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We evaluated the usefulness of an oncolytic virus (Suratadeno-
turev; OBP-301) against radioresistant oral squamous cell car-
cinoma. We confirmed the expression of human telomerase
reverse transcriptase and the coxsackievirus and adenovirus re-
ceptor in cell lines. Also, we examined the potential presence in
a patient who has received existing therapy that is amenable to
treatment with OBP-301. We evaluated: (1) the antitumor ef-
fects of OBP-301 alone and in combination with radiotherapy
on radioresistant cell lines, (2) the molecular mechanism un-
derlying the radiosensitizing effect and cell death increased
by the combination therapy, and (3) the antitumor effect of
the combination therapy in vivo using xenograft models (a ra-
dioresistant cell line-derived xenograft in mouse and a patient-
derived xenograft). Human telomerase reverse transcriptase
and the coxsackievirus and adenovirus receptor were expressed
in all cell lines. OBP-301 decreased the proliferative activity of
these cell lines in a concentration-dependent manner, and
significantly enhanced the antitumor effect of irradiation.
Phosphorylated STAT3 and its downstream molecules, which
correlated with apoptosis and autophagy, showed significant
changes in expression after treatment with OBP-301. The com-
bination therapy exerted a significant antitumor effect versus
radiotherapy alone in both xenograft models. Combination
of OBP-301 with radiotherapy exerts a synergistic effect and
may represent a promising treatment for radioresistant oral
squamous cell carcinoma.

INTRODUCTION

Oral squamous cell carcinoma (OSCC) is one of the most common
types of cancer of the oral cavity. However, the survival rate has not
improved despite advancements in diagnostic modalities and treat-
ments." Thus, the prognosis of advanced OSCC remains poor, with

a 5-year survival rate of approximately 50%.” This stagnation in the
survival rate is mainly attributed to the existence of high-grade ma-
lignant cells that display important hallmarks of cancer, such as
resistance to chemotherapy or radiotherapy, abnormal proliferation,
and invasion or metastasis.’” Among them, radioresistance is a
serious problem that prevents improvement in treatment outcomes
of radiotherapy, an important treatment option in OSCC.* Recently,
we established clinically relevant radioresistant (CRR) cell lines by
irradiating cells with >60 Gy for 5 weeks at 2 Gy per day, as in
actual clinical practice.” Based on preclinical research that used
the CRR cell lines to investigate the molecular mechanism involved
in radioresistance,” these cell lines are regarded as a good experi-
mental resource.

In Japan, 60% of patients age >70 years are newly diagnosed with
cancer.” According to the guidelines established by the National Cen-
ter for Biotechnology Information, the standard therapy for OSCC is
composed of radical therapy with extensive resection of tumors and
postoperative concurrent chemoradiotherapy (CRT).” However,
since old age is associated with a poorer reserve force, the application
of this regimen in elderly patients with advanced OSCC is difficult. Of
note, many of these patients are undergoing radiotherapy. Therefore,
there is an urgent need for new approaches to overcome treatment
resistance and to provide new treatment options for patients with
OscCC.
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OBP-301 is a telomerase-specific tumor-lysing adenovirus developed
by Fujiwara et al.” It infects target cells via its receptor, coxsackievirus
and adenovirus receptor (CAR), whose expression correlates with the
infection efficacy of the adenovirus.'” Following incorporation into
the host DNA, OBP-301 produces adenoviral E1A and EIB in
response to the promoter activity of human telomerase reverse tran-
scriptase (hTERT). Its activity is related to that of telomeres, which
are structural proteins at the ends of chromosomes that protect the
DNA.'>"" Ultimately, OBP-301 causes cell death at relatively high
rates in hTERT-positive cancer cells in an hTERT-expression-depen-
dent manner. In contrast, the replication and cytotoxicity of the virus
are significantly limited in normal somatic cells.”"?

Preclinical research has demonstrated the antitumor effects of OBP-301
in numerous malignancies.”'*""* In phase I clinical trials in the United
States, OBP-301 has shown an efficacious and safe profile against several
types of solid tumors.'” Furthermore, it has been reported that mono-
therapy and radiation therapy can be used in combination to further
improve the antitumor effect.' In head and neck squamous cell carci-
noma (HNSCC), including OSCC, several studies evaluated mainly the
antitumor effects of single-agent administration.'” "> Some studies
reported the combined effects of treatment with anticancer drugs and
radiation in vitro and in vivo.'”*°"*> However, there are no reports
examining the antitumor effect or mechanism underlying the develop-
ment of resistance using radioresistant OSCC cell lines and a patient-
derived xenograft (PDX) model.

It is thought that radiation exerts its therapeutic effects on cancer
cells by inducing various types of cell death (i.e., apoptosis, mitotic ca-
tastrophe, necrosis, and autophagy) and by inhibiting cell prolifera-
tion.”” Recently, our group reported that radiation-induced regulato-
ry cell death can be classified into three categories, namely apoptosis,
autophagy-dependent cell death, and necrosis.”* OBP-301 possesses
strong antitumor activity that can lyse cancer cells by specifically
proliferating in them.” Moreover, when OBP-301 is used in combina-
tion with existing treatment modalities, it can enhance the antitumor
effects through various mechanisms, such as the DNA repair machin-
ery, enhancing apoptosis, and local immune modification of tu-
mors.”>”>?° Several studies have identified radioresistance-related
molecules using radioresistant OSCC cell lines. Reports in the past
have focused on molecules identified by gene expression analyses to
elucidate radioresistance mechanisms.””
have been reported in OSCC with respect to mechanisms of radiore-
sistance, particularly using multiple CRR cells established by the
routine clinical irradiation of OSCC cell lines.

