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Introduction
Herpesviruses infect a broad range of animals.1 While these 
viruses have strict species specificity, they are known to 
establish lifelong, persistent infections in their hosts. These 
infections are typically mild or asymptomatic except in 
immune-compromised individuals. An important characteris-
tic of herpesviruses is their ability to enter latency, a dormant 
state in which the virus genome is maintained in the host cell 
without producing infectious virus. Another key feature is their 
structure. Herpesviruses contain a large genome of double-
stranded DNA (dsDNA) enclosed in an icosahedral capsid, a 
protein tegument layer, and a lipid bilayer envelope. An array of 
viral glycoproteins are found embedded in the lipid envelope 
that are used by herpesviruses to dock onto cell surface recep-
tors to initiate entry.

There are currently 9 herpesviruses that infect humans 
(Table 1). These viruses are divided into 3 subgroups: alpha (α), 
beta (β), and gamma (γ). These subfamilies differ by the rate of 
virus replication, range of host cells infected, and site where 
latency is established.2 This review will focus on herpes simplex 
virus 1 (HSV-1), an α-herpesvirus that is prevalent in humans.3 
This virus is the most characterized and manipulated among 
the 9 human herpesviruses.4-6

Primary HSV-1 infection typically occurs at the oral 
mucosal epithelium. Viral gene transcription utilizes host RNA 

polymerase II and occurs in a temporal fashion, with immedi-
ate-early (IE) and late genes expressed in productive infection.7 
Then the virus migrates to trigeminal ganglia, where it can 
establish a latent reservoir.8 During latency, transcription from 
the viral genome produces only latency-associated transcripts 
(LATs) that accumulate without additional expression of viral 
genes or proteins.9 Latency can be punctuated by periods of 
lytic reactivation, often triggered by stress, hormone-level fluc-
tuations, disease, or aging.10 During these reactivation episodes, 
HSV-1 is easily transmitted by shedding in bodily fluids. 
However, many primary infections have few or mild symptoms, 
contributing to the widespread prevalence of HSV-1 in the 
general population.8 Indeed, HSV is a valuable marker of 
human migration patterns that also provides insights into virus 
and host evolution.

HSV as an Evolutionary Marker
Herpesviruses also provide an informative tool for examining 
the evolution of humans and viruses. Herpesviruses actually 
predate Homo sapiens; they infected hominids before their evo-
lutionary split from chimpanzees.11 Because herpesviruses can 
remain latent in their host, they have a long history of virus-
host codivergence. Each herpesvirus has evolved to coexist 
within its host, such that human HSV-1 is distinct from chim-
panzee herpesvirus (ChHV) and other primate herpesviruses.
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Evolution of HSV-1 and HSV-2

Herpesviruses are common in primates, including chimpan-
zees, baboons, macaques, and spider monkeys. However, only 
humans are infected with more than 1 HSV. Overall, HSV-1 
and HSV-2 share 87% nucleotide sequence identity, but the 
conservation varies between specific strains. Some genes are 
highly conserved while others are significantly more diverged, 
especially in the unique short (US) region of the genome.12-14

Wertheim et  al11 hypothesized that the 2 distinct human 
HSVs could have arisen via different mechanisms, either dupli-
cation in the viral lineage or introduction of a second virus 
through cross-species transmission. A variety of methods for 
phylogenetic and molecular dating support that HSV-2 is the 
result of a cross-species transmission, whereas HSV-1 arose by 
virus-host codivergence.11

The HSV-2 sequence appears more closely related to 
ChHV than HSV-1.15 According to molecular-clock analyses, 
HSV-1 and ChHV diverged at least 6 million years ago (Ma). 
Around 1.6 Ma, ChHV transmitted to an ancestor of modern 
humans, giving rise to HSV-2 (Figure 1). The exact nature of 
this transmission remains unknown. However, researchers ana-
lyzed a probability-based network of proximity to rainforest 
habitats and duration of species in the fossil records. They 
found that a common ancestor of the chimpanzee Pan troglo-
dytes, most likely Paranthropus boisei, may have transmitted 
ChHV to Homo habilis, an extinct species that preceded mod-
ern humans.16 These 2 species coexisted near Lake Turkana in 
Kenya, where they both used stone tools for hunting and scav-
enging, and they likely shared water sources.16

Humans can be infected with primate simplex viruses, often 
with dire consequences. For example, in monkeys, macaque 
simplex virus (MHV or B virus) infection is typically asympto-
matic. In humans, however, MHV infection leads to encepha-
lomyelitis, which can cause long-term neurologic impairment 
or even be fatal.17 Thus, human acquisition of a second herpes-
virus was likely due to ChHV establishing less virulent 

infections in early ancestors of modern humans and adapting 
to its host, eventually allowing both HSV-1 and HSV-2 to per-
sist in humans.

