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Genetically engineered, conditionally replicating herpes simplex 
viruses type 1 (HSV-1) are promising therapeutic agents for brain 
tumors and other solid cancers. They can replicate in situ, spread 
and exhibit oncolytic activity via a direct cytocidal effect. One of 
the advantages of HSV-1 is the capacity to incorporate large and/
or multiple transgenes within the viral genome. Oncolytic HSV-1 
can therefore be “armed” to add certain functions. Recently, the 
field of armed oncolytic HSV-1 has drastically advanced, due to 
development of recombinant HSV-1 generation systems that utilize 
bacterial artificial chromosome and multiple DNA recombinases. 
Because antitumor immunity is induced in the course of oncolytic 
activities of HSV-1, transgenes encoding immunomodulatory 
molecules have been most frequently used for arming. Other 
armed oncolytic HSV-1 include those that express antiangiogenic 
factors, fusogenic membrane glycoproteins, suicide gene products, 
and proapoptotic proteins. Provided that the transgene product 
does not interfere with viral replication, such arming of oncolytic  
HSV-1 results in augmentation of antitumor efficacy. Immediate-
early viral promoters are often used to control the arming 
transgenes, but strict-late viral promoters have been shown useful 
to restrict the expression in the late stage of viral replication when 
desirable. Some armed oncolytic HSV-1 have been created for the 
purpose of noninvasive in vivo imaging of viral infection and repli-
cation. Development of a wide variety of armed oncolytic HSV-1 
will lead to an establishment of a new genre of therapy for brain 
tumors as well as other cancers.

Introduction

Oncolytic virus therapy is an attractive and rapidly developing 
means for treating cancer.1 Genetically engineered viruses, such as 
herpes simplex virus type 1 (HSV-1) and adenovirus, are designed 
so that virus replication is restricted to tumor cells and therefore 
infection causes no harm to normal tissues. In principle, infected 

tumor cells are destroyed by a direct oncolytic activity of the viruses. 
Importantly, oncolytic viruses can also act as vectors that provide 
amplified transgene delivery.

HSV-1, especially in comparison with adenovirus, has suitable 
features for cancer therapy: (1) HSV-1 infects most tumor cell types. 
(2) A relatively low multiplicity of infection is needed for total 
cell killing. (3) Anti-viral drugs are available. (4) A large genome  
(~152 kb) allows the insertion of large and/or multiple trans-
genes. (5) The host immune reactions enhance antitumor effects.  
(6) Circulating anti-HSV-1 antibodies do not affect cell-to-cell 
spread of the virus. (7) There are HSV-1 sensitive mouse and 
nonhuman primate models for preclinical evaluation. (8) Viral DNA 
is not integrated into the host genome. HSV-1 is neurotropic and the 
genes necessary for neuropathogenicity have been identified and can 
be mutated. Therefore, the use of HSV-1 is especially advantageous 
for brain tumor therapy.

In order to target HSV-1 replication to tumor cells, viral genes 
that are essential for viral replication in normal cells but dispensable 
in tumor cells are inactivated or deleted.2 This principle uses features 
common for all types of cancer, therefore the application of oncolytic 
HSV-1 is not restricted to brain tumors, but also includes a wide 
variety of cancer. The key for successful and practical development 
of oncolytic HSV-1 is to achieve a wide therapeutic window by the 
use of genetic engineering technology.

Second-Generation Oncolytic HSV-1

G207 was the first oncolytic HSV-1 used in a clinical trial in the 
United States.3 This second-generation oncolytic HSV-1 has double 
mutations created in the HSV-1 genome.4 G207 has deletions in 
both copies of the γ34.5 gene, the major determinant of HSV-1 
neurovirulence.5 γ34.5-deficient HSV-1 vectors are considerably 
attenuated in normal cells, but retain their ability to replicate within 
neoplastic cells. In normal cells, HSV-1 infection induces activation 
of double-stranded RNA-dependent protein kinase (PKR), which 
in turn leads to phosphorylation of the a-subunit of eukaryotic 
initiation factor 2 and a subsequent shutdown of host and viral 
protein synthesis.6 The product of the γ34.5 gene antagonizes this 
PKR activity. However, tumor cells have low PKR activities, thereby 
allowing γ34.5-deficient HSV-1 vectors to replicate.7,8 G207 also 
has an insertion of the E. coli lacZ gene in the infected-cell protein 6 
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(ICP6) coding region (UL39), inactivating ribonucleotide reductase, 
a key enzyme for viral DNA synthesis in non-dividing cells but not 
in dividing cell.9

