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1  | INTRODUC TION

Oncolytic virus therapy using genetically engineered HSV-1 has 
drastically advanced from a basic concept to clinical application.1,2 
Since the first description of the use of genetic engineering as a 
tool for creating an oncolytic virus,3 many oncolytic viruses have 
been used in patients. Talimogene laherparepvec (T-VEC) is an on-
colytic HSV-1 with mutations in the γ34.5 and α47 genes and was 
approved in 2015 in the United States and Europe as a drug for pa-
tients with inoperable melanoma.4 G207 is one of the first oncolytic 
HSV-1 viruses used in clinical trials,5 with deletions in both copies 
of the γ34.5 gene and a lacZ insertion inactivating the ICP6 gene.6 
The major function of γ34.5 is the dephosphorylation of eIF2α, 

counteracting the host-cell-induced shutdown of protein synthesis 
mediated by protein kinase R (PKR) upon viral infection.7 This mu-
tation permits viral replication within cancer cells but not in normal 
cells, because the PKR-mediated blocking of virus replication is usu-
ally disabled in cancer cells.8 ICP6 encodes the large subunit of ri-
bonucleotide reductase (RR) that is required for virus growth and 
DNA replication.9 The mammalian RR activity is upregulated only in 
actively dividing cells10 and appears absent in terminally differen-
tiated cells that have stopped synthesizing DNA.11 Therefore, ICP6 
inactivation permits viral replication only in dividing cells or fast-
growing tumors. Whereas these mutations cause the replication of 
G207 to be highly specific to cancer cells, its replication capability is 
significantly diminished when compared with the parental wild-type 
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Abstract
Oncolytic virus therapy has emerged as a promising treatment option against cancer. 
To date, oncolytic viruses have been developed for malignant tumors, but the need 
for this new therapeutic modality also exists for benign and slow-growing tumors. 
G47∆ is an oncolytic herpes simplex virus type 1 (HSV-1) with an enhanced replica-
tion capability highly selective to tumor cells due to genetically engineered, triple 
mutations in the γ34.5, ICP6 and α47 genes. To create a powerful, but safe oncolytic 
HSV-1 that replicates efficiently in tumors regardless of growth speed, we used a 
bacterial artificial chromosome system that allows a desired promoter to regulate the 
expression of the ICP6 gene in the G47∆ backbone. Restoration of the ICP6 function 
in a tumor-specific manner using the hTERT promoter led to a highly capable onco-
lytic HSV-1. T-hTERT was more efficacious in the slow-growing OS-RC-2 and DU145 
tumors than the control viruses, while retaining a high efficacy in the fast-growing 
U87MG tumors. The safety features are also retained, as T-hTERT proved safe when 
inoculated into the brain of HSV-1 sensitive A/J mice. This new technology should 
facilitate the use of oncolytic HSV-1 for all tumors irrespective of growth speed.
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virus. A reasonable strategy to improve the antitumor action of 
G207 while retaining its safety mechanisms is the tumor-specific 
restoration of the functions of the γ34.5 gene and/or the ICP6 gene. 
G47∆ was constructed by creating a further deletion within the α47 
gene of the G207 genome.12 The deletion of the overlapping US11 
promoter results in placement of the late US11 gene under the con-
trol of the immediate-early α47 promoter. Ectopic immediate-early 
expression of US11 suppresses PKR-mediated blocking of virus repli-
cation, leading to partial recovery of the deleted γ34.5 functions, and 
results in enhanced replication of γ34.5-mutated viruses in tumor 
cells.13 Conversely, the main function of the α47 gene product is to 
downregulate the major histocompatibility complex (MHC) class I 
expression in infected host cells by binding to the transporter asso-
ciated with antigen presentation (TAP).14 The α47 gene, therefore, 
functions for the virus to escape from immune surveillance. The loss 
of such function by the additional α47 deletion in G47∆ causes a 
further attenuation of the virus in normal cells. In fact, G47∆ has 
been shown to be efficacious in a variety of cancers.12,15-17 G47Δ 
has shown to be safe and efficacious in a phase II study for glioblas-
toma, and is recently ascertained for approval in Japan as a new drug 
for malignant glioma. Phase I studies for prostate cancer, olfactory 
neuroblastoma, and malignant pleural mesothelioma have also been 
performed.