Recombination between HSV-1 and HSV-2

The potential for 2 simplex viruses to coexist within a single 
individual has led scientists to study whether recombination 
occurs between the viruses (Figure 2A). While HSV-1/HSV-2 
chimeras have helped identify genes that convey type-specific 
phenotypes,10,18 only recent studies have revealed that 

Figure 1. Evolution of herpes and humans. Schematic representation of 

a phylogenetic tree showing approximate dates known for common 

ancestors shared between humans and primates. Tree branches 

represent evolution of distinct species. Evidence suggests HSV infected 

a common ancestor and then coevolved with each host species, giving 

rise to HSV-1 in humans. HSV-2 arose due to cross-species transmission 

that occurred more recently, when early hominids were infected with 

ChHV. ChHV indicates chimpanzee herpesvirus; HSV, herpes simplex 

virus.

Table 1. Human herpesviruses.

VIRUS SUBGRoUP CLINICAL PRESENTATIoN

Herpes simplex virus 1 (HSV-1) α Fever blisters, cold sores

Herpes simplex virus 2 (HSV-2) α Genital lesions

Varicella-zoster virus (VZV) α Chicken pox, shingles

Human cytomegalovirus (HCMV) β Blueberry muffin rash, birth defects

Human herpesvirus 6A (HHV-6A) β Roseola infantum

Human herpesvirus 6B (HHV-6B) β Roseola infantum

Human herpesvirus 7 (HHV-7) β Roseola infantum, pityriasis rosea

Epstein-Barr virus (EBV) γ Mononucleosis

Kaposi’s sarcoma-associated virus (KSHV) γ Kaposi’s sarcoma
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recombination occurs naturally. Evidence for recombination 
between HSV-1 and HSV-2 came from a study that directly 
sequenced virus from 150 genital swabs collected from indi-
viduals in North America, South America, and Africa.12 In this 
study, Koelle et al found that 3 HSV-2 genes contained specific 
segments of the HSV-1 sequence. The UL29 gene encodes a 
single-stranded DNA-binding protein, the UL30 gene encodes 
a DNA polymerase catalytic subunit, and the UL39 gene 
encodes a ribonucleotide reductase subunit.19

With bootscan analysis for recombination sites, it was found 
that 27% of HSV-2 isolates contained a segment of 457 bp or 
more of HSV-1 origin, with identical 5′ and 3′ crossover 
boundaries.12 In addition, most HSV-2 UL30 sequences con-
tained a 539-bp region with sequence identity to HSV-1. This 
region has more than 70 consecutive single-nucleotide poly-
morphisms (SNPs) specific to HSV-1,20 whereas surrounding 
regions of the UL30 gene are distinct and dissimilar to the 
HSV-1 UL30 sequence.12 Finally, with phylogenetic analysis, 
Koelle and colleagues identified a 254-bp segment in the UL29 
gene. This segment sequence is divergent from the ChHV 
sequence but is nearly identical to HSV-1. These results sug-
gest that ancestral crossover events incorporated segments of 
these 3 genes into the HSV-1 gene, which have been conserved 
in the HSV-2 genome. These findings may have implications 
for the evolution of virulence or drug resistance. Notably, the 
current use of Talimogene Laherparepvec (T-VEC) as an onc-
olytic therapy could enable granulocyte-macrophage colony-
stimulating factor (GM-CSF) to be acquired by HSV-2. 
Likewise, genes deleted from T-VEC to reduce virulence could 

be regained via recombination with HSV-2. The potential 
impact of either of these events remains unclear.