In preclinical studies using immunocompetent animals, the 
most remarkable finding with G207 was that it induced systemic 
antitumor immunity in the course of oncolytic activity.10,11 For 
example, in A/J mice bearing bilateral subcutaneous N18 (syngeneic 
neuroblastoma) tumors, intraneoplastic G207 inoculation into the 
left tumor alone caused growth reduction not only of the inoculated 
tumors but also of the non-inoculated contralateral tumors. The 
antitumor immunity was associated with an elevated cytotoxic T 
lymphocyte activity specific to N18 tumor cells that persisted for at 
least 13 months.

After an extensive in vivo safety evaluation using HSV-1-
susceptible mice and non-human primates, the G207 phase I clinical 
trial was performed between 1998 and 2000 at two institutions.3 
Twenty-one patients with recurrent malignant glioma were treated, 
and G207 was administered directly into the tumor via stereotactic 
inoculation. This dose escalation study started from 106 plaque-
forming units (pfu) and increased to 3 x 109 pfu, with three patients 
at each dose. As a result, no acute, moderate to severe adverse events 
attributable to G207 were observed. Eight of 20 patients that had 
serial MRI evaluations had a decrease in tumor volume between four 
days and one month post-inoculation and two patients survived for 
more than five years.

Third-Generation Oncolytic HSV-1

The phase I clinical trial proved the safety of G207 and hinted 
its efficacy for human brain tumors. However, in order to further 
improve the efficacy without compromising its safety, a third-gener-
ation oncolytic HSV-1 termed G47Δ was newly created from G207 
by introducing another genetic alteration, i.e., the deletion of the 
a47 gene and the overlapping US11 promoter region, in the G207 
genome.12 Because the a47 gene product inhibits transporter associ-
ated with antigen presentation, which translocates peptides across 
the endoplasmic reticulum, the downregulation of MHC class I that 
normally occurs in human cells after infection with HSV-1 does not 
occur when the a47 gene is deleted.13 G47Δ-infected human cells 
in fact presented higher levels of MHC class I expression than cells 
infected with other HSV-1 vectors.12 Further, human melanoma cells 
infected with G47Δ were better at stimulating their matched tumor-
infiltrating lymphocytes in vitro than those infected with G207. The 
deletion also places the late US11 gene under control of the imme-
diate-early a47 promoter, which results in suppression of the reduced 
growth phenotype of γ34.5-deficient HSV-1 mutants including 
G207.14 In the majority of cell lines tested, G47Δ replicated better 
than G207, resulting in the generation of higher virus titers, and 
exhibiting greater cytopathic effect.12 In athymic mice bearing subcu-
taneous U87MG human glioma and A/J mice bearing subcutaneous 
Neuro2a neuroblastoma, G47Δ was significantly more efficacious 
than G207 at inhibiting the tumor growth when inoculated intraneo-
plastically.12 G47Δ was also more efficacious than G207 in athymic 
mice bearing intracerebral U87MG tumors (Ino Y et al., manuscript 
in preparation). Nevertheless, the safety of G47Δ remained unchanged 
from G207 following injection into the brain of HSV-1-sensitive A/J 
mice.12 In Japan, a clinical trial of G47Δ in recurrent glioblastoma 
patients is underway. G47Δ has been shown efficacious in animal 

tumor models of a variety of cancers including brain tumors, prostate 
cancer, breast cancer and neurofibroma.12,15-17

Construction of “Armed” Oncolytic HSV-1

One of the advantages of HSV-1 is the capacity to incorporate 
large and/or multiple transgenes within the viral genome. Certain 
antitumor functions may be added to oncolytic activities of HSV-1. 
The use of replication-competent HSV-1 for transgene expression 
has multiple attractive advantages over replication-incompetent or 
defective HSV-1 vectors: (1) A continuous generation of a high-titer, 
homogenous vector stock is possible, which allows manufacturing of 
a large amount with a better quality control. (2) An amplified gene 
delivery can be obtained in vivo. And, (3) transgene expression may 
lower administering doses required, therefore decrease toxicity. On 
the other hand, potential demerits of using replication-competent 
viruses for expressing foreign proteins are that the transgene expres-
sion may increase the toxicity of the vector, and may also interfere 
with viral replication. Transgene expression by armed oncolytic 
HSV-1 could be shorter in duration than replication-incompetent 
vectors due to destruction of the host cell by viral replication. 
However, we have observed that, because continuous viral spread 
and infection occur within the tumor, a larger number of tumor 
cells consequently express the transgene, therefore a much higher 
total amount of transgene product is achieved compared with non-
replicating vectors.