Whereas G47∆ successfully achieved the tumor-specific resto-
ration of the γ34.5 function, its ICP6 inactivation still restricts its ef-
ficient replication capability to fast-growing tumors. In this study, we 
attempted to eliminate such restriction and allow the virus to repli-
cate efficiently regardless of the dividing speed of the tumor while 
retaining the safety mechanisms of G47∆ by restoring the function 
of ICP6 in a tumor-specific manner.

2  | MATERIAL S AND METHODS

2.1 | Cells and viruses

Vero (African green monkey kidney), U87MG and OS-RC-2 cells 
were obtained from the ATCC (USA) and maintained in DMEM sup-
plemented with 10% FCS. DU145 cells were grown in MEM supple-
mented with 10% FBS, 1% non-essential amino acids and 1% sodium 
pyruvate. Viruses were grown in Vero cells and virus titers were de-
termined as described previously.12

2.2 | Plasmids

The ICP6 gene fragment was amplified by PCR (primers: 
5′-GTCGACGCCGCGTCTGTTGAAAT-3′ and 5′-AGGCCTCACAGC​
GCGCAGCTCA-3′) to obtain a 3.4-kb fragment. The sequence of 
ICP6 was confirmed on an ABI 377 DNA auto-sequencer (Applied 
Biosystems, USA). The shuttle vector SV-pro was constructed to 
contain a 45-bp FRT adaptor, a 50 bp loxP adaptor, the lacZ gene 
from pcDNA6E/Uni-lacZ (TaKaRa Bio Inc Shiga, Japan), the 3.4-kb 

ICP6 gene, a 3989-bp fragment of lambda HindIII DNA, and a mul-
tiple cloning site with recognition sequences for the following re-
striction enzymes: ScaI, SpeI, SbfI, AflII, Acc65I, NheI, SwaI, and SalI. 
The hTERT core promoter fragment (−367 to +56) was amplified 
by PCR using the primers, 5′-TCGGGTTACCCCACAGCCTA-3′ and 
5′-AGGGCTTCCCACGTGCGCA-3′ from pGL3-378 (kindly provided 
by Dr. Satoru Kyo, Kanazawa University, Kanazawa, Japan).18 The se-
quence of the hTERT promoter was confirmed and inserted into the 
SpeI site of SV-pro to generate SV-hTERT.

2.3 | Construction of recombinant HSV-1 with a 
desired promoter

Mutagenesis of the T-BAC plasmid was performed by a two-step 
replacement procedure. A mixture of T-BAC plasmid and SV-hTERT 
was incubated with Cre recombinase (NEB, M0298, USA) at 37℃ 
for 30  min and electroporated into E.  coli DH10B. Bacteria were 
streaked onto LB plates containing chloramphenicol (Cm; 15  µg/
mL) and kanamycin (Kan; 10  µg/mL) and incubated at 37℃ over-
night. The DNA integrity of the recombinant T-BAC/hTERT plasmids 
was confirmed by gel analyses following endonuclease digestions 
(Figure S1). Transfections were performed on Vero cells using T-BAC/
hTERT DNA and pOG44 (ThermoFisher Scientific, V600520) with 
Lipofectamine (ThermoFisher Scientific, 11 688 027, USA) in accord-
ance with the manufacturer’s instructions. Transfected cells were 
incubated and the progeny viruses were confirmed for GFP negativ-
ity using an inverted fluorescence microscope, and lacZ positivity 
by X-gal staining. Two rounds of limiting dilution were performed 
to pick out a single clone. Recombinant viruses were harvested and 
the structure of the viral DNA was confirmed by HindIII digestion. 
The structure of the recombinant viruses was also confirmed by 
Southern blot analyses (Figure 2C). Following HindIII digestion, DNA 
fragments were separated by electrophoresis on 0.6% (w/v) agarose 
gels in 1× Tris-borate-EDTA buffer for 18  h at 30  V. DNA probes 
of pcDNA6E/Uni-lacZ digested with EcoRI (corresponding to lacZ 
sequence), or a fragment of the hTERT PCR products were labeled 
using an AlkPhos Direct kit with CDP-Star detection (GE Healthcare, 
RPN3690, USA).