29 .
However, few studies

In this study, we investigated in vitro and in vivo whether the com-
bination of OBP-301 radiotherapy can overcome radioresistance in
OSCC using a useful research model, namely CRR cells. We also
investigated the mechanism of cell death induced by this combina-
tion in OSCC. In addition, we further validated the usefulness of
this treatment in vivo, using a CRR cell-line-derived xenograft
(CRR-CDX) model and the PDX model as a useful preclinical
model.
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RESULTS

OBP-301 target molecules are expressed in OSCC cell lines

We analyzed the expression of CAR and hTERT, which have been
reported as therapeutic target molecules of OBP-301,” in OSCC
cell lines and human normal oral keratinocytes (HNOKs) using
real-time PCR and western blotting. Expression of CAR mRNA was
detected in all cell lines, including HNOK (Figure 1A). Expression
of h"TERT mRNA was confirmed in all OSCC cell lines, but not in
HNOK (Figure 1A). In the western blotting analysis, although there
was a difference in expression, CAR protein was detected in all cell
lines (including HNOK). Expression of hTERT protein was detected
in all OSCC cell lines, but not in HNOK (Figure 1B).

hTERT expression correlated with response to CRT and
prognosis in patients with advanced OSCC

To elucidate the clinical significance of hTERT in OSCC, we per-
formed expression analysis of hTERT by immunohistochemical
staining. In addition, we investigated the clinicopathological signifi-
cance of hTERT in preoperative specimens obtained from 50 patients
with advanced OSCC who underwent preoperative CRT. As shown in
the representative images of immunohistochemical staining (Fig-
ure 1C), various hTERT expression patterns were confirmed in
clinical OSCC. In the clinicopathological analysis, the high expression
status of hTERT was significantly correlated with the clinical stage
(p = 0.001), mode of invasion (p = 0.015), loco-regional recurrence
(p = 0.023), and poor pathological response to CRT (p = 0.016)
(Table 1). Moreover, 5-year disease-free survival (DFS) rates for pa-
tients with high hTERT expression were significantly lower than
those for patients with low hTERT expression (p = 0.018) (Figure 1D,
right). Furthermore, after adjusting for various clinicopathological
factors, the influence of hTERT expression on DFS (hazard ratio,
3.241; 95% CI 1.112-9.992; p = 0.031) (Table 2) remained in the
Cox proportional hazards regression model. On the other hand,
although the 5-year overall survival (OS) rate tended to be lower in
patients with low hTERT expression, the difference was not statisti-
cally significant (p = 0.420) (Figure 1D, left).

In vitro radiosensitizing effect of OBP-301 on CRR OSCC cell
lines

To investigate whether OBP-301 contributed to the treatment of
radiation-resistant OSCC, we analyzed the antitumor and radiosen-
sitizing effects of OBP-301 on OSCC cells, including CRR cell lines.
We first confirmed the antitumor effect of OBP-301 alone in OSCC
cells. As shown in Figure 2A, treatment with OBP-301 exerted a
concentration-dependent antitumor effect on OSCC cell lines (Fig-
ure 2A). Next, we explored the radiosensitizing effect of OBP-301
on OSCC cell lines, including CRR cells. The results of the modified
high-density survival (MHDS) assay showed that OBP-301 had a
significant radiosensitizing effect on OSCC cell lines, even CRR
cells, compared with IR alone (Figures 2B and 2C). Calculation of
the combination index demonstrated a synergistic antitumor effect
of combination therapy in OSCC cell lines, including CRR cells
(Figure 2D).
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Figure 1. Expression analysis and
clinicopathological significance of hTERT, which is
important for the antitumor effect of OBP-301

(A and B) The mRNA and protein expression levels of CAR
and hTERT in OSCC cell lines and HNOK. Cell lines
cultured under identical conditions were harvested and
utilized for real-time PCR and western blotting. Mean
values obtained using an image analyzer (Figure S1) from
at least three independent experiments are shown at the
bottom of each band. (C) Determination of hTERT grade.
Representative sections from the panels were scored for
hTERT proportion and intensity as indicated. Scale bars,
15 um (proportion) and 3 pm (intensity). The hTERT grade
was the product of those scores (see materials and
methods). (D) Overall survival (OS) and disease-free sur-
vival (DFS) of patients with OSCC based on the hTERT
expression status. *p < 0.05. CAR, coxsackievirus and
adenovirus receptor; HNOK, human normal oral kerati-

nocytes; hTERT, human telomerase reverse transcrip-
tase; OSCC, oral squamous cell carcinoma.
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compared with the IR alone group. A decrease
in p62 and an increase in the light chain 3-II
(LC3-II)/light chain 3-I (LC3-I) ratio are
considered markers of autophagy.”' In the pre-
sent study, an increase in the LC3-II/LC3-I ra-
tio and a decrease in p62 levels were observed
in the OBP-301 and IR groups compared
with the IR group. In addition, a slight increase
in cleaved caspase 3 was observed in the
OBP-301 and IR groups. Notably, significant
changes in the expression of apoptosis/auto-
phagy-related molecules that were not detected
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Regulation of apoptosis and autophagy may contribute to the
radiosensitizing effect of OBP-301

We conducted a molecular biological study to elucidate the molec-
ular mechanism underlying cell death caused by the combined use
of OBP-301 and irradiation (IR). Apoptosis and autophagy are types
of cell death induced after IR.** Therefore, the effects of OBP-301
on apoptosis and autophagy were investigated. The results of an
annexin-V assay showed that radiation-induced apoptosis was
significantly increased following combination treatment with
OBP-301 and IR versus OBP-301 or IR alone (Figure 3A). In
addition, the mitochondrial membrane potentials of the cell line
irradiated after the administration of OBP-301 were significantly
decreased versus those recorded after treatment with OBP-301 or
IR alone (Figures 3B and 3C). Western blot analysis revealed a
decrease in the phosphorylation of signal transducer and activator
of transcription 3 (STAT3) and its downstream molecule, B cell
lymphoma extra large (Bcl-xL) in the OBP-301 and IR groups

30

Follow-up duration (months)

in the IR group were observed in the OBP-301
group (Figure 3D). In addition, changes in the
expression of each molecule in the OBP-301
and IR groups were similar to those observed
in the OBP-301 group. Furthermore, these phenomena were
observed in two CRR cell lines, SAS-R and HSC-2-R.

