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Chapter 4
Oncolytic Virotherapy by HSV

Daisuke Watanabe and Fumi Goshima

Abstract  Oncolytic virotherapy is a kind of antitumor therapy using viruses with 
natural or engineered tumor-selective replication to intentionally infect and kill 
tumor cells. An early clinical trial has been performed in the 1950s using wild-type 
and non-engineered in vitro-passaged virus strains and vaccine strains (first genera-
tion oncolytic viruses). Because of the advances in biotechnology and virology, the 
field of virotherapy has rapidly evolved over the past two decades and innovative 
recombinant selectivity-enhanced viruses (second generation oncolytic viruses). 
Nowadays, therapeutic transgene-delivering “armed” oncolytic viruses (third gen-
eration oncolytic viruses) have been engineered using many kinds of viruses. In this 
chapter, the history, mechanisms, rationality, and advantages of oncolytic virother-
apy by herpes simplex virus (HSV) are mentioned. Past and ongoing clinical trials 
by oncolytic HSVs (G207, HSV1716, NV1020, HF10, Talimogene laherparepvec 
(T-VEC, OncoVEXGM-CSF)) are also summarized. Finally, the way of enhancement 
of oncolytic virotherapy by gene modification or combination therapy with radia-
tion, chemotherapy, or immune checkpoint inhibitors are discussed.

Keywords  Herpes simplex virus · HSV · Oncolytic virotherapy · G207 · 
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4.1  �Introduction

Cancer is the second worldwide cause of death, exceeded only by cardiovascular 
diseases (Pérez-Herrero and Fernández-Medarde 2015). For local and nonmeta-
static cancers, surgery is the most effective and valuable treatment but is inefficient 
when the cancer has spread throughout the body. For advanced and metastatic 
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cancers, systemic cytotoxic chemotherapy and/or radiation therapy has been used, 
but in some cancers such as malignant melanoma, these therapies are ineffective. 
Recent advances in understanding of cancer biology and immunology have spurred 
the development of numerous targeted therapies including molecular-targeted thera-
pies or immunotherapies. In particular, a class of immune modulatory drugs target-
ing the immune checkpoint pathways like anti-PD-1 antibody (nivolumab) has 
demonstrated remarkable durable remissions in a part of advanced malignant mela-
noma patients (Tang et  al. 2016). However, these agents cause many systemic 
adverse reactions, such as pneumonitis, colitis, and autoimmune diseases (Dossett 
et al. 2015; Spain et al. 2016). The high prices of these drugs are also problematic.

Besides these agents, another immunotherapy with tumor destruction using 
oncolytic virus (oncolytic virotherapy) has been studied for several decades and 
showed significant progress in recent years. This review focuses on the progress of 
oncolytic virotherapy, especially by using herpes simplex virus (HSV) for malig-
nant internal tumors and brain tumors based on the mechanisms and clinical devel-
opment. We also discuss the attempts for enhancing the effectiveness of oncolytic 
virotherapy by gene modification or combination therapies.

4.2  �What Is Oncolytic Virotherapy?

Oncolytic virotherapy is a kind of antitumor therapy using viruses with natural or 
engineered tumor-selective replication to intentionally infect and kill tumor cells. 
The phenomenon that tumor regression following naturally acquired virus infec-
tions has been known over 100 years before. In 1904, a patient with chronic myelog-
enous leukemia had a dramatic decrease in white blood cells during a “flu-like” 
illness (Dock 1904). In 1912, a woman with cervical carcinoma responded to 
repeated rabies vaccinations (DePace 1912). An early clinical trial has been per-
formed in the 1950s using wild-type and non-engineered in vitro-passaged virus 
strains and vaccine strains (first generation oncolytic viruses). For example, a clini-
cal trial was performed using 30 patients with cervical cancer treated with different 
adenovirus serotypes (Huebner et al. 1956). More than 50% of patients showed a 
marked to moderate local tumor response; no systemic responses were reported, but 
the prolongation of survival was not significantly significant.

Because of the advances in biotechnology and virology, the field of virotherapy 
has rapidly evolved over the past two decades and innovative recombinant 
selectivity-enhanced viruses (second generation oncolytic viruses). In 1991, 
Martuza et al. first reported oncolytic virotherapy against mice glioma (malignant 
brain tumor) model using genetically engineered HSV. In that report, intraneoplas-
tic inoculation of a thymidine kinase-negative mutant of herpes simplex virus-1 
(dlsptk) prolonged survival of nude mice with intracranial U87 gliomas (Martuza 
et al. 1991). Nowadays, therapeutic transgene-delivering “armed” oncolytic viruses 
(third generation oncolytic viruses) have been engineered using many kinds of 
viruses. Table 4.1 shows the viruses studying as oncolytic virus today.
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4.3  �Mechanisms of Oncolytic Virotherapy

Mainly, there are two kinds of mechanisms for oncolytic viruses to kill cancer cells 
(Sze et al. 2013). The first and direct oncolytic effects are caused by viral infection 
itself and tumor cell lysis. By infection into tumor cells, viruses can produce viral 
proteins that are antigenic. After the lysis of infected cell, new virions are released 
and will infect neighboring cancer cells.