2.4 | Western blotting

Approximately 5  ×  105 OS-RC-2 and DU145 cells were infected 
with G47∆, R47∆, T-hTERT, T-pro or T-01 at an multiplicity of in-
fection (MOI) of 0.02. After 48  h, cells were washed and treated 
with a RIPA buffer (150  mmol/L NaCl, 1% NP-40, 0.5% deoxy-
cholate (DOC), 50 mmol/L Tris-HCl pH 8.0) on ice for 10 min and 
centrifuged. The cell lysates (8 μg) were electrophoresed on a 10% 
SDS-polyacrylamide gel and transferred onto an Immobilon-P 
transfer membrane (Merck, INCP00010, Germany) using a semi-
dry transfer blot system (ATTO, Tokyo, Japan). After blocking with 
TBS containing 0.1% (v/v) Tween20 and 5% (w/v) skim milk for 1 h, 
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the membranes were incubated with a primary antibody to Q3299 
(1:250, corresponding to the viral RR) for 1 h, washed, and incubated 
with the ECL peroxidase labeled anti-rabbit antibody (1:10  000, 
Promega, NA934VS, USA) and HRP-avidin. Specific proteins were 
detected using an enhanced chemiluminescence system (Fujifilm, 
Tokyo, Japan).

2.5 | Virus yield studies

For viral yield studies, OS-RC-2 or DU145 cells were seeded onto 
6-well plates at 5 × 105 cells/well. Cells were infected with either 
T-hTERT, T-01, or T-pro in duplicate wells at an MOI of 0.01. After 
48 h of infection, the cells were scraped and lysed by 3 cycles of 
freezing and thawing. The progeny virus was titrated on Vero cells by 
plaque assay as described previously.12 Results represent the aver-
age of duplicates.

For cell growth curve studies, OS-RC-2, DU145 or U87MG cells 
were seeded onto 4 6-well plates at 2 × 105 cells/well. Cells were 
grown in medium containing 10% (v/v) FCS. The number of surviving 
cells was counted daily with a Coulter Counter (Beckman Coulter, 
USA).

2.6 | Animal studies

All animal experiment protocols were approved by the committee 
for Ethics of Animal Experimentation and were in accordance with 
the Guideline for Animal Experiments in the University of Tokyo. 
Six-wk-old female A/J mice and female athymic mice (BALB/c nu/nu) 
were purchased from CLEA Japan (Tokyo, Japan). All animals were 
caged in groups of 5 or fewer. Subcutaneous tumor therapy was per-
formed as described elsewhere.19 Subcutaneous tumors were gener-
ated by injecting 1 × 107 cells (OS-RC-2 and DU145) or 2 × 106 cells 
(U87MG) subcutaneously into the left flanks of athymic mice. When 
established subcutaneous tumors reached approximately 5-6 mm in 
diameter, 2 × 105 pfu of T-hTERT, T-pro, T-01 or mock was inoculated 
into the tumor on days 0 and 3 in 3 tumor models including OS-RC-2 
(n = 6), DU145 (n = 6), and U87MG (n = 6). The body weight of each 
mouse was measured every week. When subcutaneous OS-RC-2 
tumors reached 8-9 mm in diameter, 2 × 105 pfu of each virus was 
inoculated twice on days 0 and 3 in the OS-RC-2 large tumor model 
(n = 10). The tumor volume (length ×width × height) was measured 
twice a week. Mice were sacrificed when the maximum diameter of 
the tumor reached 24 mm.

2.7 | Intracerebral inoculation safety studies

Mock, strain F (1 × 103 pfu), T-01 (1 × 106 pfu) or T-hTERT (1 × 106 
pfu) in a volume of 5 μL was injected over a 5-min period into the 
right hemispheres of the brains of 6-wk-old female A/J mice (n = 5) 
with a Kopf stereotactic frame (BioResearchCenter, Aichi, Japan). 

Cages were then blinded and mice were monitored daily for clinical 
manifestations for 3 wk.

2.8 | Statistical analysis

Significance of data comparisons between treatment groups was 
calculated using Student t test (two-tailed) or by two-way ANOVA 
with Sidak multiple comparisons test. A value of P < .05 was consid-
ered statistically significant. All statistical analyses were performed 
using JMP Pro v.11.0.0 (SAS Institute, USA).