40 50 60

Effect of OBP-301 combined with irradiation on the OSCC-CDX
and CRR-CDX models

The therapeutic effects of OBP-301 combined with IR in vivo were
determined using the OSCC-CDX and CRR-CDX models as shown
in Figure 4A. In the OSCC-CDX model, PBS or BOP-301 alone failed
to inhibit tumor growth; however, IR or OBP-301 combined with IR
inhibited tumor growth. In addition, the combination of IR with
OBP-301 significantly reduced tumor volume compared with IR or
OBP-301 alone (Figure 4B). Furthermore, in the CRR-CDX model,
an effect of OBP-301 and IR was observed compared with the
OSCC-CDX model; however, the antitumor effect was decreased in
the OBP-301 and IR alone groups at the end of the treatment
schedule. Moreover, as observed in the OSCC-CDX model, IR plus
OBP-301 exhibited the highest therapeutic effect (Figure 4C). In
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Table 1. Correlation between hTERT expression and clinicopathological
factors

hTERT expression (n = 50
cases)

Characteristic Total High, n (%) Low, n (%) p value

Age (years)
Range 40-87 51-81 40-87
<65 15 5(33.3) 10 (66.7) 0.948
>65 35 12 (34.3) 23 (65.7)

Sex
Male 28 10 (35.7) 18 (64.3) 0.773
Female 22 7 (31.8) 15 (68.2)

cT category
T2 20 5(25) 15 (75) 0.548
T3, T4 30 12 (40) 18(60)

cN category
NoO 14 7 (50) 7 (50) 0.136
>N1 36 10 (27.8) 26 (72.2)

cStage
111 19 7 (36.8) 12 (63.2) <0.001**
v 31 10 (32.3) 21 (67.7)

Differentiation
Well-moderate 11 3(27.3) 8 (72.7) 0.594
Poor 39 14 (35.9) 25 (64.1)

Loco-regional recurrence
Yes 17 9 (52.9) 8 (47.1) 0.023*
No 33 7 (21.2) 26 (78.8)

Pathological response
0, I, Ia, ITb 25 13 (52) 12 (48) 0.007**
1L, IV 25 4(16) 21 (84)

Fisher’s exact test was used to examine the relationships between hTERT expression and
clinicopathologic factors. OSCC, oral squamous cell carcinoma; cT, clinical T stage; cN,
clinical N stage; cStgae, clinical Stage.

*p < 0.05 and **p < 0.01.

immunohistochemical analyses, the TdT-mediated dUTP-biotin
nick-end labeling (TUNEL) assay showed a significant increase in
apoptotic cells in the IR plus OBP-301 group (Figures 5A and 5C),
whereas autophagy was also significantly enhanced by immunohisto-
chemical staining analysis as measured by a decrease in p62 expres-
sion (Figures 5B and 5D) in both models.

Effect of combination therapy with OBP-301 and IR on the PDX
model

To evaluate the effects of combination therapy with OBP-301 and IR,
we conducted experiments using a PDX model based on the schedule
used in human clinical studies (Figure 6A).'°
IR combined with OBP-301 significantly reduced tumor volume
versus IR monotherapy in the PDX model. Moreover, immunohisto-
chemical staining of samples collected from PDX tumors at the end of

As shown in Figure 6B,
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treatment showed that the combination of IR plus OBP-301 was asso-
ciated with an increase in the number of apoptotic and autophagy
cells compared with IR monotherapy (Figure 6C).

DISCUSSION

In this study, we examined in vitro and in vivo whether combination
therapy with OBP-301 and radiation may be a new treatment option
for patients with OSCC in whom the disease is refractory to standard
treatment. Initially, we analyzed the expression of hTERT, an impor-
tant molecule for OBP-301 to exert its effects in vivo. The results
showed that hTERT was expressed in almost all OSCC cell lines,
including CRR cell lines (Figures 1A and 1B). Also, a certain level
of hTERT expression was observed in a majority of human clinical
specimens (Figure 1C). In addition, our clinicopathological analyses
revealed that OSCC with high hTERT expression is refractory to ex-
isting therapies and potentially represents a patient population in
whom disease control may be difficult (Tables 1 and 2 and Figure 1D).
Aberrant expression of h\TERT has been reported in numerous malig-
nancies.”> Moreover, hTERT expression is closely associated with
tumorigenesis, maintenance of cancer cell stemness, cell proliferation,
inhibition of apoptosis, evasion of senescence, and metastasis.>*>>>>
Taken together, in line with previous findings, our initial findings sug-
gest that OSCC with high hTERT expression may be resistant to ex-
isting therapies (e.g., chemotherapy and radiotherapy); thus, it may
also be a good therapeutic target for OBP-301. However, there are
various cell death pathways initiated by OBP-301, and its antitumor
effect may occur through more than one of them. Therefore, CAR
and hTERT may not be the only molecules that determine the anti-
tumor effect of OBP-301. In the future, we will identify the specific
cell death pathway(s) depending on the tumor type, and consider
combination therapy based on CAR and hTERT expression levels.