In the past, a recombinant HSV-1 was constructed by conven-
tional homologous recombination techniques that required selection 
of a correctly structured clone from millions of candidates. It often 
took a few years until the intended HSV-1 was obtained. In order 
to circumvent the time-consuming processes, we have developed 
an innovative “armed” oncolytic HSV-1 construction system using 
G47Δ as the backbone.18 Besides its favorable features for human 
cancer therapy, including the safety, high yields of virus, improved 
oncolytic activity and potent stimulation of antitumor immune 
cells, G47Δ is especially suited as a replication-competent back-
bone for expressing any foreign protein molecules, because of the 
wide therapeutic window and preclusion of the shutoff of protein 
synthesis in the infected host cells. The system, termed T-BAC 
system, utilizes bacterial artificial chromosome and two DNA 
recombinase systems (Cre/loxP and FLP/FRT) (Fig. 1). It allows  
(1) a construction of armed oncolytic HSV-1 in a short period 
(usually 3–4 months), (2) a simultaneous construction of multiple 
vectors, (3) an accurate insertion of a desired transgene into the 
deleted ICP6 locus, (4) an insertion of multiple transgenes using the 
same effort as inserting a single transgene, and (5) a direct compar-
ison of multiple “armed” oncolytic HSV-1 with the same backbone. 
A similar system, termed HSVQuik system, has been also developed 
using a G207-like backbone.19,20

Oncolytic HSV-1 Armed with Immunostimulatory Genes

Aside from the extent of replication capability within the tumor, 
the efficacy of an oncolytic HSV-1 depends on the extent of anti-
tumor immunity induction.10,11 Therefore, while any transgene that 
does not interfere with HSV-1 replication may be used, the genes 
encoding immunomodulatory molecules would be reasonable candi-
dates for arming oncolytic HSV-1. Immunostimulatory functions 
should augment the antitumor immunity induction that adds to 
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direct oncolytic activity of the virus, resulting in enhanced  antitumor 
activities (Fig. 2).2 γ34.5 -deficient HSV-1 containing the murine 
interleukin 4 (IL-4) gene displayed a significantly higher antitumor 
activity and prolonged survival of mice with intracranial tumors 
compared with its parental virus or the one expressing IL-10.21 First-
generation oncolytic HSV-1 expressing IL-12 (M002 and NV1042) 
showed improved in vivo efficacy against 4C8 glioma in syngeneic 
B6D2F mice22 and brain tumors of Neuro2a neuroblastoma in synge-
neic A/J mice,23 and also against murine squamous cell carcinoma24 
and murine colorectal tumor.25 Immunohistochemical analyses of 
tumors treated with these IL-12-expressing HSV-1 revealed a signifi-
cant influx of CD4+, CD8+ T cells and macrophages. The oncolytic 
HSV-1 expressing IL-12 (NV1042) was more efficacious than the 
one expressing granulocyte macrophage colony-stimulating factor 
(GM-CSF) in the same backbone (NV1034) in mice with subcuta-
neous squamous cell carcinoma.24 The mice cured by NV1042 had 
a higher rate of rejecting rechallenged tumor cells than those cured 
by NV1034.24

The HSVQuik was used to create G207-like second-genera-
tion oncolytic HSV-1 armed with murine IL-4, CD40 ligand or 
6CK (Fig. 3).20 In BALB/c mice bearing 4T1 breast cancer in the 
brain, all of these armed HSV-1 showed better antitumor efficacy 
than the control virus. Using the HSVQuik system, we also created 
oncolytic HSV-1 armed with IL-12, IL-18 or soluble B7-1.19 All 
of these armed HSV-1 demonstrated replicative capabilities similar 
to the parental virus in vitro. The in vivo efficacy was tested in 
A/J mice harboring subcutaneous tumors of syngeneic and poorly 
immunogenic Neuro2a neuroblastoma. IL-12 was the most effica-
cious among the immunostimulatory molecules investigated when 
expressed by the G207-like HSV-1. The triple combination of the 
three armed viruses exhibited the highest efficacy amongst all single 
viruses or combinations of two viruses. Combining 1 x 105 pfu each 
of the three armed viruses showed stronger antitumor activities than 
any single armed virus at 3 x 105 pfu in inoculated tumors as well as 
non-inoculated remote tumors.