3  | RESULTS

3.1 | Construction of T-hTERT

We newly constructed an oncolytic HSV-1, termed T-hTERT, de-
rived from G47∆ by inserting the ICP6 gene controlled by the human 
telomerase reverse transcriptase (hTERT) promoter (Figure  1A). 
Expression of hTERT is observed at high levels in tumor cells but 
not in normal cells,20 and telomerase activity presents an optimal 
tumor-specific trait for the regulation of oncolytic viruses.21 We 
previously utilized a bacterial artificial chromosome (BAC) and 2 
recombinase systems (Cre/loxP and Flp/FRT) to construct “armed” 
oncolytic HSV-1 viruses to express desired transgenes using G47∆ 
as the backbone.19 The system has been since reconstructed with 
modifications (T-BAC system) to produce G47∆-derived armed on-
colytic HSV-1 with improved replication capabilities. T-hTERT has 
the lacZ gene and the hTERT promoter-driven ICP6 gene, placed in 
opposite directions, inserted into the deleted ICP6 locus, in addition 
to deletions in both copies of the γ34.5 gene and a deletion in the 
α47 gene. T-01 is a control virus created by this system that contains 
an empty expression cassette instead of a cassette with a transgene 
(Figure 1A).

In this study, the shuttle vector of the T-BAC system was fur-
ther modified to allow a rapid, reliable and simultaneous construc-
tion of multiple G47∆-derived oncolytic HSV-1 in which the ICP6 
expression was regulated by a desired promoter (Figure 1B). The 
first step of this system was to insert the entire sequence of the 
shuttle vector into the loxP site of T-BAC by Cre-mediated recom-
bination. The second step was to co-transfect the integrant with a 
plasmid expressing FLP into Vero cells to excise the BAC sequence 
flanked by the FRT sites. Four clones of the constructed HSV-1 
were isolated by 2 rounds of limiting dilution, and the construct 
was confirmed by digestion with HindIII (Figures 1C and S1), and 
by Southern blot analyses (Figure 2), and No. 2 of T-hTERT candi-
dates was selected. T-pro is a control virus with no promoter that 
regulates the inserted ICP6 sequence, created in the same manner 
(Figures 1, 2 and S1). Western blot analyses of virus-infected tumor 
cell lines revealed that T-hTERT-infected cells, but not G47∆-, T-
01- or T-pro-infected cells, produced high levels of RR correspond-
ing to the 140-kDa band similarly to those infected with R47∆, a 
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F I G U R E  1   Construction of T-hTERT. A, The structure of T-hTERT. G47∆-derived HSV-1 contains deletions in both copies of the γ34.5 
gene, a deletion in the α47 gene and a deletion in the ICP6 gene. The lacZ gene and the hTERT promoter-driven ICP6 gene, placed in opposite 
directions, are inserted into the deleted ICP6 locus. T-pro is a control virus with no promoter to drive the inserted ICP6 gene, and T-01 is 
also a control virus with an empty expression cassette without a functioning ICP6. Thicker arrows indicate transcribed regions. B, A diagram 
describing the modified T-BAC system for constructing G47∆-derived oncolytic HSV-1 with the ICP6 gene regulated by a desired promoter. 
C, Representative gel electrophoreses digested with HindIII. Instead of the band at 14 986 bp in T-BAC (lane 1), bands are observed at 19 
521 bp in T-BAC/pro (lane 2) and 20 024 bp in T-BAC/hTERT (lane 3)
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double-mutated HSV-1 with deletions in γ34.5 and α47 but with an 
intact ICP6 (Figure 2D). The hTERT promoter, therefore, functions 
to express ICP6 sufficiently in tumor cells. A faint band of 140 kDa 
by T-pro in each tumor cell line suggested that a leaky expression 
of RR may occur without any promoter.