In previous studies, the antitumor effect of OBP-301 as a single
agent has been confirmed in various carcinomas, including
HNSCC.'*'%*>**3% Consistent with previous studies, in the present
study, we were able to confirm the concentration-dependent anti-
tumor effect of OBP-301 as a single agent in several OSCC cell lines,
including CRR cells (Figure 2A). We also confirmed that the synergis-
tic effect of OBP-301 and IR in OSCC cell lines is stable under the con-
dition of multiplicity of infection (MOI) of 10* viral particles (vp)/cell
and an IR dose of >2 Gy. Interestingly, this effect was also observed in
CRR cells (Figures 2B-2D). Previously, the phenomenon of enhanced
antitumor efficacy in combination with OBP-301 was reported in
chemotherapy,'>*° radiotherapy,*” and immunotherapy*® in various
malignancies. In HNSCC, including OSCC, it has been reported that
OBP-301 exerts favorable antitumor effects in combination with
chemotherapy.” After comparing the radiosensitivity of multiple
HNSCC cell lines, Takahashi et al.”* reported that radiation therapy
with OBP-301 may be effective in cell lines that are considered to
have relatively low radiosensitivity. In this study, we also obtained
similar results. CRR cells are useful in radioresistance studies.” In
this study, these cells allowed us to accurately assess the potential of
OBP-301 to contribute to overcoming radioresistance in radioresist-
ant OSCC.
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Table 2. Multivariate regression analysis results for predicting disease-free
survival in 50 patients with OSCC

Variable Assigned score Hazard ratio (95% CI) p value

Clinical T category
T2 0 0.659 (0.195-2.278) 0.502
T3, T4 1

Clinical N category
NO 0 0.880 (0.206-3.946) 0.862
>N1 1

Clinical stage
111 0 2.378 (0.727-9.258) 0.157
v 1

Differentiation
Well-moderate 0 1.222 (0.368-5.531) 0.760
Poor 1

Worst pattern of invasion
1%, 2% 3° 0 2.908 (0.867-10.112) 0.083
44, 5¢ 1

Pathological response
Grade 0, I, I 0 1.114 (0.375-3.047) 0.838
Grade >1II 1

hTERT expression status
High expression 0 3.241 (1.112-9.992) 0.031*
Low expression 1

CI, confidence interval; OSCC, oral squamous cell carcinoma.

*p < 0.05.

“Broad pushing margin.

"Broad finger-like projections or separate large islands.

“Invasive islands (>15 cells).

9Islands of <5 cells, strands of tumor cells or single-cell infiltration.
“Tumor satellites separated from the main tumor interface by >1 mm.

We focused our analyses on the various types of cell death associated
with IR exposure (data not shown). As a result, enhanced apoptosis
and autophagy following treatment with the combination of OBP-
301 and IR were observed to varying degrees in in vitro and in vivo
settings (Figures 3A-3D, 5A-5D, and 6C). In esophageal, gastric,
and lung cancers, OBP-301 inhibited the MRE11-RAD50-NBS1
(MRN) complex, resulting in radiosensitization and enhanced
induction of apoptosis.”’ In soft tissue sarcomas, OBP-301 combined
with radiotherapy enhanced apoptosis through the suppression of
MCLL.”® In neuroblastoma, it was reported that monotherapy with
OBP-301 induced autophagy-related cell death.'* Kuwahara et al.
suggested that the suppression of autophagy may be associated with
the reduced radiosensitivity of radioresistant cells.** Based on the re-
sults of previous reports, our data suggest that OBP-301 may
contribute to overcoming radioresistance in CRR cells by inducing
varying degrees of apoptosis, primarily through autophagy. More-
over, OBP-301 replicated more efficiently in combination therapy
with radiation compared with OBP-301 alone (Figures S5A-S5E).
Ishikawa et al. reported that the replication efficiency of OBP-301

was enhanced in combination with paclitaxel.41 In OSCC, radio-
therapy may also be closely associated with the therapeutic effect
because OBP-301 is efficiently replicated, which suggests that it is
an effective combination therapy.

In addition to the above results that support previous findings, we also
found that downregulation of Bcl-xL following decreased STAT3
phosphorylation may be involved in the regulation of apoptosis and
autophagy by OBP-301 (Figure 3D). According to a growing body
of evidence, STAT3 is an important molecule involved in tumorigen-
esis and tumor development, as well as the occurrence of chemoresist-
ance and radioresistance via the transcriptional regulation of several
apoptosis- and autophagy-related genes, such as members of the Bcl2

4243 Bcl-xL localizes to the mitochondrial

family (including Bcl-xL).
outer membrane, preventing loss of mitochondrial membrane poten-
tial and inhibiting apoptosis.**** Bcl-xL. forms a complex with
beclin-1 (BECNI1), an autophagy-promoting factor, and suppresses
autophagy; however, disassociation of BECN1 by Bcl-xL suppression
promotes autophagy.*® Our present data suggest that regulation of the
STAT3-Bcl-xL pathway may contribute to the radioresistance of ra-
dioresistant OSCC through apoptosis and autophagy. However,

further investigation is warranted to validate this hypothesis.

Subcutaneous and orthotopic xenograft tumor models using human
cancer cell lines are frequently employed for the in vivo evaluation
of therapeutic potential.”” Therefore, subcutaneous inoculation
models have been used in previous studies on OBP-301.%'>"*>*8
We confirmed the in vivo antitumor effect of radiation therapy
with OBP-301 using a subcutaneous parental and radioresistant
OSCC-CDX tumor model (Figure 4B). Moreover, we also confirmed
markedly better antitumor effects than those observed with radiation
therapy alone in the PDX model (Figure 6B). This is a more useful
model than the CDX model for evaluating the effects of therapies
in translational research.*’ In the PDX model, both IR and OBP-
301 with IR showed better than expected antitumor effects in the
PDX model compared with the CDX model. This may have occurred
because the tumors used in the PDX model were radiosensitive
compared with the CDX model. Notably, TUNEL assays and immu-
nohistochemical analyses of the residual tumors from the OSCC-
CDX, CRR-CDX, and PDX models revealed significant changes in
apoptosis and autophagy indicators that supported the changes
observed in vitro (Figures 5A-5D and 6C). Collectively, these data
indicate that the therapeutic effect of OBP-301 combined with radio-
therapy and the underlying mechanism involved in overcoming ra-
dioresistance are consistent in vitro and in vivo. Nonetheless, Kanaya
et al. reported that OBP-301 effectively potentiates the antitumor ef-
fect of PD-1 antibodies and the abscopal effect by inducing immuno-
genic cell death (ICD)-related molecules in an allogeneic transplanta-
tion model.”® In our preliminary experiments, the expression of
representative ICD-related molecules, such as HMGBI and calreticu-
lin, was decreased in CDX models treated with OBP-301 alone or IR
combined with OBP-301 compared with IR alone (Figure S6). This
may be related to the effective induction of autophagy by OBP-301.
Although it is difficult to evaluate the abscopal effect, which is closely
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Figure 2. Radiosensitizing effect of OBP-301 in clinically relevant radioresistant OSCC cell lines