By releasing tumor antigens and triggering an immune response by infection, 
viruses can act as immunomodulators or tumor vaccines. By viral infection, inflam-
mation occurs, and innate and acquired immune cells including cytotoxic T lym-
phocytes, natural killer cells, dendritic cells, and phagocytic cells will eliminate 
cancer cells. In addition, development of memory against tumor antigens will begin 
by these immune responses and will act on distant metastases as well (Fig. 4.1).

4.4  �HSV as Oncolytic Virus

Herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) are important human 
pathogens that cause a variety of skin diseases from recurrent herpes labialis, herpes 
genitalis, and Kaposi’s varicelliform eruption (eczema herpeticum) to life-
threatening diseases such as herpes encephalitis and neonatal herpes (Nishiyama 
2004). Especially among immunocompromised patients, the virus can be systemi-
cally disseminated and cause fatal infection (Witt et al. 2009). HSV was the first of 
the human herpes viruses to be discovered and has been the most intensively stud-
ied. Since the publication of the complete genomic DNA sequence of HSV-1  in 
1988 (McGeoch et al. 1988), a number of studies have focused on elucidating the 

Table 4.1  Candidates of 
oncolytic virus

DNA viruses Herpes simplex virus 1 Herpesviridae
Human adenovirus 5 Adenoviridae
Vaccinia virus Poxviridae
Myxoma virus

RNA viruses Echovirus(type I) Picornaviridae
Coxsackie virus
Poliovirus
Measles virus Paramyxoviridae
Newcastle disease virus
Mumps virus
Vesicular stomatitis virus Rhabdoviridae
Reovirus Reoviridae
Influenza virus Myxoviridae
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roles of individual HSV genes in viral replication and pathogenicity. These studies 
also identified the HSV gene products involved in the regulation of gene expression, 
interaction with the host cell, and evasion from the host immune system. The result-
ing depth of knowledge of HSV has allowed the development of potential therapeu-
tic agents and vectors for several applications in human diseases.

Fig. 4.1  An oncolytic virus, represented by black hexagons, attacks a cancerous cell (a). As a 
result of a natural tropism for the cell type or a specificity for a tumor-related cell surface antigen 
or receptor, the virus enters the malignant cell more readily than it would enter into a normal cell 
(e), which may not exhibit the same receptivity to infection. Upon infecting the malignant cell, the 
permissive nature of the cell that allows malignant genetic material to propagate also allows 
unchecked replication of the virus (b). An infection of a normal cell (f) is abortive as a result of the 
cell’s ability to recognize and to destroy abnormal genetic material. The infected cell (b) will pro-
duce viral proteins that are antigenic and may alert the immune system, and, if the virus is geneti-
cally armed, the cell may produce cytokines and other signaling chemicals to activate the immune 
system. The infected cancer cell is eventually overwhelmed by the viral infection and lyses, releas-
ing new viral particles locally to infect neighboring malignant cells (c). Lysis releases new viral 
and tumor- related antigens, which may be recognized and attacked by the immune system, repre-
sented here by a lymphocyte (L). Lysis-related viremia may result in infection of distant metasta-
ses (d), transforming a locoregional effect into a systemic effect. Activation of the immune system 
with elevation of systemic cytokine levels and activated leukocytes further enhances the systemic 
effect. Parts of the immune system may also develop memory and learn to recognize tumor anti-
gens, potentially providing a more durable defense against residual and recurrent disease. (Adapted 
from Sze et al. 2013)
So far, many types of viruses, including HSV, adenoviruses, and adeno-associated viruses, have 
been engineered and evaluated for their potential as therapeutic agents in the treatment of malig-
nant neoplasm
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4.4.1  �Structure, Natural History, and Gene Function of HSV

HSV is an enveloped, double-stranded linear DNA virus about 100 nm in diameter. 
The viral particle is an icosahedral capsid containing the viral DNA with a genome 
of 152 kb encoding over 74 distinct genes. The capsid is surrounded by an amor-
phous layer known as the tegument, which contains viral structural and regulatory 
proteins, and external envelope containing numerous glycoproteins (Fig.  4.2a). 
Following primary infection from skin or mucosa, HSV enters into nerve endings 
and is then transported to the dorsal root and trigeminal ganglia where the virus 
establishes latent infection. The virus is reactivated by stimuli such as UV irradia-
tion, mental or physical stress, or menstruation and causes symptomatic or asymp-
tomatic recurrent infection (Mori and Nishiyama 2005).

The HSV genome consists of two long structures of unique sequences (desig-
nated long (UL) and short (US)), both of which are flanked by a pair of inverted 
repeat regions (TRL–IRL and IRS–TRS). There is a single copy of the “a” sequence, 
which contains the specific signals for packaging of viral DNA into capsids (Taylor 
et  al. 2002), at each terminus and one at the junction between IRL and IRS 
(Fig. 4.2b).