3.2 | Enhanced replication capability of T-hTERT 
in vitro

The doubling time of cell proliferation of U87MG in vitro was ap-
proximately 1 d, whereas it was approximately 2 d for OS-RC-2 and 
DU145 by regression line analysis (data not shown). OS-RC-2 and 
DU145 cells grow significantly more slowly in vitro than U87MG 
cells (P < .05). So, we determined the yield of progeny virus in human 

tumor cell lines, OS-RC-2 (renal cell carcinoma) and DU145 (pros-
tate cancer), both slow-growing tumor cells, and U87MG (malignant 
glioma), fast-growing tumor cells, 48 h after infection at an MOI of 
0.01 (Figure 3). T-hTERT produced higher yields than T-01, result-
ing in 38-fold and 227-fold increases in titer in DU145 and OS-RC-2, 
respectively. T-hTERT produced higher yields than T-pro, resulting 
in 1.8-fold and 3.6-fold increases in titer in DU145 and OS-RC-2, 
respectively. T-hTERT showed the highest virus yield among those 
tested. The unexpected yields of T-pro may be because T-pro con-
tains the full sequence of ICP6, despite the absence of a regulating 
promoter. RR expression in T-pro-infected DU145 cells was very lim-
ited, but an expression level of RR and a virus replication capability 
may not show a linear correlation, and the expression of RR required 
for virus replication is not presumed to be very high. In U87MG, 
there was no significant difference among these 3 viruses.

F I G U R E  2   The features of T-hTERT. A, Southern blotting analyses of viruses probed with lacZ: 12.5 kb for G47∆ (lane 1), 16 kb for T-pro 
(lane 2), 16.6 kb for Nos. 1-4 of T-hTERT candidates (lanes 3-6), negative for T-BAC (lane 7) and 20.1 kb for T-BAC product (lane 8). No. 3 of 
T-hTERT (lane 5) had a weak band. B, Southern blotting analyses of viruses probed with hTERT DNA fragments: negative for G47∆ (lane 1), 
negative for T-pro (lane 2), 16.6 kb for Nos. 1-4 of T-hTERT candidates (lanes 3-6), negative for T-BAC (lane 7) and 20.1 kb for T-BAC product 
(lanes 8, 9). C, DNA fragments from EcoRI-digested pcDNA6E/Uni-lacZ corresponding to the lacZ sequence was used as the hybridization 
probe for T-pro candidates. All bands seen are as expected: 12.5 kb for G47∆ (lane 2), 16 kb for Nos. 1-5 of T-pro candidates (lane 3-7). Lane 
1 is a kb-marker. D, Western blot analyses. Three cells lines were infected with viruses; G47∆ (lane 1), R47∆ (lane 2), T-hTERT (lane 3), T-pro 
(lane 4) and T-01 (lane 5). T-hTERT-infected cells and R47∆-infected cells showed similar levels of the 140-kDa band corresponding to RR

F I G U R E  3   Virus yield studies of T-hTERT. OS-RC-2, DU145 or U87MG cells were seeded at 5 × 105 cells/well and infected with T-hTERT, 
T-pro, or T-01 at an MOI of 0.01. After 48 h of infection, the progeny virus was titrated. T-hTERT produced higher yields than T-pro and T-01 
in both OS-RC-2 cells (2.2 × 104, 1.4 × 106 and 5.0 × 106 pfu for T-01, T-pro and T-hTERT, respectively) and DU145 cells (7.8 × 103, 1.7 × 105 
and 3.0 × 105 pfu for T-01, T-pro and T-hTERT, respectively). Results represent the average of duplicates. P-value was calculated using a two-
sided ttest
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3.3 | In vivo efficacy of T-hTERT in subcutaneous 
tumor models

Three human tumor cells lines were used in athymic mice; OS-RC-2 
and DU145, again, representing slow-growing tumors in vivo and 
U87MG, representing a fast-growing tumor. When established 
subcutaneous tumors reached approximately 5-6  mm in diameter, 
T-hTERT, T-pro, T-01 (2  ×  105 pfu) or mock were inoculated into 
the tumor twice on days 0 and 3. In the OS-RC-2 model, all viruses 
caused a significant inhibition of tumor growth compared with 
mock. T-hTERT was significantly more efficacious than T-pro and 
T-01 (P <  .05 vs T-pro on days 16-51, and vs T-01 on days 10-58; 
Figure 4A). Also, in the DU145 model, all viruses caused a significant 
inhibition of tumor growth compared with mock. T-hTERT was signif-
icantly more efficacious than T-01 (P < .05 on days 59-87; Figure 4B), 
although not statistically more than T-pro (P = .07 on days 77-87). In 
the U87MG model, in which tumors grew more rapidly than in the 

DU145 and OS-RC-2 models, all viruses caused a significant inhibi-
tion of tumor growth compared with mock (Figure 4C). However, as 
expected, there was no difference in efficacy between T-hTERT and 
other viruses, T-pro and T-01, indicating that T-01 and T-pro, even 
without ICP6 expression, can readily replicate in U87MG tumors, 
presumably due to sufficient upregulation of RR of the host cells. 
There was no difference in body weight between the T-hTERT group 
and other treatment groups in all 3 tumor models (data not shown).