Tracking human migration with HSV-1 and 
HSV-2

Because HSV-1 coevolved with its host for millions of years, 
the virus represents a useful marker for studying human migra-
tion patterns. Phylogenetic analysis of a global sampling of 
HSV isolates revealed 6 clades and predicted a tree topology 
that correlated with the geographic origin of the isolate.20 The 
analyses suggested that HSV originated in Africa and then 
codiverged in populations that migrated north into Europe and 
east toward Asia. This theory is consistent with the current 
“Out of Africa” model of modern human origins (Figure 2B). 
Interestingly, 4 distinct clades remained prominent within 
Africa. Kolb et al21 propose that these clades could be associ-
ated with the 4 distinct ethnic groups that have been docu-
mented in East Africa: the hunter-gatherers, the Cushitic 
peoples, the Nilotic peoples, and the Bantu groups. While 
HSV-1 was the primary metric in this study, analysis of HSV-2 
sequences also supports the “Out of Africa” model.22 This 
study analyzed 18 HSV-2 isolates and found 2 main lineages: 
1 restricted to sub-Saharan Africa and 1 broadly distributed 
worldwide.23 Surprisingly, only the worldwide lineage showed 
evidence of recombination with HSV-1. This finding suggests 
that HSV-2 first coevolved with its host in Africa before a 
single lineage containing HSV-1 recombinant fragments was 
spread via migration of Homo sapiens out of Africa. These 
results provide compelling evidence that supports current theo-
ries of human evolution and migration.

Ancient origins and recent divergence

While this review has focused on primate herpesviruses and 
human evolution, it is important to note that herpesviruses 
infect a wide range of species. The viruses that infect birds, 
reptiles, and mammals are genetically distinct from those that 
infect fish and amphibians.24 The first herpesvirus identified in 
invertebrates was reported in the oyster Crassostrea virginica.25 
Recently, new variants of oyster herpesviruses have been associ-
ated with massive mortality in oyster beds in France.26 This 
study suggests that recent evolutionary divergence caused 
increased virulence. Thus, as herpesviruses continue to evolve 
with their hosts, new strains will likely arise that are more or 
less well adapted to infecting a broader host range. Meanwhile, 
in the laboratory, the herpesviruses genome has been modified 
with the goal of making these viruses effective tools for the 
treatment of human disease.

HSV as a Therapeutic Tool
Herpesviruses have unique properties that have inspired 
researchers to manipulate them as therapeutic agents.27 They 
can target multiple cell types based on their tropism and 

Figure 2. Herpesvirus recombination and human migration patterns.  

(A) Schematic drawing of the HSV-1 and HSV-2 genomes illustrates how 

homologous recombination might occur between viral genomes in the 

same host. (B) Map of human migration patterns out of Africa based on 

distinct HSV-2 genomes in populations that migrated toward Asia or 

Europe and North America. HSV indicates herpes simplex virus; IRL, 

internal repeat long; IRS, internal repeat short; TRL, terminal repeat long; 

TRS, terminal repeat short; UL, unique long; US, unique short.
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deliver therapeutics in a controlled fashion through manipu-
lated expression systems.28-32 Herpes simplex virus 1 can cross 
the blood-brain barrier provided it is disrupted via a drug/
agent and infect neurons, making it an attractive vector for 
treating neurological cancers.33-36 Moreover, HSV-1 can 
accommodate a significant amount of additional genetic 
material and does not integrate into the host genome.6,29 
These features enable the virus to deliver therapeutic genes 
while avoiding the potential for insertional mutagenesis, 
which is inherent to retroviral vectors and also observed with 
adeno-associated virus.8 Moreover, the HSV genome is main-
tained as a circular episome.37

Working with virus-manipulated systems comes with risks. 
However, their potential to treat debilitating diseases may be 
worth these risks. While more research is needed to better 
understand the functioning and evolution of these viruses, 
HSV-1 may contribute to the development of therapies for a 
number of conditions. The following sections explore the tre-
mendous and versatile potential of HSV-1 as a therapeutic vec-
tor for neurological conditions and an oncolytic vector for 
various malignancies.

HSV as a Neurotrophic Vector for Gene Therapy
Neurological conditions comprise a large part of the global dis-
ease burden, and at enormous cost.38 These conditions include 
disorders and inherited diseases of the brain, spinal cord, and 

associated nerves.38 Patients with these chronic conditions find 
only temporary relief with therapeutic interventions, most com-
monly mechanical devices, surgery, and drugs.39 In recent years, 
gene therapy has emerged as a promising sustainable treatment 
for delivery of neurotransmitters, healthy copies of mutant 
alleles, and other therapeutics.29,40 For many years, adeno-asso-
ciated viral vectors and lentiviral vectors have been developed as 
experimental treatments. However, these vector systems are dis-
advantageous because there are chances of insertional mutagen-
esis, discontinuous expression of therapeutic genes, and 
immunogenicity,41 and they can carry only limited genetic 
material into target cells. The cost of production of these vectors 
in sufficient quantity is also considerably high. In contrast, 
HSV-1 overcomes these obstacles and has progressed as a 
promising neurotrophic vector over the past decade (Figure 3).

