennie, 1.G., and Sisley, K. (2019).
Increased non-homologous end joining makes DNA-PK a promising target for ther-
apeutic intervention in uveal melanoma. Cancers 11, 1278. https://doi.org/10.3390/
cancers11091278.

Kubo, K., Naoe, T., Utsumi, K.R,, Ishiguro, Y., Ueda, K., Shiku, H., and Yamada, K.
(1991). Cytogenetic and cellular characteristics of a human embryonal rhabdomyo-
sarcoma cell line, RMS-YM. Br. J. Cancer 63, 879-884. https://doi.org/10.1038/bjc.
1991.193.

Kilkenny, C., Browne, W.J., Cuthill, I.C., Emerson, M., and Altman, D.G. (2012).
Improving bioscience research reporting: the ARRIVE guidelines for reporting ani-
mal research. Osteoarthritis Cartilage 20, 256-260. https://doi.org/10.1016/j.joca.
2012.02.010.

Smith, AJ., Clutton, R.E, Lilley, E, Hansen, KE.A., and Brattelid, T. (2018).
PREPARE: guidelines for planning animal research and testing. Lab Anim. 52,
135-141. https://doi.org/10.1177/0023677217724823.

Todo, T., Rabkin, $.D., Sundaresan, P., Wu, A., Meehan, K.R., Herscowitz, H.B., and
Martuza, R.L. (1999). Systemic antitumor immunity in experimental brain tumor
therapy using a multimutated, replication-competent herpes simplex virus. Hum.
Gene Ther. 10, 2741-2755. https://doi.org/10.1089/10430349950016483.

Animal Care and Use Committee (2011). Guidelines for Endpoints in Animal Study
Proposals (Office of Animal Care and Use).

Molecular Therapy: Oncolytics Vol. 25 June 2022 235


https://doi.org/10.1158/1078-0432.ccr-05-1090
https://doi.org/10.1158/1078-0432.ccr-05-1090
https://doi.org/10.1158/0008-5472.can-04-3353
https://doi.org/10.1089/hum.2006.17.20
https://doi.org/10.1089/hum.2006.17.20
https://doi.org/10.1093/jjco/hyy170
https://doi.org/10.1158/1078-0432.ccr-05-1494
https://doi.org/10.1158/1078-0432.ccr-05-1494
https://doi.org/10.1111/cas.13492
https://doi.org/10.18632/oncotarget.27391
https://doi.org/10.1038/mto.2014.10
https://doi.org/10.1038/mto.2014.10
https://doi.org/10.2147/ov.s145532
https://doi.org/10.2147/ov.s145532
https://doi.org/10.1016/j.omto.2017.09.001
https://doi.org/10.1210/jc.2007-0040
https://doi.org/10.1038/sj.mt.6300009
https://doi.org/10.1007/s11060-009-9926-0
https://doi.org/10.1038/gt.2012.93
https://doi.org/10.1038/gt.2014.72
https://doi.org/10.1038/gt.2014.72
https://doi.org/10.1038/gt.2015.105
https://doi.org/10.1038/gt.2015.105
https://doi.org/10.1146/annurev.immunol.18.1.451
https://doi.org/10.1146/annurev.immunol.18.1.451
https://doi.org/10.1146/annurev.immunol.23.021704.115821
https://doi.org/10.1146/annurev.immunol.23.021704.115821
https://doi.org/10.1016/j.canlet.2015.07.009
https://doi.org/10.1016/j.canlet.2015.07.009
https://doi.org/10.1002/1097-0142(196909)24:3&lt;520::aid-cncr2820240313&gt;3.0.co;2-m
https://doi.org/10.1002/1097-0142(196909)24:3&lt;520::aid-cncr2820240313&gt;3.0.co;2-m
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref45
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref45
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref46
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref46
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref46
https://doi.org/10.3390/cancers11091278
https://doi.org/10.3390/cancers11091278
https://doi.org/10.1038/bjc.1991.193
https://doi.org/10.1038/bjc.1991.193
https://doi.org/10.1016/j.joca.2012.02.010
https://doi.org/10.1016/j.joca.2012.02.010
https://doi.org/10.1177/0023677217724823
https://doi.org/10.1089/10430349950016483
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref52
http://refhub.elsevier.com/S2372-7705(22)00062-6/sref52
http://www.moleculartherapy.org

	Efficacy of a third-generation oncolytic herpes simplex virus in refractory soft tissue sarcoma xenograft models
	Introduction
	Results
	Cytopathic effects of T-01 and virus yields in vitro
	Effects of T-01 in mice with subcutaneous tumors
	Histological examination
	Efficacy of T-01 treatment in immunocompetent mice with bilateral subcutaneous tumors derived from CCRF S-180II cells
	Induction of cytokines in mice transplanted with CCRF S-180II cells
	Immunological analysis of CD4+ and CD8+ lymphocytes
	Efficacy of T-01 in peritoneal dissemination models

	Discussion
	Materials and methods
	Cell lines and viruses
	Mice
	In vitro cytotoxicity and virus yield
	Experiments using subcutaneous tumor models
	Peritoneal metastasis in mice
	Histochemical analysis
	H&E staining

	5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside staining and immunohistochemical analysis of HSV-1
	Analysis of CD4 and CD8 expression
	Enzyme-linked immunospot assay
	Flow cytometric analysis
	Statistical analysis

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