(A) The proliferation of OSCC celllines (SAS, SAS-R, HSC-2, HSC-2-R) untreated (control) or treated with stepwise concentrations of OBP-301 (MOI: 102, 10%, and 10* vp/cell) was
examined using the WST assay after 1, 3, and 5 days. (B) Graphs showing the results of the MHDS assay. OSCC cell lines were treated with stepwise concentrations of OBP-301
(MOI: 0 [control], 102, 10%, and 10* vp/cell) and irradiated with 0, 2, 4, and 6 Gy. These results are shown as the means of at least three independent experiments performed in
triplicate; *p < 0.05and **p < 0.01. (C) Representative images captured prior to performing the MHDS assay. OSCC cells were treated with OBP-301 (MOI: 0, 10, 10°, and 10* VP/
cell) and irradiated with 6 Gy. (D) The combination index was calculated using the CalcuSyn software (BioSoft, Inc., Cambridge, UK). Interaction indices <1 and >1 denoted synergy

and antagonism, respectively. MHDS, modified high-density survival assay; MOI, multiplicity of infection; OSCC, oral squamous cell carcinoma; vp, viral particles.
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related to acquired immunity, in the xenograft model used in the
present study, it is necessary to verify whether OBP-301 combined
radiotherapy exhibits a local antitumor effect as well as a secondary
therapeutic effect through antitumor immunity in an allogeneic
OSCC model.

Currently, cisplatin and cetuximab are the drugs used in the combi-
nation of radiotherapy and chemotherapy for the treatment of
HNSCC; the usefulness of these agents has been examined by re-
ports on their efficacy and comparative studies.”’””' However,
cisplatin is associated with various side effects, such as drug resis-
tance and renal impairmen‘[,52 whereas cetuximab is linked to a
risk of serious allergic reactions after the first dose.”> Therefore
the patient’s general condition often forces the use of radiotherapy
alone. Thus far, there are no reports of serious side effects of OBP-
301 in clinical trials.'>'® Consistently, in the present in vivo study,
we did not observe any serious adverse effects of OBP-301 in vital
organs, thereby confirming the safety of this treatment (Figure S4).
Ultimately, the combination of OBP-301 and radiotherapy may be
a relatively safe and easy to use therapeutic modality for patients
with advanced OSCC and limited treatment options in various
backgrounds.

Takahashi et al. identified the radiosensitivity of several HNSCC cell
lines, which they defined as relative radioresistance. Their study re-
ported that OBP-301 exerts its sensitizing effect through the DNA
repair pathway.”> Similarly, we had reported that OBP-301 exerts
its radiosensitizing effect in soft-tissue sarcomas by inhibiting the
antiapoptotic protein MCL1.”> However, the following points are
considered novel. First, we used CRR cells established from the
same cell type rather than comparing different cell lines. Second,
the enhancement of autophagic cell death by OBP-301 has also
been implicated, and we observed that STAT3 phosphorylation
may be involved in the upstream enhancement. Third, to confirm
the practicality of OBP-301 in clinical practice, we conducted exper-
iments with several cells, including CRR cells and PDX, consistent
with routine clinical practice. Although further studies are needed
for some of these issues, we believe that the results provide a ratio-
nale for the development of new treatments for radioresistant
OSCC.

In summary, the present study demonstrated that OBP-301 com-
bined with radiotherapy may be a novel treatment option for radio-

Molecular Therapy: Oncolytics

resistant OSCC. In addition, the STAT3-Bcl-xL axis may regulate
apoptosis and autophagy as a new molecular mechanism involved
in radiosensitization induced by OBP-301 in OSCC (Figure 7). These
findings provide evidence to promote the development of novel treat-
ment strategies using OBP-301 for patients with refractory OSCC or
those who are intolerant to existing standard treatment.

MATERIALS AND METHODS

Cell lines

Human OSCC cell lines derived from oral cancer (SAS, HSC-2,
HSC-3, Ca9-22, OSC-19, OSC-20, SAT, and KON) were purchased
from the National Institute of Biomedical Innovation (Osaka, Japan).
The HOC-313"* and TSU™ cell lines were kindly provided by Profes-
sor Kawashiri (Kanazawa University). HNOK cells were purchased
from the American Type Culture Collection (ATCC; Manassas,
VA, USA; PCS-200-014). SAS-R and HSC-2-R, which were estab-
lished from SAS and HSC-2 cells, were used as the CRR cell lines.
The CRR cell lines were produced by exposing cells to gradually
increasing X-ray doses.” The OSCC cell lines were cultured in Dulbec-
co’s modified Eagle medium (DMEM; D6429; Sigma-Aldrich, Saint
Louis, MO, USA) supplemented with 10% fetal bovine serum
(Sigma-Aldrich) at 37°C and 5% CO,. HNOK cells were cultured
in dermal cell basal medium (PCS-200-030; ATCC) supplemented
with the Keratinocyte Growth Kit (PCS-200-040; ATCC). CRR cells
continued to proliferate under a daily IR dose of 2 Gy for >30 days
in vitro.