To investigate the efficacy of T-hTERT in large tumors of a slow-
growing type, when subcutaneous OS-RC-2 tumors reached approx-
imately 8-9 mm in diameter, 2 × 105 pfu of each virus was inoculated 
twice on days 0 and 3. While T-01 did not exhibit a significant effi-
cacy compared with mock at this dose, T-hTERT and T-pro caused 
a significant inhibition of tumor growth compared with mock. The 
T-hTERT treatment was significantly more efficacious than T-pro 
and T-01 (P < .05 vs. T-pro on days 6-41, and vs T-01 on days 6-38; 
Figure 4D). This suggests that T-hTERT can exert its efficacy even if 

F I G U R E  4   The in vivo efficacy of T-hTERT in 3 subcutaneous tumor models. OS-RC-2 and DU145 represent slow-growing tumors and 
U87MG represents a fast-growing tumor. When established subcutaneous tumors reached approximately 5-6 mm (A-C), or 8-9 mm (D) in 
diameter, T-hTERT, T-pro, T-01 (2 × 105 pfu) or mock was inoculated into the tumor twice on days 0 and 3. A, OS-RC-2 model. T-hTERT was 
significantly more efficacious than T-pro or T-01 (n = 6/group). B, DU145 model. T-hTERT was significantly more efficacious than T-01, 
although not statistically more than T-pro (n = 6/group). C, U87MG model. T-hTERT was as efficacious as T-pro and T-01 (n = 6/group). D, 
OS-RC-2 large tumor model. T-hTERT was significantly more efficacious than T-pro and T-01 (n = 10/group). Mock (black rhombuses), T-01 
(yellow squares), T-pro (blue circles), or T-hTERT (red triangles) was used. The results represent the means. The bars represent the standard 
error of the mean (SEM). *P < .05
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administered after slow-growing tumors have grown to a relatively 
large size.

3.4 | The safety of T-hTERT

HSV-1 sensitive A/J mice were inoculated intracerebrally with mock, 
strain F (1 × 103 pfu), T-01 (1 × 106 pfu) or T-hTERT (1 × 106 pfu) 
(n = 5/group). Strain F is a parental wild-type HSV-1. Treated groups 
were blinded, and each mouse was monitored daily for clinical 
manifestations for 3 wk. All strain F-inoculated mice deteriorated 
rapidly and became moribund within 7 d of inoculation. All T-hTERT-
inoculated mice as well as all T-01- and mock-inoculated mice sur-
vived without any abnormal manifestations. These results indicated 
that T-hTERT is as safe as T-01 when inoculated into the brain of A/J 
mice at this dose (Figure 5).

4  | DISCUSSION

Needless to say, the key for developing useful oncolytic HSV-1 is to 
acquire high antitumor efficacy without compromising safety and to 
obtain a therapeutic window as wide as possible, the difference be-
tween the dose needed to obtain the efficacy and that to exert tox-
icity. A natural strategy is to enable the virus to replicate explosively 
in tumors and still be completely incapacitated in normal cells. G47∆ 
succeeded in drastically widening the therapeutic window by add-
ing a third genetically engineered mutation to the double-mutated 
G207, therefore conferring further attenuation in normal cells, but 
improving its replication capability in tumor cells using the second-
site suppressor for γ34.5 mutation.8 In the majority of tumor cell 
lines tested, G47∆ replicates better than G207, resulting in higher 
virus yields and greater cytopathic effects, and G47∆ is efficacious 
in vivo for a variety of solid tumors.12,15-17 G47Δ has been shown 
to act synergistically when combined with antineoplastic agents 
such as paclitaxel, temozolomide, and trichostatin.22,23 G47∆ is also 

suitable as the backbone for arming various transgenes, the expres-
sion of which can potentially increase the toxicity.19,24,25