Using the Neuro2a subcutaneous tumor model, another research 
group demonstrated that the antitumor efficacy of M002, a first-
generation γ34.5-deficient HSV-1 that expresses IL-12, could be 
augmented when used in combination with M010, the same backbone 
HSV-1 that expresses chemokine CCL2.26 The group also demon-
strated that the virus selected after in vivo serial passage of M002 in 
tumors of a D54-MG human malignant glioma cell line improved 
survival in two independent murine brain tumor models compared to 
the parent M002.27 This enhanced antitumor efficacy was not due to 
restoration of protein synthesis or early US11 expression.

Recently, using the T-BAC system, we generated a G47Δ-back-
bone oncolytic HSV-1 armed with mouse fusion-type IL-12, termed 
T-mfIL12 (Fig. 3). In A/J mice bearing bilateral subcutaneous 
Neuro2a tumors, intraneoplastic inoculation with T-mfIL12 into 
the left tumor alone led to a significantly better antitumor activity 
than the unarmed control virus, T-01, not only in the inoculated left 
tumors but also in the non-inoculated remote tumors (Miyamoto 
S, et al., manuscript in preparation). We also created a G47Δ-
backbone HSV-1 armed with both IL-18 and soluble B7-1.18 This 
double-armed oncolytic HSV-1 showed a significant enhancement 
of antitumor efficacy via T-cell mediated immune responses in A/J 
mice with subcutaneous Neuro2a tumors as well as in C57BL/6 mice 
bearing subcutaneous TRAMP-C2 prostate cancer.

An armed oncolytic HSV-1 has not been tested in patients with 
brain tumors, however a phase I clinical trial with a second-genera-
tion oncolytic HSV-1 expressing GM-CSF was conducted in patients 
with cutaneous or subcutaneous deposits of breast, head and neck 
and gastrointestinal cancers and recurrent malignant melanoma.28 
OncoVEXGM-CSF has a deletion in the a47 gene and the γ34.5 
gene replaced with the GM-CSF gene driven by a CMV promoter 
(Fig. 3). A single dose (13 patients) or multiple doses (17 patients), 
ranging from 106 to 108 pfu/ml/dose, were injected intratumorally. 
Local inflammation, erythema and febrile responses were the main 
side effects, and the local reaction to injection was dose limiting in 
HSV-1-seronegative patients at 107 pfu/ml. Some of biopsy speci-
mens after treatment showed areas of necrosis that strongly stained 
for HSV-1. Three patients had stable disease, six patients showed  
flattened injected and/or uninjected tumors, and four patients 
showed inflammation of uninjected tumors.

Figure 1. A schema describing the T-BAC system for constructing “armed” 
oncolytic HSV-1 with the G47Δ backbone. The desired transgene for “arm-
ing” is inserted into the multiple cloning site of the shuttle vector (SV-01). The 
first step is to insert the entire sequence of the shuttle vector into the loxP site 
of T-BAC by a Cre-mediated recombination, followed by an electroporation 
into E. coli. The second step is to co-transfect the co-integrate with a plasmid 
expressing FLP onto Vero cells to excise the BAC sequence flanked by the 
FRT sites. The objective armed oncolytic HSV-1 appear as GFP-negative and 
lacZ-positive virus plaques. Non-recombined viruses do not appear, due to 
the presence of the lambda stuffer sequence (lmd) causing an oversize of 
the genome.18
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Armed Oncolytic HSV-1 with Other Antitumor Functions