IR

IR doses of 2, 4, 6, and 10 Gy were delivered using a 150 KVp X-ray
generator with total filtration through a 0.5-mm aluminum plUS
0.1-mm copper filter (MBR-1520R; Hitachi, Tokyo, Japan). The
dose rate (1.01 Gy/min) was measured using a thimble ionization
chamber (IC 17A; Far West Technology, Goleta, CA, USA).

Measurement of cell proliferation activity

OSCC cell lines (SAS, HSC-2) and CRR cell lines (SAS-R, HSC-2-R)
in the logarithmic growth phase were seeded in 96-well microplates
(2.5 x 10° cells per well). At 24 h after seeding, cells were incubated
with OBP-301 (MOI 0, 10 10, and 10* vp/cell). Every 24 h after in-
cubation, Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) was
added to each well, and the color reaction was carried out for 1 h.
The absorbance at 450 nm was measured using a microplate reader
(iMark microplate reader; Bio-Rad Laboratories, CA, USA).

Figure 3. Enhancement of apoptosis and autophagy contributes to the radiosensitizing effect of OBP-301

(A) Graphs showing a comparison of the annexin-V-positive ratio of the combination therapy with OBP-301 and IR versus OBP-301 or IR monotherapy in OSCC cell lines
(SAS, SAS-R, HSC-2, HSC-2R). The measurement was performed 48 h after IR. OBP-301 MOI 10° vp/cell; IR 10 Gy. (B and C) Graphs comparing the change in mito-
chondrial membrane potential (MitoMP) for the combination therapy with OBP-301 and IR versus OBP-301 or IR monotherapy in OSCC cell lines (SAS, SAS-R, HSC-2, HSC-
2R). Representative immunofluorescence images are shown in (C). Red and green fluorescence denotes high and low MitoMP, respectively. These graphs and images were
obtained at 12 h after IR. OBP-301 MOI 10 vp/cell; IR 10 Gy. These results are shown as the means of at least three independent experiments performed in triplicate;
*p < 0.05 and **p < 0.01. (D) Western blots of apoptosis and autophagy molecular components (p-STAT3, Bcl-xL, cleaved caspase 3, LC3-I/Il, and p62) in SAS, SAS-R,
HSC-2, and HSC-2-R cells at 48 h after 6 Gy IR. The expression of B-actin was used as an internal control. Bel-xL, B cell ymphoma extra large; OSCC, oral squamous cell
carcinoma; p-STAT3, phosphorylated signal transducer and activator of transcription 3; PARP, poly(ADP-ribose) polymerase; IR, irradiation; MOI, multiplicity of infection.
Mean values obtained using an image analyzer (Figure S2) from at least three independent experiments are shown at the bottom of each band.
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Figure 4. Effects of combination therapy with OBP-301 and irradiation (IR) in the xenograft mouse model

(A) The experimental protocol of the xenograft mouse model described in the materials and methods. The experiment was initiated when the diameter of the transplanted
tumor reached 7-10 mm. OBP-301 (1 x 10'" vp/100 uL) was locally injected on days 1, 11, and 18 of treatment. IR was initiated on day 4 of treatment and 2 Gy was
administered five times per week for 3 weeks. (B and C) Images of the (B) SAS and (C) SAS-R xenograft mouse models after treatment PBS, OBP-301 monotherapy, IR
monotherapy (30 Gy) and the combination of IR (30Gy) plus OBP-301. The graphs of the tumor volume transition are shown. The mean + SD of three independent ex-
periments was calculated; n = 3 per group; *p < 0.05 and **p < 0.01. vp, viral particles.

MHDS assay

MHDS assay was performed as previously reported.” Exponentially
proliferating cells (1 x 10°) were seeded into 60-mm dishes (AGG, To-
kyo, Japan) and cultured in DMEM supplemented with 10% fetal bovine
serum for 24 h. Cells were treated with OBP-301 (MOI 0, 10%, 10°,
10* vp/cell) and irradiated (0, 2, 4, 6 Gy) after 24 h. At 72 h after IR,
10% of the cells in each dish were seeded into a new 60-mm dish and

incubated for another 72 h. The total number of cells in each dish was
determined using a cell counter (Bio-Rad Laboratories), and the cell
viability was calculated.

Combination index analysis

The combinatory effect of OBP-301 and IR was analyzed by
calculating the Combination Index using the CalcuSyn software
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(BioSoft, Cambridge, UK). The calculation of the Combination Index
was based on the method previously described by Chou.”

Western blotting

Whole-cell proteins were extracted using Minute Cytoplasmic and
Nuclear Extraction Kits (Invent Biotechnologies, Plymouth, MN,
USA). Total cell protein (5 pug) was separated by 10%-20% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes. The membrane was subjected to
blocking treatment for 60 min and incubated with a primary anti-
body cocktail (diluted in Tris-buffered saline with Tween 20 con-
taining 5% bovine serum albumin) overnight at 4°C. A list of the
antibodies used in this study is shown in Table S1. Subsequently,
the membrane was washed with Tris-buffered saline with Tween
20 and incubated with a secondary antibody cocktail for 60 min
at room temperature. The membrane was washed and visualized
using the ECL Prime Detection Kit (GE Healthcare, Chicago, IL,
USA). The chromogenic light was measured using a C-Digit blot
scanner and the images were analyzed using C-Digit’s Image stu-
dio (LI-COR Biosciences, Lincoln, NE, USA). The relative expres-
sion of each protein was determined using ImageJ 1.52q software
(National Institutes of Health, Bethesda, MD, USA).