A theoretical downside to G47∆ is that, because of ICP6 inacti-
vation, the replication capability of G47∆ may depend on the RR ac-
tivity of the host tumor cell. We found that R47∆, in which the only 
difference between G47∆ was the intact ICP6 gene, showed higher 
virus yields than G47∆ in certain tumor cells.12 Others showed an 
induced elevation of RR enhanced the replication of G207.26 G47∆, 
therefore, may replicate well in fast-growing tumors, but not so well 
in slow-growing or benign tumors. G47Δ has been shown to kill can-
cer stem cells efficiently,27,28 but may not replicate in cancer stem 
cells so well, as they are usually slow dividing. Development of on-
colytic virus therapy has been aimed mainly at intractable cancer, 
but the need for this new therapeutic modality also exists for benign 
tumors such as skull base tumors in which tumors repeatedly appear 
despite resection, and slow-growing tumors such as prostate cancer 
in which patients often avoid surgery because of age or complica-
tion risks. An attractive antitumor mechanism of oncolytic viruses, 
especially G47∆, is the induction of systemic and specific antitumor 
immunity in the course of oncolytic activity, so an oncolytic virus 
suited for benign tumors would be most useful for hereditary benign 
tumors such as neurofibromatosis type 1 and familial adenomatous 
polyposis.

The aim of this study was to obtain a powerful oncolytic HSV-1 
that can replicate explosively in any tumor regardless of its growth 
speed, using G47∆ as the backbone to retain the safety features. 
T-hTERT is such a G47∆-derived virus, in which the hTERT promoter 
regulates the ICP6 gene such that RR is self-provided in a tumor-
specific manner whether benign or malignant. T-hTERT was more 
efficacious in the slow-growing OS-RC-2 and DU145 tumors than 
both T-pro, a control virus with an intact ICP sequence without a 
promoter, and T-01, a control virus without the ICP6 gene, whereas 
the efficacy of T-hTERT was comparable with these control viruses 
in the fast-growing U87MG tumors. In slow-growing tumor cells in 
culture, T-hTERT also showed significantly higher virus yields than 
both control viruses, whereas T-pro showed somewhat higher virus 
yields than T-01. However, in vivo, there was no significant differ-
ence between T-01 and T-pro in both slow-growing tumors. As RR 
has been shown to reflect the growth rate of host cells,29 it stands 
to reason that T-hTERT showed increased efficacy in slow-growing 
tumors by self-providing the RR in tumor cells with low host RR ac-
tivities. Regulating a virus gene using a tumor-specific promoter has 
been reported: A nestin promoter was used to regulate 1 copy of the 
γ34.5 gene in double-mutated HSV-1, resulting in glioma-selective 
improvement of the oncolytic activity,30 and a midkine promoter has 
been used in a similar fashion.31

The tumor-specific restoration of the ICP6 function compensates 
for the shortcomings of G47∆: T-hTERT may be a more potent onco-
lytic virus than G47∆ that can be used even for benign tumors. The 
safety features of G47∆ seem retained, as T-hTERT was as safe as 
the ICP6-inactivated control viruses when inoculated into the brain 
of HSV-1 sensitive A/J mice. It is yet to be investigated whether the 
hTERT promoter, among other tumor-specific promoters, is best 

F I G U R E  5   Safety of T-hTERT with intracerebral inoculation. 
Mock, strain F (1 × 103 pfu), T-01 (1 × 106 pfu) or T-hTERT (1 × 106 
pfu) was injected into the brains of A/J mice. Strain F is a parental 
wild-type HSV-1 virus. All mice inoculated with T-01 or T-hTERT 
survived and stayed healthy for the 3-wk observation period, 
whereas all strain F-inoculated mice deteriorated rapidly and 
became moribund within 7 d of inoculation
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suited for regulating the ICP6 gene with regard to tumor specific-
ity, strength, and timing. We believe that this new technology would 
facilitate the use of oncolytic HSV-1 in tumors of all types, includ-
ing slow-growing and benign tumors, and therefore promote the 
new therapeutic modality to become a regular choice for all tumor 
patients.
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