HSV genes are classified into three groups by the regulation of their expression: 
immediate early (IE), early (E), and late (L). The IE gene products regulate gene 
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Fig. 4.2  (a) Structure of HSV. HSV is an enveloped, double-stranded linear DNA virus which 
diameter is about 100 nm. The virus particle comprehends an icosahedral capsid, which contains 
the viral DNA with a genome of 152 kb encoding over 74 distinct genes. Around the capsid, there 
is an amorphous layer known as the tegument, containing viral structural and regulatory proteins, 
surrounded by external envelope glycoproteins (b) HSV genome. HSV has genome of 152 kb 
encoding over 74 distinct genes. The HSV genome consists of two long structures of unique 
sequences (designated long (UL) and short (Us)), both of which are flanked by a pair of inverted 
repeat regions (TRL-IRL and IRs-TRs). There is a single copy of the “a” sequence at each terminus 
and one at the junction between IRL and IRs
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transcription and include the US12 gene product, ICP47 which is responsible for 
decreasing MHC class I expression in infected cells via inhibition of the transporter 
associated with antigen presentation (TAP). The E gene products promote viral 
DNA synthesis in either viral DNA replication or in nucleic acid metabolism. Most 
of the L gene products are virion components such as capsid proteins, tegument 
proteins, and envelope glycoproteins (Nishiyama 1996).

HSV genes can also be divided into two groups according to whether or not they 
are essential for viral replication in cultured cells. Approximately half of the genes 
are essential genes that are necessary for viral replication and which encode capsid 
proteins, viral DNA replication proteins, viral DNA cleavage/packaging proteins, 
and some envelope glycoproteins. HSV is unable to replicate with even a single 
dysfunction in an essential gene. The remaining genes have been shown to be dis-
pensable for replication. These accessory genes encode enzymes involved in nucleic 
acid metabolism, regulatory proteins required for efficient viral replication, proteins 
for protecting the virus and infected cells from the host immunity, and genes with 
other undetermined functions. Although the accessory genes are not necessary for 
viral replication in cell culture, the expression of these genes enables the virus to 
replicate effectively in a variety of cell types under different conditions, resulting in 
the replication and survival of HSV in humans (Mori and Nishiyama 2006). The 
functions of HSV gene products, their expression phase, and whether they are 
essential or accessory genes are summarized in Table 4.2.

4.4.2  �Rationality of Using HSV for Oncolytic Virotherapy

HSV offers a number of advantages as an oncolytic agent.

	1.	 Unlike many other viruses that only bind to a single receptor, HSV has four cel-
lar receptors and has broad host range that allows the virus to infect and replicate 
almost all cell lines. As a result, oncolytic viruses derived from HSV can be 
applied therapeutically to many different types of tumors. In addition, in contrast 
to other oncolytic viruses, the property might protect against the rapid develop-
ment of resistance to virotherapy using HSV.

	2.	 HSV can infect both in replicating and non-replicating cells such as neuronal 
cells. This property enables oncolytic HSV to applying brain tumors such as 
glioblastoma.

	3.	 HSV has the potential for incorporating a large size of foreign DNA. It is useful 
when making therapeutic transgene-delivering “armed” oncolytic viruses.

	4.	 Undesired infection or toxicity from the virus replication can be controlled by 
effective anti-herpetic agents such as acyclovir and famciclovir.

	5.	 Compared to adenoviruses, lytic infection by HSV usually kills target cells much 
more rapidly and effectively. For example, HSV can form visible plaques in 
cultured cells in 2 days, in contrast to 7 to 9 days for an adenovirus. In in vitro 
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Table 4.2  Functions of herpes simplex virus gene products

Gene
Essential(E)/ 
dispensable(D)

Times of 
expression
(IE/E/L) Gene products and functions

Regulation of gene expression

RL2 D IE ICP0: promiscuous transactivator with E3 
ubiquitin ligase domains

UL54 E IE ICP27: regulation of gene expression at 
posttranscriptional level

RS1 E IE ICP4: major regulatory protein
US1 D IE ICP22: regulatory protein that enhances the 

expression of late genes
Nucleic acid metabolism

UL2 D E Uracil DNA glycosidase
UL23 D E Thymidine kinase, selective activation of 

aciclovir and ganciclovir
UL39 D E Ribonucleotide reductase large subunit with 

protein kinase activity
UL40 D E Ribonucleotide reductase small subunit
UL50 D E Deoxyuridine triphosphatase
DNA replication

UL5 E E DNA helicase, a component of DNA primase/
helicase complex

UL8 E E A component of DNA primase/helicase 
complex

UL9 E E Replication origin-binding protein
UL29 E E ICP8: single-strand DNA binding protein
UL30 E E DNA polymerase catalytic subunit
UL42 E E DNA polymerase accessory subunit
UL52 E E DNA primase, a component of DNA primase/

helicase complex
DNA cleavage/packaging

UL6 E L Associated with capsids, a subunit of the portal 
complex

UL15 E L DNA terminase activity
UL25 E L Associated with capsids, seals capsids after 

DNA packaging
UL32 E L Not associated with capsids, required for 

correct localization of capsids
UL33 E L Not associated with capsids, interact with 

UL14
Protein kinase

UL13 D E Protein kinase
US3 D L Protein kinase with antiapoptotic activity
Capsid protein

UL18 E L VP23: forms triplex with VP19c

(continued)
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studies, it has also shown that HSV can kill almost 100% of cultured cancer cells 
at a multiplicity of infection (MOI) of 0.01 (Fu and Zhang 2002).