RT-PCR

Total RNA was isolated using the FastGene RNA Basic Kit (NIPPON
Genetics, Tokyo, Japan) and reverse transcribed into cDNA using the
ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). PCR was per-
formed using the Thunderbird SYBR gPCR Mix (Toyobo). A list of
the primers used in this study is shown in Table S2. The PCR products
were analyzed using agarose gel electrophoresis and visualized using
staining with ethidium bromide. The relative expression of each gene
was determined using ImageJ 1.52q software (National Institutes of
Health, Bethesda, MD, USA).

Clinical specimens

For the clinicopathological analyses, pretreatment tissue samples
were obtained from 50 patients with locally advanced OSCC who un-
derwent preoperative CRT at the Kumamoto University Hospital
(Kumamoto, Japan) between October 2003 and January 2009. We
excluded human papillomavirus-positive tumors from the analysis
based on the immunostaining results for p16 (a surrogate marker
for human papillomavirus infection). All 50 patients were enrolled
in our phase II study”” and underwent curative surgery following pre-
operative CRT. The preoperative CRT was conducted as previously

described.”” The staging and determination of tumor differentiation
were performed according to the 7th edition of the Cancer Staging
Manual of the American Joint Committee on Cancer.”® The patho-
logical response to CRT was graded using specimens obtained during
surgery based on the criteria proposed by Shimosato et al.,”* as fol-
lows: grade I, no destruction of tumor structures; grade Ila, mild
destruction of the tumor structure (i.e., “viable tumor cells” are
frequently observed); grade IIb, severe destruction of the tumor struc-
ture (i.e., “viable tumor cells” are few); grade I, presence of nonviable
tumor cells; and grade IV, absence of tumor cells. This study was
approved by the Ethics Committee of Kumamoto University
(approval no. 174) and conducted in accordance with the guidelines
of the Declaration of Helsinki.

Immunohistochemical staining analysis

Formalin-fixed, paraffin-embedded specimens prepared from pa-
tients with OSCC and samples obtained from mouse experiments
were thinly sliced into 4-pum sections and adhered and fixed
on MAS-GP-coated slides (Matsunami Glass, Osaka, Japan).
Following deparaffinization and rehydration with ethanol, the sec-
tions were treated with methanol containing 3% hydrogen
peroxide for 30 min to remove endogenous peroxidase activity.
The sections were subsequently reacted with Protein Block
Serum-Free reagent (Dako, Glostrup, Denmark) for 15 min. A
list of antibodies used in this study is shown in Table S3. All spec-
imens were contrast stained with hematoxylin for 1 min prior to
dehydration and inclusion. The level of hTERT expression was
determined based on the system introduced by Allred et al.*’
We semi-quantified the proportion of hTERT-positive cells among
the total number of cancer cells and the staining intensity for
hTERT. The proportion score of hTERT-positive cells was classi-
fied as follows: 0, <1%; 1, 1%-10%; 2, 11%-50%; and 3, >50%.
The intensity score was classified as follows: 0, lack of intensity;
1, weak, detectable only in high-power fields; 2, moderate, detect-
able in low-power fields; and 3, strong. The proportion and inten-
sity scores were summed to produce an hTERT score ranging from
0 to 6. Values of 0-4 and 5-6 denoted low and high hTERT scores,
respectively. The scoring was conducted by two examiners, who
were blinded to the clinicopathological data. p62 expression was
determined by counting the number of positive cells of 100 in
five random fields (400 x objective). A percentage of positive cells
was calculated by dividing the number of positive cells by the total
number of cells per sample and multiplying by 100. The antibodies
used in above analyses are shown in Table S3.

Figure 5. Analysis of apoptosis and autophagy in vivo

(A and B) The results in the OSCC-CDX model using SAS. (A, left) The number of apoptotic cells obtained from three independent experiments was calculated and statistically
analyzed. The results are shown as means + SD of three independent experiments; **p < 0.01. (A, right) Representative images of the TdT-mediated dUTP-biotin nick-end
labeling (TUNEL) assay. Scale bars: 20 pm. (B, left) The number of autophagic cells obtained from three independent experiments was calculated and statistically analyzed.
The results are shown as means + SD of three independent experiments; “*p < 0.01. (B, right) Representative images of p62 immunostaining. Scale bars: 20 um. (C and D)
The results in the CRR-CDX model using SAS-R. (C, left) The number of apoptotic cells obtained from three independent experiments was calculated and statistically
analyzed. The results are shown as means + SD of three independent experiments; *p < 0.05, **p < 0.01. (C, right) Representative images of the TUNEL assay. Scale bars:
20 um. (D, left) The number of autophagic cells obtained from three independent experiments was calculated and statistically analyzed. The results are shown as means + SD
of three independent experiments; **p < 0.01. (D, right) Representative images of p62 immunostaining. Scale bars: 20 pm.
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Figure 6. Effect of combination therapy with irradiation (IR) and OBP-301 in the PDX model

(A) The experimental protocol of the PDX model described in the materials and methods. The experiment was initiated when the diameter of the transplanted tumor reached
10-15 mm. OBP-301 (1 x 10" vp/100 pL) was locally injected on days 1, 11, and 18 of treatment. IR was initiated on day 4 of treatment and 2 Gy was administered five times
per week for 3 weeks. (B) Images of the PDX model after treatment with IR monotherapy (0-30 Gy) and the combination of OBP-301 plus IR (left). The graphs of the tumor

(legend continued on next page)
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Mitochondrial membrane potential assay

The mitochondrial membrane potential (MitoMP) was measured
using the JC-1 MitoMP detection kit (Dojindo). JC-1 aggregates
generated red fluorescence, indicating a normal function for
MitoMP. In contrast, the JC-1 monomer form generated green fluo-
rescence, indicating dysfunction for MitoMP. After each experi-
mental manipulation, cells were treated with JC-1 (4 pM, 37°C,
30 min). Finally, the MitoMP level was analyzed by calculating the
fluorescence intensity ratio (red, ex/em 535/595 nm; green, ex/em
485/535 nm) using a fluorescence plate reader (SpectraMax i3x; Mo-
lecular Devices, San Jose, CA, USA).