Early experiments

Research has shown considerable success with using replica-
tion defective HSV vectors to treat chronic pain, neuropathies, 
and neurodegenerative diseases.42,43 One of the earliest studies 
in the past 15 years used an HSV-1 vector for gene therapy in a 
model of Parkinson’s disease.44 In this condition, dopamine-
producing neurons of the midbrain are progressively depleted, 
causing motor defects and cognitive impairment. Herpes sim-
plex virus 1 vectors encoding glial-cell-derived factor (GCDF) 

Figure 3. Timeline of development of HSV as neurotrophic vectors. Vector design started out as localized therapeutic agents that had to be repeatedly 

administered. over a decade, these designs progressed to regulatable vectors that could be targeted to specific sites in the brain or specific subsets of 

cells of the nervous system. These vectors are currently being tested as a part of combination therapies for neurological disorders like glioblastomas in 

clinical trials. HSV indicates herpes simplex virus.



Mody et al 5

or erythropoietin (EPO) administered into animal brains 
were neuroprotective to midbrain dopaminergic neurons.30,44 
Success was limited, however, because constant overexpression 
of EPO led to erythrocytosis or increased production of red 
blood cells.30 A similar study tested an HSV-1 vector express-
ing neurturin, a glial cell-line-derived neurotrophic factor 
(GDNF), that supports survival of sympathetic and sensory 
neurons.45 In a rat model of induced erectile dysfunction by 
cavernous nerve injury, HSV-1 expressing neurturin was 
administered at the site and successfully prevented further 
damage.46 Thus, HSV vectors can be applied to targeted 
regions for rejuvenation of damaged nerves.

These studies were encouraging but revealed 2 important 
limitations. First, the engineered vector needed to be adminis-
tered locally for effective recovery. Second, transgene expres-
sion from the engineered vectors lacked robust on-off 
regulation, which could lead to adverse effects. However, these 
early studies opened up the field for seeking experimental solu-
tions to these challenges.

Regulatable HSV vectors

The ability to deliver nerve growth factors to specific neuronal 
cell populations has great potential for treating neurological 
disorders. However, prolonged expression of these factors in 
the central or peripheral nervous system can cause undesirable 
effects.34 By creating a vector with inducible or repressible 
expression of the gene of interest, the timing and dosage of the 
transgene product could be better controlled. Researchers 
developed such a regulatable vector system using engineered 
HSV-1 to prevent sensory neuropathy in diabetic mice.47 This 
vector expressed EPO under control of the human cytomegal-
ovirus (HCMV) IE promoter and contained the tetracycline 
response element for regulating expression. In primary neurons 
(of the dorsal root ganglion) infected with the vector, EPO was 
expressed only when doxycycline was administered. In follow-
up studies in Swiss Webster mice, the HSV-1 vector was 
injected into the plantar surface of both hind feet. Doxycycline 
(2 mg) was administered by oral gavage 3 days after vector 
injection. The doxycycline was continued daily for 4 consecu-
tive days, followed by another 3 days of no treatment. This regi-
men was continued for 4 weeks, after which nerve conduction 
was assessed. In all 10 mice infected with the HSV-1 vector, 
the progression of neuropathy was inhibited.47 Numerous 
studies have shown that on/off regulation can be achieved in 
various HSV vector systems containing Tet elements or drug-
activatable therapeutic genes; however, tight regulation was 
elusive due to interference of ICP0 (infected-cell polypeptide), 
an HSV IE gene responsible for activating promoters of 
HSV-1 genes.48-52

Another proof-of-concept study evaluated a regulatable 
HSV-1 vector both in vitro and in vivo. Chen et  al53 first 
developed a regulatable HSV-1 vector expressing tetracycline-
regulated β-galactosidase (gene encoding β-galactosidase 

enzyme [LacZ]) that could be tightly controlled by adminis-
tering tetracycline. When they expressed the vector in cells 
isolated from the dorsal root ganglion of mice, tetracycline 
treatment led to robust expression of LacZ in 40% of the cul-
tured cells. This activity tapered off 7 days after the vector was 
administered. The authors also injected the regulatable vector 
into the sciatic nerve of CD-1 mice.54 The vector was found 
upstream in the dorsal root ganglion, and it similarly induced 
LacZ with tetracycline ingestion.53 This study demonstrated 
that expression from regulatable HSV-1 vectors was similar in 
vitro and in vivo, and that this system could potentially be use-
ful for treating sciatic nerve pain.