	6.	 HSV can infect many kinds of animals. Due to the similarity in the viral pathoge-
nicity in mice, guinea pigs, and monkeys, to that in humans, preclinical studies of 
oncolytic HSV can be performed relatively easily by using these animal models.

Table 4.2  (continued)

Gene
Essential(E)/ 
dispensable(D)

Times of 
expression
(IE/E/L) Gene products and functions

UL19 E L VP5: major capsid protein
UL26 E L VP24 and VP21 are the products of the 

self-cleavage of UL26
UL26.5 E L VP22a: scaffolding protein
UL35 D L VP26
UL38 E L VP19c: a component of the intercapsomeric 

triplex
Tegument protein

UL36 E L ICP1/2: involved in both uncoating and egress
UL41 D L Vhs: virion host shutoff protein, causes the 

degradation of mRNA
UL46 D L VP11/12: interacts with UL48
UL47 D L VP13/14: enhances immediate early gene 

expression
UL48 E L VP16: stimulating immediate early gene 

expression
UL49 E L VP22: intercellular trafficking activity
Envelope glycoprotein

UL1 E L gL: forms a complex with gH, involved in 
entry, egress, and cell-to-cell spread

UL22 E L gH: forms a complex with gH, involved in 
entry, egress, and cell-to-cell spread

UL27 E L gB: required for entry
UL44 D L gC: involved in adsorption, C3b-binding 

activity
UL53 D L gK: involved in egress
US6 E L gD
US7 D L gI: forms a complex with gE, cell-to-cell 

spread
US8 D L gE: Fc receptor activity, forms a complex with 

gI, cell-to-cell spread
Others

RL1 D L γ134.5: requires protein synthesis by binding to 
protein phosphatase 1

RL3 D – LAT: latency associated transcript
US12 D IE ICP47: TAP-binding protein, involved in MHC 

class I downregulation
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	7.	 The determination of complete open reading frames and identification of disease-
related viral genes (Marconi et al. 2008; Todo 2008).

	8.	 The risk of introducing an insertional mutation during HSV oncolytic therapy 
appears minimal because HSVs rarely integrate into cellular DNA. While strong 
immunogenicity and cell toxicity induced by HSV infection are major disadvan-
tages for developing gene delivery vectors using HSV, they are beneficial when 
developing vaccine vectors or anticancer agent by HSV recombination.

4.4.3  �Important Genes for Making Effective Oncolytic HSVs

4.4.3.1  �Immediate Early Genes

ICP0 (infected cell polypeptide 0) is the RL2 gene product. It belongs to the imme-
diate early proteins (IE) that it required for effective initiation of viral lytic infection 
and reactivation from latent infection of HSV (Bringhurst and Schaffer 2006). ICP0 
is a 775-amino acid really interesting new gene (RING)-finger-containing protein 
that possesses E3 ubiquitin ligase activity, which is required for ICP0 to activate 
HSV-1 gene expression; disrupt nuclear domain (ND) 10 structures; mediate the 
degradation of cellular proteins including cdc34, Sp100, and PML; and evade the 
host cell’s intrinsic and innate antiviral defenses. This protein degradation may cre-
ate a favorable microenvironment for viral replication (Boehmer and Nimonkar 
2003; Lilley et al. 2005). ICP0 also prevents cellular rRNA degradation (Sobol and 
Mossman 2006). It has been reported that ICP0 mutation impairs viral replication in 
normal cells. On the other hand, the ICP0 mutant KM100 virus exhibits an onco-
lytic effect on tumor cells, causing tumor regression and increased survival in exper-
imental breast cancer models in mice (Hummel et al. 2005).

ICP4 is also a regulator of viral transcription that is required for productive infec-
tion. Since viral genes are transcribed by cellular RNA polymerase II (RNA pol II), 
ICP4 must interact with components of the pol II machinery to regulate viral gene 
expression. It has been shown previously that ICP4 interacts with TATA box-binding 
protein (TBP), TFIIB, and the TBP-associated factor 1 (TAF1) in vitro (Zabierowski 
and Deluca 2008).

NV1066, which has only one of two originally present copies of both ICP0 and 
ICP4, has an antitumor effect against breast cancer, pleural cancer, bladder cancer, 
and esophageal cancer (Mullerad et al. 2005; Stiles et al. 2006a; b). Interestingly, 
this virus not only destroys tumor cells but also induces apoptosis in uninfected cells 
via the cellular bystander pathway. This apoptosis hinders viral spread from cell to 
cell. Previous studies showed that pharmaceutically inhibiting apoptosis can improve 
the oncolytic viral proliferation and the antitumor effect (Stanziale et al. 2004).

ICP47 also belongs to IE proteins. It inhibits the transporter associated with anti-
gen presentation (TAP), decreasing MHC class I expression and preventing infected 
cells from presenting viral to CD8+ cells (Hill et  al. 1995). The lack of ICP47 
increases MHC class I expression, which might induce an enhanced antitumor 
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immune response. The bovine herpesvirus 1 (BHV-1) TAP-inhibitor (UL49.5)-
expressing oncolytic virus showed superior efficacy treating bladder and breast can-
cer in murine preclinical models that was dependent upon a CD8+ T-cell response. 
In addition to treating directly injected, subcutaneous tumors, UL49.5-oncolytic 
virotherapy reduced untreated, contralateral subcutaneous tumor size and naturally 
occurring metastasis (Pourchet et al. 2016).