Various types of transgenes other than immunomodulatory genes 
have been used to arm oncolytic HSV-1. Theoretically,  antiangiogenic 
factors can augment the antitumor activities of oncolytic HSV-1 
without compromising the viral replication and antitumor immunity 
induction. Early generation oncolytic HSV-1, such as G207, was 
shown to retain the ability of wild type HSV-1 to increase infected 
tissue vascularity, whereas third-generation G47Δ showed suppressed 
vascularity in infected tumors.29 By using the G47Δ-BAC system, a 
preliminary version of the T-BAC system, G47Δ-backbone oncolytic 
HSV-1 armed with Platelet Factor 4 or dominant negative fibroblast 
growth factor receptor have been created.30,31 Both of these armed 
oncolytic HSV-1 were more efficacious in inhibiting the tumor 
growth and angiogenesis than the control virus in both human 
U87MG glioma and mouse 37-3-18-4 malignant peripheral nerve 
sheath tumor models. By using the HSVQuik system, an oncolytic 
HSV-1 armed with tissue inhibitor of metalloproteinases 3, termed 
rQT3, has been created.32 In athymic mice bearing human neuro-
blastoma or malignant peripheral nerve sheath tumor, treatment with 
rQT3 caused delayed tumor growth, increased peak levels of infec-
tious virus, and immature collagen extracellular matrix. Remarkably, 
rQT3 treatment caused reduced tumor vascular density, which was 
associated with reduced circulating endothelial progenitors.

Another approach for arming oncolytic HSV-1 is the use of fuso-
genic membrane glycoproteins. Expression of fusogenic proteins by 
infected tumor cells could cause involvement of surrounding unin-
fected cells to form syncytium and facilitate tumor cell killing, but 
might also increase toxicity in the normal tissue. Fu et al. constructed 
an oncolytic HSV-1 armed with a truncated form of the gibbon ape 
leukemia virus envelope fusogenic membrane glycoprotein (GALV.
fus).33 In athymic mice bearing human Hep 3B hepatocellular carci-
noma xenografts, the expression of GALV.fus significantly enhanced 
the antitumor effect of the virus. Furthermore, by using a strict late 
viral promoter instead of a CMV promoter, GALV.fus glycoprotein 
could be expressed only in tumor cells and not in normal non-
dividing cells.

So-called suicide genes have been used from early stages of armed 
oncolytic HSV-1 development. Expression of a suicide gene by an 
infected tumor cell should elicit bystander killing of surrounding 
uninfected tumor cells via extracellular diffusion of activated 
prodrug, but premature killing of the host cell could also suppress 
viral replication. HSV-1 naturally expresses thymidine kinase that 
activates the prodrug ganciclovir. However, a combination with 
systemic ganciclovir administration did not significantly enhance 
the efficacy of G207 in A/J mice with intracerebral N18 neuroblas-
toma.34 rRp450 was engineered by replacing the lacZ gene within 
the ICP6 locus of the first-generation oncolytic HSV-1, hrR3, 
with the gene encoding rat cytochrome P450 2B1 (CYP2B1), a 
member of the cytochrome P450 family responsible for activating 
the prodrug cyclophosphamide.35 In rat 9L and human U87ΔEGFR 
glioma models, systemic administration of both cyclophosph-
amide and ganciclovir in combination with rRp450 showed the 
most efficacy compared with any other combinations.36 By using 
the HSVQuik system, an oncolytic HSV-1, termed MGH2, was 
created that expressed both CYP2B1 and secreted human intestinal 
carboxylesterase.37 The latter enzyme converts irinotecan into an 

active metabolite. In athymic mice bearing Gli36ΔEFGR glioma 
in the brain, MGH2 displayed increased antitumor efficacy when 
combined with cyclophosphamide and irinotecan. The researchers 
found that, unlike ganciclovir, cyclophosphamide, irinotecan or the 
combination of both did not significantly affect virus replication. 
HSV1yCD was created by replacing the ICP6 gene of HSV-1 with 
the gene encoding yeast cytosine deaminase (yCD).38 yCD converts 
the prodrug 5-fluorocytosine (5-FC) to a cytotoxic agent, 5-fluorou-
racil. This research group also observed that the approach enhanced 
cytotoxicity without significantly reducing viral replication and 
oncolysis. In BALB/c mice bearing subcutaneous tumors or diffuse 
liver metastases of MC26 colon cancer, anti-neoplastic activity of 
HSV1yCD combined with systemic 5-FC administration was 
greater than HSV1yCD alone. By utilizing the same backbone 
as OncoVEXGM-CSF (Fig. 3), an oncolytic HSV-1 termed 
OncoVEXGALV/CD double-armed with yCD/uracil phospho-
ribosyltransferase fusion and GALV.fus has been created.39 In 
Fischer f344 rats bearing subcutaneous 9L glioma, OncoVEXGALV/

CD proved most efficacious compared with the control viruses 
(OncoVEX, OncoVEXGALV or OncoVEXCD) when combined with 
systemic 5-FC administration.