The ability to control the expression of therapeutics with 
injected vectors was an important step forward. However, local 
administration of the vector led to its expression in the entire 
dorsal root ganglion, which could result in off-target effects. 
Also, expression of the target gene in different cell types may 
unintendedly alter signaling pathways. These limitations could 
be overcome with vectors that targeted specific cell types.

Enhanced HSV vectors

To reduce the possibility of HSV recombinant vectors reacti-
vating and replicating in the host, researchers have stripped 
away almost all genes responsible for infectivity.27 Removing 
these genes did not affect cell targeting or transgene delivery, 
because the HSV vectors were often used along with low 
amounts of HSV-helper viruses and often propagated in tumor 
cell lines for efficient production.29,55 Vectors containing the 
ICP0 locus can be continuously expressed, especially in non-
neuronal cells. However, their expression depends on the site of 
insertion for the gene of interest and the transgene promoter 
used. For example, Miyagawa et al29 showed that a dystrophin 
transgene inserted into the ICP0 locus was highly expressed in 
dystrophin-deficient muscle cells in culture when inserted 
under the control of a muscle-specific promoter. Other HSV-1 
constructs containing transgenes flanked by ICP4 locus 
sequences were also robustly expressed in non-neuronal cells 
(osteosarcoma) but not in neuronal cells (primary dorsal root 
ganglion neurons). As a solution, Verlengia et  al32 designed 
another HSV-1 vector containing a reporter gene construct at 
the locus for the ICP4 IE gene instead of deleting most of the 
IE gene cassette. They injected this newer vector into different 
regions of rat brains and found that the reporter was expressed 
primarily in neurons and not in other non-neuronal cells like 
glial cells. They also found that the reporter gene was expressed 
in the hippocampus for at least 6 months and did not induce 
neuronal damage or an inflammatory response.32 This study 
demonstrated that HSV vectors could be designed to deliver 
large transgenes into neurons, which could be used to treat cen-
tral nervous system (CNS) diseases. Additional studies pub-
lished because these outcomes have given nuanced details 
regarding use of other promoters and gene elements in safe and 
non-toxic HSV-based vectors.56,57
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HSV-1 vectors for controlling latent HSV-1

A major challenge in controlling HSV infections is latency. 
Upon infection, HSV-1 goes latent in the trigeminal ganglions 
and resists clearance by the host’s immune system.58 This cre-
ates a lifelong infection in which latent HSV-1 can reactivate 
multiple times throughout life. This reactivation depends on a 
number of factors, such as stress, aging, and immune compro-
mise due to pregnancy, infection, or disease. Reactivation can 
have severe consequences, including encephalitis.59

Xu et al60 have published that recombinant HSV vectors can 
be used to get rid of latent HSV and reduce the risks associated 
with its reactivation. An HSV-1 vector carrying the gene for 
interferon gamma (IFN-γ) was able to safely express IFNγ in 
peripheral neurons both in vitro and in vivo.60 To create this 
vector, the authors put the IFN-γ gene under control of a 
strong HCMV promoter, and they deleted the HSV-1 IE and 
VP16 genes. The VP16 gene encodes a tegument protein of the 
HSV-1 virion. It is responsible for transcription of IE genes 
and induces onset of lytic infection that destroys infected 
cells.61 Replacing VP16 and IE genes inhibited the onset of 
lytic infection and reduced the cytotoxicity of this vector. In the 
Xu study, the IFN-γ HSV-1 vector led to robust expression of 
IFN-γ mRNA and protein, suggesting that the vector could 
help clear latent HSV-1 by triggering antiviral response in the 
host. This study supports that HSV-1 vectors may be a promis-
ing approach to address reactivated herpesviruses in the CNS 
and for treating neurotrophic disease.