4.4.3.2  �Early and Late Genes

Ribonucleotide reductase (RR) catalyzes the reduction of ribonucleotides to deoxy-
ribonucleotides. As a result, it provides sufficient precursors for the de novo synthe-
sis of DNA. Because HSV has its own RR, replication of the virus is independent of 
the host cell cycle. By inactivating the viral RR gene, viral replication is completely 
under the control of host cell dividing conditions. RR-deficient HSV-1 such as hrR3 
was expected to exhibit selective oncolytic effects and increase their potency when 
combined with radiation; however, complementary toxicity was seen between radi-
ation and hrR3, without evidence of viral replication (Spear et al. 2000).

The γ34.5 gene product (ICP34.5) enables the virus to replicate in neurons and 
spread within the brain. When this gene is deleted, HSV-1 cannot complete a lytic 
infection in neurons and thus cannot cause encephalitis (Kanai et  al. 2012). 
Attenuated viruses that are mutated in the γ34.5 may be useful for malignant tumors 
in the central nervous system.

4.5  �How to Make Oncolytic HSVs?

There are several established techniques for generating recombinant 
HSV. Traditionally, recombinant HSV mutants have been generated by homologous 
recombination between purified HSV DNA and a recombination plasmid in co-
transfected cells (Bataille and Epstein 1995). An alternative procedure is the trans-
fection of cells with overlapping cosmids containing appropriate insertions or 
deletions. Expression of genes contained in cosmids leads, through recombination, 
to the construction of full-length viral genome (Kong et al. 1999). In these methods, 
there are several problems such as the inefficiency of recombination and the need to 
screen or select plaques for the correct recombinant. This has hampered the devel-
opment of new recombinant HSV vectors.

Recently, novel recombinant technique using bacterial artificial chromosome 
(BAC) has enabled the cloning of the whole HSV genome as a BAC plasmid and its 
subsequent manipulation in E. coli (Stavropoulos and Strathdee 1998). BAC clon-
ing requires the insertion of mini F plasmid sequences and antibiotic resistance 
genes into the viral genome. The total length of these BAC backbone sequences is 
usually greater than 6  kb. Insertion of BAC sequences into the wild-type HSV 
genome (152 kb) increases the genome length to approximately 158 kb, leaving 
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insufficient space for the insertion of additional sequences. To avoid deleterious 
effects of the BAC sequences, including growth defects and potential transmission 
between bacteria and man, some herpes virus BAC clones have been constructed 
with loxP site-flanked BAC sequences that can be removed by Cre recombinase 
(Tanaka et al. 2003). One potential disadvantage of the BAC system is the potential 
for higher rates of error in DNA replication in bacteria than eukaryotic cells, whether 
or not this will prove to be a problem is not yet known.

4.6  �Oncolytic Viruses Derived from HSV-1 that Have 
Reached Clinical Testing

There have been several clinical trials with HSV-1 mutants as oncolytic agents using 
gene deletion described before. These mutants have been applied for the treatment 
of malignant brain tumors or malignant melanoma and other solid tumors (Table 4.3).

4.6.1  �G207

G207 has been credited as the first oncolytic virus generated by genetic engineering 
technology. The virus was constructed from HSV-1 by deleting both copies of the 
γ34.5 gene and an insertional mutation in the ICP6 gene (Mineta et al. 1995). First, 
the safety and efficacy of G207 were demonstrated in preclinical animal models 
(Mineta et al. 1995, Sundaresan et al. 2000. Todo et al. 2000). Then G207 was tested 
in the treatment of malignant glioma in a phase I clinical trial. Up to 3 × 109 plaque-
forming units (pfu) of virus was injected into tumors of 21 patients and revealed that 
the virus was well tolerated (Markert et al. 2009). Because of a lack of convincing 
evidence of clinical efficacy, G207 clinical development has not yet reached the 
phase II stage of testing.

Table 4.3  Studies of oncolytic HSV in clinical trials

Virus Mutation Tumor type Phase

G207 UL39 −, γ134.5 − Glioma I
HSV1716 γ134.5− Melanoma, hepatocellular carcinoma, glioblastoma, 

mesothelioma, neuroblastoma
I/II

NV1020 UL24 −, UL56 − Liver metastasis of colon cancer I
T-VEC UL39 −, γ134.5−, 

US12-, GM-CSF+

Melanoma, head and neck cancer, and pancreatic 
cancer

III

HF10 UL43−, UL49.5−, 
UL55−, UL56−, LAT−

Recurrent breast cancer, melanoma, and pancreatic 
cancer

I/II
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4.6.2  �HSV1716

HSV1716 is a spontaneous mutant of a replication selective HSV-1 that bears a dele-
tion of 759 bp in each copy of the γ34.5 gene. Two separate phase I clinical trials have 
evaluated the safety of HSV1716 with high-grade glioma (HGG) and with stage IV 
melanoma (Harrow et al. 2004; MacKie et al. 2001). In the HGG study, HSV1716 
DNA was detected by PCR at the sites of inoculation. In several patients, an immune 
response to the virus was detected. Although it remains unclear whether the immune 
response to the virus contributes to the eradication of cancer cells infected by the 
virus, a significant increase in long-term survival following surgery was also observed. 
In the melanoma trial, immunohistochemical staining of injected nodules revealed 
that virus replication was confined to tumor cells and had no toxicity in patients.