Figure 2. Concept of antitumor efficacy augmentation using oncolytic HSV-1 
armed with an immunostimulatory gene. When oncolytic HSV-1 armed with 
the IL-12 gene infects tumor cells, IL-12 is secreted in the course of viral repli-
cation and stimulates the immune cells. In addition to direct tumor cell killing 
via viral replication and spread, tumor cells are destroyed by augmented 
antitumor immune responses, resulting in enhanced antitumor activities.
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Han et al. recently created an oncolytic HSV-1, with double 
deletions in the γ34.5 and a47 genes, armed with tumor necrosis 
factor alpha (TNFa).40 TNFa is a cytokine with a potent antitumor 
activity, but a local delivery of TNFa is known to cause toxicity, 
and its ability to induce tumor cell apoptosis could interfere with 
viral replication. To avoid these problems, they used the US11 true 
late HSV-1 promoter to drive the TNFa gene. Whereas the virus 
armed with US11-driven TNFa expressed lower amounts of TNFa, 
it exhibited higher antitumor effects and less toxicity than the virus 
that used the immediate-early CMV promoter.

Armed Oncolytic HSV-1 for in vivo Imaging

With the advancement of oncolytic virus therapy development, 
there has been an increasing need for non-invasive methods of 
imaging or monitoring of viral infection and replication. Oncolytic 
HSV-1 can be armed not only for the purpose of augmenting the 
therapeutic efficacy but also for realizing such non-invasive in vivo 
imaging. In preclinical settings, one approach is to utilize a luciferase-
based bioluminescent system. Two HSVQuik-based oncolytic HSV-1 

were generated that express firefly luciferase under the control  
of the immediate-early (IE) 4/5 promoter or gC promoter.41 The 
IE4/5 promoter acts immediately after viral infection, whereas the 
strict late gC promoter acts in the late stage of the replication cycle. 
When athymic mice bearing subcutaneous tumors of Gli36ΔEGFR 
glioma were observed under a supersensitive charged coupled device 
camera, the expression of luciferase controlled by the IE4/5 promoter 
correlated with viral infection and that by the gC promoter with viral 
replication.

Systemic Delivery of Armed Oncolytic HSV-1

Whereas the most common route of delivery of oncolytic HSV-1 
has been a direct intratumoral inoculation, an intravenous delivery 
would further broaden the clinical application of oncolytic HSV-1 
if proven effective. The main hurdle for intravenous delivery is that 
only a small percentage of the administered virus reaches the tumor. 
By arming of oncolytic HSV-1, a large antitumor effect can be 
induced from a small number of virus that initiates replication at the 
tumor. We observed that intravenous delivery of IL-12-expressing 
T-mfIL12 caused a significant inhibition of tumor growth compared 
with mock and the unarmed control virus (T-01) treatments in A/J 
mice bearing subcutaneous Neuro2a tumors (Guan et al., manuscript 
in preparation). When A/J mice bearing intracerebral tumors were 
treated by repeated intravenous injections, T-mfIL12, but not T-01, 
significantly prolonged the survival compared with mock. Also, in a 
renal cancer lung metastases model using BALB/c mice and syngeneic 
RenCa cells, intravenous administrations of T-mfIL12 significantly 
inhibited the number of metastases compared with mock and T-01 
treatments (Tsurumaki et al., manuscript in preparation).

Summary

In summary, “arming” of oncolytic HSV-1 with transgenes leads 
to development of a variety of oncolytic HSV-1 with certain func-
tions resulting in enhancement of antitumor efficacy and/or in vivo 
imaging capability. In the future, a series of armed oncolytic HSV-1 
suited for certain tumor types or certain administration routes may 
be used differentially or in combination according to conditions of 
patients. Armed oncolytic HSV-1 has high potential as a new genre 
of therapy for brain tumors as well as other cancers.
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