HSV-1 amplicons for regulating gene expression

Most of the studies evaluating HSV-1 as a vector for gene 
therapy delivered genes using recombinant HSV-1 with a 
defective ability to replicate. Vectors based on HSV-1 contain-
ing intact viral genes that encoded viral proteins induced cyto-
toxicity and inflammation.62 To overcome this limitation, 
researchers designed HSV-1 amplicons. These viral particles 
completely lacked all protein-encoding genes from the virus, 
depended on helper viruses for packaging, could accommodate 
up to 130 kb of transgenes, and were non-toxic to target cells. 
Thus, such amplicon vectors may be great tools for use in in 
vitro studies but may prove risky for in vivo experiments due to 
the chance of reactivation from helper-virus particles.63

Another study evaluated the potential of HSV-1 amplicons 
to block production of brain-derived neurotrophic factor 
(BDNF), a protein implicated in epilepsy. Falcicchia et  al28 
engineered HSV-1-derived amplicons to produce RNA com-
plementary to BDNF. They designed HSV-1 particles with 
152 kb of concatemeric repetitions of 2 different expression 
cassettes. One cassette successfully knocked down the BDNF 
mRNA in the cytoplasm, and the other cassette successfully 
repressed its de novo transcription. They tested these ampli-
cons in vitro in various neuronal and non-neuronal cell lines as 
well as in vivo in the hippocampus of mice with epilepsy.28 

They found that there was successful silencing of BDNF in all 
cases. This study demonstrated that HSV-1 amplicons could 
be used to treat epilepsy and other CNS disorders. Importantly, 
these amplicons have the advantage of addressing disease at the 
transcriptional level, which is beneficial in cases where either 
the disorder arises from faulty gene expression rather than gene 
mutations, or the target gene is too large for other vectors. 
Replication-defective HSV vectors expressing miRNA, siRNA, 
and transcription factors could also be employed instead of 
amplicon vectors, provided the gene of interest could be accom-
modated with robust, regulatable expression.

HSV-1 Vectors for Cancer Therapy
For decades, HSV-1 has been studied as a virus-based therapy 
for cancer. Initial studies focused on how the virus could be 
engineered to specifically infect and lyse cancer cells, and new 
immunotherapy-based techniques have subsequently emerged. 
There is great potential for HSV-based therapies to treat a 
range of cancers (Tables 2 and 3).

Glioblastoma

Glioblastoma is an aggressive form of brain cancer that is diffi-
cult to treat and cannot be completely cured with the currently 
available treatments.70 Various clinical investigations using onc-
olytic virus, HSV-1, are underway to develop an effective treat-
ment against glioblastoma. One of the most extensively studied 
genetically modified HSV-1 for the treatment of glioblastoma is 
G47Δ, a triple deletion mutant. In this mutant, the ICP34.5 
gene is deleted and the ICP6 gene is replaced with Escherichia 
coli LacZ, which restricts its replication in dividing cells as well 
as attenuates its virulence.71-75 In addition, deletion of ICP47 
enhances viral replication and antigen presentation by major 
histocompatibility complex (MHC) class I.76-78 Following 
phase I-IIa clinical trials that demonstrated safety of G47Δ 
injected into patients with recurrent glioblastoma, a phase II 
clinical study has been initiated to assess the efficacy and safety 
of G47Δ in 30 patients with residual or recurrent glioblastoma 
(UMIN00002661, UMIN000015995). Another type of 
ICP34.5 deleted HSV-1 investigated for treating glioblastoma is 
HSV1716, HSV-1 strain 17.75,79 HSV1716 may effectively treat 
highly invasive cancers, such as pediatric high-grade glioma 
(pHGG) and diffuse intrinsic pontine glioma (DIPG). The 
pHGG and DIPG are notoriously difficult to treat and are asso-
ciated with short survival.80 Cockle et al68 showed that HSV1716 
treatment can inhibit invasion of pHGG and DIPG cells by 
altering cell polarity and stabilizing microtubules. They mixed 
these tumor cells (taken from human samples) with HSV1716 
or phosphate-buffered saline before intracranial injection into a 
mouse xenograft model of DPIG. There was reduced tumor 
infiltration into the surrounding cells for the HSV1716 treated 
DPIG compared with cells treated with saline.68

For the first time, genetically manipulated HSV-1, 
rQNestin34.5v.2, will be administered to humans in a phase I 
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clinical trial to treat glioma (NCT03152318). Like G47Δ, 
rQNestin34.5v.2 also lacks ICP6 but contains the ICP34.5 
gene under control of a nestin promoter, which is activated only 
in gliomas. This provides specificity to rQNestin34.5v.2 for rep-
licating only in glioma cells and consequently lysing them.81 
This study aims to test the safety and determine the appropriate 
dose of the treatment in patients with recurrent malignant gli-
oma (NCT03152318). All these studies for the development of 
an effective treatment against glioblastoma give us hope that 
one day we will be able to curb this disease, if not cure it.