4.6.3  �NV1020

NV1020 has deletions of both UL56 genes and one copy of the γ34.5 gene. In pre-
clinical studies, NV1020 was evaluated as oncolytic agents in several solid tumors 
outside the brain (Advani et al. 1999; Cozzi et al. 2001; Ebright et al. 2002). In these 
studies, the virus showed effectiveness in treating several tumors in both mouse and 
rat models. Then NV1020 was evaluated against liver metastases from colorectal 
cancer. Followed by chemotherapy, NV1020 was tested in 12 patients with colorec-
tal cancer hepatic metastases. It was well tolerated when NV1020 was given through 
hepatic arterial infusion. Reported side reactions were mainly transient febrile reac-
tions and transient lymphopenia. Over half of the treated patients showed partial 
responses or stable disease, indicating therapeutic efficacy (Geevarghese et al. 2010; 
Kemeny et al. 2006; Sze et al. 2012).

4.6.4  �Talimogene Laherparepvec (T-VEC)

T-VEC, formerly known as OncoVEXGM-CSF, has deletion of the genesγ34.5 and 
US12 which encodes ICP47 and contains the gene encoding human granulocyte 
macrophage colony-stimulating factor (GM-CSF) (Liu et al. 2003). Gene modifica-
tion of this virus was intended to increase the lytic activity of the virus (over dele-
tion of the ICP47 gene) and to potentiate the ability of virotherapy to induce 
antitumor immunity (deletion of ICP47 combined with insertion of GM-CSF). 
Preclinical studies of OncoVEXGM-CSF showed that this virus can effectively reduced 
injected tumors and also induced antitumor immunity that could protect animals 
against tumor rechallenge (Liu et al. 2003). The safety of OncoVEXGM-CSF was eval-
uated in a phase I study in patients with metastatic breast, head/neck and gastroin-
testinal cancers, and malignant melanoma. Overall, intralesional administration of 
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the virus was well tolerated by patients (Hu et  al. 2006). In phase II study, 
OncoVEXGM-CSF was injected in patients with metastatic melanoma (Senzer et al. 
2009). The overall response rate was 26%. Surprisingly, all responding patients 
showed regressions of both injected and noninjected lesions (Fig. 4.3). An increase 
in CD8+ T-cells and a reduction in CD4+FoxP3+ regulatory T-cells were detected 
in biopsy samples of regressing lesions (Kaufman et al. 2010).

Fig. 4.3  Breast cancer 
patient treated with 
T-VEC. The injection was 
made into tumor 1 (arrow). 
Tumor regressions were 
observed both in injected 
and in noninjected lesions, 
consistent with both direct 
oncolytic and immune-
mediated antitumor effects. 
(Adapted from Hu et al. 
2006)
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A randomized phase III trial was performed in 291 patients with unresected stage 
IIIB to IV melanoma, with 127 patients receiving subcutaneous GM-CSF as the 
control arm (OPTiM; NCT00769704) (Andtbacka et al. 2015). T-VEC was admin-
istered at a concentration of 108 plaque-forming units (pfu)/mL injected into 1 or 
more skin or subcutaneous tumors on days 1 and 15 of each 28-day cycle for up to 
12 months, while GM-CSF was administered at a dose of 125 μg/m2/day subcutane-
ously for 14 consecutive days followed by 14 days of rest, in 28-day treatment cycles 
for up to 12  months. At the primary analysis, 290 deaths had occurred (T-VEC, 
n = 189; GM-CSF, n = 101). T-VEC treatment produced a significant improvement 
in (1) durable response rate (TVEC 16% vs. GM-CSF control arm 2%), (2) objective 
response rate (26% vs. 6%), and (3) complete response rate (11% vs. 1%). The dif-
ference of the median overall survival rate, a secondary end point of this trial, 
between T-VEC and GM-CSF treatment groups was 4.4 months. The most common 
adverse events with T-VEC were fatigue, chills, and pyrexia, but the only grade 3 or 
4 treatment-related adverse event, occurring in over 2% of patients, was cellulitis 
(T-VEC, n  =  6; GM-CSF, n  =  1). There were no fatal treatment-related adverse 
events. Median overall survival (OS) was 23.3 months for the T-VEC arm versus 
18.9 months for the GM-CSF arm (hazard ratio, 0.79; P = 0.051), but the difference 
in OS became significant (P = 0.049) by the time of drug application (Andtbacka 
et al. 2015). This phase III trial was the first to prove that local intralesional injec-
tions with an oncolytic virus can not only suppress the growth of injected tumors, 
and in 2015, the US Food and Drug Administration (FDA) approved T-VEC as a first 
oncolytic HSV for the treatment of advanced inoperable malignant melanoma.