Annexin-V apoptosis assay

Cell lines (SAS, HSC-2, SAS-R, HSC-2-R) were treated with the An-
nexin V Apoptosis Assay (Promega, Madison, WI, USA) 24 h after
seeding in 96-well plates (100 pL per well), and the cells were divided
into four groups (control, OBP-301, IR, OBP-301 + IR). After treat-
ment of each group, the fluorescence intensity (ex/em 485/525 nm)
was measured using a plate reader (SpectraMax i3x; Molecular
Devices) 72 h after IR.

0OSCC-CDX and CRR-CDX models

BALB/c nu/nu mice (BALB mice; Charles River Laboratories Japan,
Kanagawa, Japan) were used in this study. The animals were bred
at the Kumamoto University Animal Resource Development and
Research Facility, and the experiments were conducted in accordance
with the ethical standards for animal experiments at Kumamoto Uni-
versity. SAS and SAS-R cells were detached by treatment with trypsin,
washed in DMEM without serum, and resuspended in phosphate-
buffered saline (PBS) at a concentration of 1 x 107 cells/100 pL.
The cell suspension was transplanted into the dorsal subcutaneous re-
gion of the BALB mice (100 pL per animal). The treatment experi-
ment was initiated when the longest diameter of the tumor reached
9-10 mm. After completion of the treatment, the mice were eutha-
nized by administration of ether, and the tumors were removed.
Tumor tissues were fixed with 10% buffered formalin for immunohis-
tochemical staining and paraffin-embedded to prepare blocks for
paraffin sections.

PDX model

The PDX model was established by transplanting excised tissue from
a patient with tongue cancer (detailed clinical data are shown in
Figure S3) treated in our department directly into the back of
BALB/c-Rag2/Jak3 knockout mice. The treatment experiment was
initiated when the tumor reached 10-15 mm in diameter.

Treatment schedule in the mouse model
The treatment experiments in the mouse model were planned based
on a phase I study by Shirakawa et al. for a clinical application.'® In

the OSCC- and CRR-CDX models, OBP-301 (1 x 10" vp/100 uL)
was injected locally into the tumor on days 1, 11, and 18 of treatment.
IR was initiated on day 4 of treatment, in which 2 Gy was adminis-
tered five times per week for a total of 3 weeks. The PBS-treated group
was used as the experimental control, and the OBP-301 alone group
was also used for comparison. In the PDX model, the treatment was
conducted exactly the same way as in the clinical study being con-
ducted, and OBP-301was injected locally into the tumor on days 1
and 18 of treatment. Following the ethical rules for animal experi-
mentation at our institution, the total IR dose was set at 30 Gy. Based
on the experimental results in OSCC-CDX and the preliminary re-
sults of OBP-301 monotherapy in the PDX model (Figure S7), the
PDX-based treatment studies compared only IR and IR combined
with OBP-301. Tumor volume was determined by measuring the
length and width of the tumor using calipers (n = 3 per group). Tumor
volume was calculated using the following formula: V (volume) =
L x W x W x 0.5 (L represents the length of each tumor; W repre-
sents the width of each tumor).

TdT-mediated dUTP-biotin nick-end labeling assay

Apoptosis in tissue samples obtained from the OSCC-CDX,
CRR-CDX, and PDX model was measured using the In Situ
Apoptosis Detection Kit (TaKaRa) according to the manufacturer’s
protocol.

Ethical approval

This study was approved by the Ethics Committee of Kumamoto Uni-
versity (approval no. 2389, 1427) and performed in accordance with
Good Clinical Practice and the Declaration of Helsinki guidelines.
This study was approved by the Institutional Animal Care and Use
Committee (permission nos. A30-086 and A2022-086) and carried
out according to the Kumamoto University Animal Experimentation
Regulations.

Statistical analysis

Differences in the means between two groups were analyzed using the
Wilcoxon rank-sum (Mann-Whitney) test. Differences in the means
between multiple groups were analyzed by one-way analysis of vari-
ance using the Bonferroni/Dunn test. The OS and DFS were defined
as the time from the initiation of CRT treatment to the date of death
by any cause and the date of recurrence of cancer or death by any
cause, respectively. The Kaplan-Meier method was used to estimate
the probability of OS and DFS as a function of time, and statistical dif-
ferences in the survival of patients in subgroups were compared using
the log-rank test. All p values were calculated based on two-tailed
statistical analysis, and p < 0.05 denoted statistically significant
difference. Statistical analysis was performed using the JMP 9 soft-
ware program (SAS Institute, Cary, NC, USA).

volume transition are shown (right). The mean + SD of three independent experiments was calculated; n = 3 per group; *p < 0.01. (C) (Top) Representative images of the
TUNEL assay and p62 immunostaining using samples obtained from the PDX model after the experiment (IR monotherapy and the combination of OBP-301 plus IR therapy).
Scale bars: 20 um. (Bottom) The number of positive cells obtained from three independent experiments was calculated and statistically analyzed. The results are shown as

means = SD of three independent experiments; *p < 0.05, **p < 0.01.
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Figure 7. Schematic representation of the mechanism through which OBP-
301 regulates radiation-induced apoptosis and autophagy through STAT3
in OSCC

OBP-301 leads to suppression of Bcl-xL expression via suppression of STAT3
phosphorylation. As a result, radiation-induced cell death via apoptosis and auto-
phagy is promoted, and radiosensitivity of OSCC cells is enhanced. Bcl-xL, B cell
lymphoma extra large; OSCC, oral squamous cell carcinoma; p-STAT3, phos-
phorylated signal transducer and activator of transcription 3; PDX, patient-derived
xenograft; IR, irradiation; vp, viral particles.
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