4.6.5  �HF10

HSV-1 mutant strain HF10, derived from an in vitro-passaged laboratory strain of 
HSV-1, is an alternative candidate for an oncolytic HSV.  Previous studies have 
shown that HF10 does not cause any neurological symptoms in mice when inocu-
lated into the peripheral tissues and organs due to its inability to invade the central 
nervous system (Nishiyama et  al. 1991). The HF10 genome has a deletion of 
3832  bp to the right of the UL and UL/IRL junction. Sequences from 6025 to 
8319  bp have also been deleted from the TRL, and 6027  bp of DNA has been 
inserted in an inverted orientation. Sequence analysis revealed that HF10 lacks the 
expression of functional UL43, UL49.5, UL55, UL56, and LAT (Ushijima et al. 
2007). Although the detailed mechanisms of the HF10 phenotype are not clear, the 
lack of the UL56 gene and LAT may play an important role. UL56 associates with 
the kinesin motor protein KIF1A, and the absence of UL56 reduces the neuroinva-
siveness of HSV without affecting viral replication in vitro (Koshizuka et al. 2005). 
The LAT promoter region is also known to be associated with neurovirulence (Jones 
et al. 2005). The mechanisms of HF10 in tumor selectivity are also unknown, but 
the differences in the IFN pathway between normal cells and cancer cells may be 
involved (Nawa et al. 2008).

D. Watanabe and F. Goshima



77

The loss of HF10 neuroinvasiveness and its high potency of replication in tumor 
cells contribute to the usefulness of HF10 as an oncolytic virotherapy for non-brain 
malignancy. HF10 therapy exhibited striking antitumor efficacy of peritoneally dis-
seminated internal malignancies of immunocompetent mice models (Kimata et al. 
2003; Kohno et  al. 2005; Teshigahara et  al. 2004; Watanabe et  al. 2008). In a 
BALB/c mouse model of disseminated peritoneal colon carcinoma, 100% of intra-
peritoneally HF10-treated mice survived without remarkable side effects (Takakuwa 
et al. 2003). HF10 virotherapy using a mouse melanoma model was also studied. In 
the intraperitoneal melanoma model, all mice survived when given intraperitoneal 
injections of HF10 compared to none of the control mice (Fig. 4.4a, b). In the sub-
cutaneous melanoma model, intratumoral inoculation of HF10 showed not only 
tumor growth inhibition at the injected site but also the induction of systemic anti-
tumor immune responses in mice (Watanabe et al. 2008).

Several clinical trials have been done with HF10 thus (Nakao et al. 2004; Kimata 
et  al. 2006; Fujimoto et  al. 2006). Six patients with recurrent breast cancer who 
were treated with HF10 showed no serious adverse effects, and distinct tumor 
regression was observed in all patients (Kimata et al. 2006). Another clinical trial 
was carried out in three patients with advanced head and neck squamous cell carci-
noma (Fujimoto et al. 2006). Although no significant tumor regression was found 
after injection with HF10 at a low dose, pathological examination revealed exten-
sive tumor cell death and fibrosis, with marked infiltration of CD4+ or CD8+ T-cells. 
Moreover, a number of HSV antigen-positive cells were detected within the tumor 
even at 2 weeks postinjection. These studies suggest that HF10 is safe and effective 
for oncolytic virotherapy. Currently, phase I/II trial of HF10 in patients with solid 
cutaneous tumors, including melanomas, has been completed (NCT01017185) in 
the USA.

Fig. 4.4  Tumor growth reduction by HF10 in a murine intraperitoneal melanoma model. DBA/2 
mice were injected intraperitoneally with 1 × 105 clone M3 cells and then were injected with PBS 
(control) or 1 × 107 pfu of HF10 at days 6,7, and 8. Representative clinical pictures of control (a) 
and HF10-treated (b) mice at day 14
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4.7  �Enhancement of Oncolytic Virotherapy by Gene 
Modification

4.7.1  �Receptor Retargeted Mutants

HSV has several receptors to enter into host cells. For instance, glycoproteins gC 
and gB binds to heparan sulfate and glycoprotein gD binds to herpesvirus entry 
mediator (HVEM) (Salameh et al. 2012). There have been many attempts to make 
effective infection of oncolytic HSVs into cancer cells with limiting cell specificity 
by altering the receptors of the viruses.

IL-13 is the ligand of the IL-13 receptor 2α, expressed in glioblastoma and high-
grade astrocytoma (Sengupta et al. 2014). IL-13 insertion mutants into gC or gD has 
been constructed as oncolytic HSVs against these tumors (Zhou et al. 2002; Zhou 
and Roizman 2006).

Another example is HER-2. HER-2 is a member of the EGFR (epidermal growth 
factor receptor) family. This protein is overexpressed in breast and ovarian cancers, 
gastric carcinomas, glioblastomas, and so on (Jackson et al. 2013). R-LM249 was 
created by replacing gD dispensable region with the sequence for the single-chain 
antibody trastuzumab, which targets human epidermal HER-2 (Menotti et al. 2008). 
In preclinical study, a therapeutic effect of R-LM249 against a murine model of 
HER2 glioblastoma has been reproted (Gambini et al. 2012). R-LM249 also showed 
a therapeutic effect against peritoneal and brain metastases of ovarian and breast 
cancers by intraperitoneal injections (Nanni et al. 2013).

4.7.2  �Modified (Armed and Targeted) Oncolytic HSV

To enhance antitumor responses of oncolytic HSVs, many studies have been con-
ducted. One strategy of this is to generate insert immunostimulatory genes into 
oncolytic HSVs. Numerous immune-stimulating genes have been inserted into vari-
ous oncolytic HSVs including IL-2, IL-12, IL-15, IL-18, tumor necrosis factor 
alpha, CD80 (B7.1), and GM-CSF like T-VEC (Nakashima and Chiocca 2014). 
These genes have many functions to activate, proliferate, differentiate, and maturate 
innate and acquired immune cells important for antitumor responses such as macro-
phage, dendritic cells, natural killer cells, cytotoxic T-cells, helper T-cells, and B 
cells.

Another way is to generate HSVs expressing therapeutic genes, including those 
that can activate prodrugs. There are many reports of oncolytic HSVs that have been 
modified to code for enzymes that catalyze prodrugs into active substrates, for 
example, HSV1yCD codes for the yeast cytosine deaminase (CD) enzyme that con-
verts the nontoxic 5- uorocytosine into 5-FU (Nakamura et al. 2001).
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4.7.3  �Oncolytic HSVs as Amplicon Vector

Amplicon vectors are HSV-1 particles that carry a concatemeric form of a DNA 
plasmid, named the amplicon plasmid, instead of the viral genome. An amplicon 
plasmid has one origin of replication (generally ori-S) and one packaging signal 
(pac or a) from HSV-1, in addition to the transgenic sequences of interest. The vec-
tor has identical structure to wild-type HSV-1, so it has same immunological and 
host-range as wild-type virus.

HF10 has been investigated as a helper virus. An HF10-packaged mouse 
GM-CSF-expressing amplicon (mGM-CSF amplicon) was used to infect subcuta-
neously inoculated murine colorectal tumor cells (CT26 cells), and the antitumor 
effects were compared to tumors treated only with HF10. When mice subcutane-
ously inoculated with CT26 cells were intratumorally injected with HF10 or mGM-
CSF amplicon, greater tumor regression and prolonged survival was seen in 
mGM-CSF amplicon-treated animals (Kohno et al. 2007). This amplicon system 
might be one of the good tools to used for tailor-made therapy.

4.8  �Combination Therapy

4.8.1  �Combination with Radiation

There is a report about intratumoral HSV G207 injection to glioma patients prior to 
a single palliative fraction of radiotherapy (Markert et al. 2014). The combination 
therapy showed some synergistic activity. Combination with chemoradiotherapy 
was also considered. Combined chemoradiotherapy with cisplatin and intratumoral 
injection of T-VEC for stage III/IV head and neck cancer patients showed 93% of 
complete response (CR) (Harrington et al. 2010).

4.8.2  �Combination with Chemotherapy

Combination therapy with oncolytic HSV and chemotherapy was first evaluated 
with HSV1716 and four standard chemotherapeutic drugs: methotrexate, cisplatin, 
mitomycin C, and doxorubicin (Toyoizumi et al. 1999). Since then, there have been 
many studies reporting the increased efficacy of oncolytic HSV in combination with 
a many kinds of existing and potentially new anticancer drugs including cyclophos-
phamide, docetaxol, etoposide, 5- uorouracil (5-FU), and so on. In our laboratory, 
combination therapy with HF10 and chemotherapy has been studied (Braidwood 
et al. 2013).
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For instance, we have shown enhanced antitumoral activity was shown in murine 
colorectal cancer model by HF10 inoculation following GEM treatment even in the 
distal tumor (Esaki et al. 2013). In murine subcutaneous melanoma model, intratu-
moral HF10 inoculation significantly inhibited tumor growth. When mice were 
treated with HF10 and dacarbazine (DTIC), the combination therapy induced a 
robust systemic antitumor immune response and prolonged survival. IFN-γ secre-
tion from splenocytes of the HF10-DTIC combination therapy group showed more 
IFN-γ secretion than did the other groups (Tanaka et al. unpublished data).

4.8.3  �Combination with Immune Checkpoint Inhibitors

Because oncolytic virotherapy has an aspect of cancer immunotherapy, combina-
tion therapy with oncolytic virotherapy and with immune checkpoint inhibitors is 
promising.

A phase Ib study of T-VEC and the anti-CTLA-4 antibody ipilimumab were 
administrated to patients with untreated, advanced cutaneous melanoma. The over-
all response rate by immune-related response criteria was 50% (Puzanov et  al. 
2016). The result was higher than would be expected from ipilimumab alone (10%). 
High regression rates were observed. The phase I study of combination therapy with 
pembrolizumab (NCT02263508) is ongoing. With regard to HF10, a phase II study 
of combination treatment with ipilimumab in patients with unresectable or meta-
static melanoma is ongoing both in USA (NCT02272855) and in Japan.

4.9  �Conclusion

In summary, HSV has many advantages for cancer therapy, and significant progress 
has been made in generating more effective oncolytic HSVs. Although much more 
work is required to better understand the efficacy and safety issues of these onco-
lytic HSVs before clinical use, the results from extensive preclinical and clinical 
trials have clearly demonstrated the potential of HSV recombinants for oncolytic 
viruses. Moreover, combination therapy with oncolytic HSVs and conventional che-
motherapy radiotherapy and immune checkpoint inhibitors will expand the poten-
tial of oncolytic virotherapy.
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