Melanoma

Melanomas are the most common type of cancer. They com-
prise malignant tumors of melanocytes that reside in the skin. 
The lesions are often detected early and treated successfully 
with radiotherapy, chemotherapy, immunotherapy, and surgery. 
However, metastatic melanomas are notoriously difficult to 
treat.82 An oncolytic HSV has been developed that can destroy 
melanoma cells when injected directly into lesions. In 2016, the 
U.S. Food and Drug Administration (FDA) approved an 
HSV-1-based therapy called Talimogene Laherparepvec for 
treating inoperable metastatic melanoma.83 Talimogene 
Laherparepvec is an attenuated HSV-1 that specifically infects 
and lyses tumor cells (Figure 4). Like G47Δ, T-VEC lacks the 
ICP34.5 gene, required for virulence in non-cancerous cells, 
and ICP47 which enhances host antitumor response.71-73,75-78 
This vector has also been engineered to express GM-CSF, 
which activates antitumor defense mechanisms by enhancing 
antigen presentation via dendritic cells.31,71,84

In clinical trials, T-VEC showed great promise for treating 
melanomas. A phase III clinical trial was completed on 436 
patients with unresected third- or fourth-stage melanomas. In 
this trial, the efficacy of T-VEC treatment was compared with 
that of recombinant GM-CSF, a potential adjuvant therapy.85,86 
Patients were given either T-VEC by direct injection into 
lesions or GM-CSF by subcutaneous injection. Compared 
with GM-CSF treatment, patients treated with T-VEC had 
significantly reduced tumor size (30%-100%) and increased 
survival overall. The treatment was well tolerated by the 
patients; only 2% of patients had severe adverse effects.87 As a 
result of this study, T-VEC is now approved to treat melano-
mas that cannot be surgically excised.

Andtbacka et al88 also studied the systemic immune response 
against tumors after T-VEC treatment, which was attributed 
to virally expressed GM-CSF. They analyzed 277 unresected 
melanoma patients with 2116 injected lesions, 177 patients 
with 981 uninjected non-visceral lesions, and 79 patients with 
177 uninjected visceral lesions. Lesion size was reduced by 
⩾50% in 64% of injected patients, in 34% of uninjected non-
visceral patients, and in 15% of uninjected visceral patients. 
The observed effect of T-VEC on distal uninjected lesions 
indicated that the treatment potentially induced a systemic 
immune response against the tumor.88

Before T-VEC, immune checkpoint inhibitors such as ipili-
mumab were approved for treating advanced melanoma. 
Ipilimumab is a monoclonal antibody that suppresses inhibi-
tors of antitumor activity mediated by T cells.89 Talimogene 
Laherparepvec also enhances this response, albeit through a 
different mechanism.31 Thus, these 2 cancer therapies may 

Table 2. Recent preclinical studies on HSV-1-based cancer therapy.

TyPE oF CANCER CELL LINES/MICE MoDIFICATIoN EFFECTS REFERENCES

Medulloblastomas 
and atypical 
teratoid/rhabdoid 
tumors

orthotopic xenograft 
models of medulloblastoma 
and atypical teratoid/
rhabdoid tumors

rRp450 HSV-1: lacks ICP6 
and expresses rat CyP2B1, 
enzyme that activates 
prodrug cyclophosphamide

Prolonged survival, addition of 
cyclophosphamide enhanced the 
efficacy of rRp450

Studebaker 
et al64

Glioblastoma High-grade glioma 
xenograft BALB/c mice

Retargeted to HER2
Expresses murine IL-2

Increased overall survival
Tumor eradicated in 30% of 
animals

Alessandrini 
et al65

Lung carcinoma C57BL/6 HER-2-transgenic/
tolerant mice

Retargeted to HER2
Armed with IL-12

Prevented growth of distant tumors
Elicited local and systemic immune 
response

Leoni et al66

Liver tumor C57BL/6 mice
Athymic BALB/c mice

ICP34.5 and ICP47 deleted
ICP6 genes replaced by 
LacZ

Inhibited tumor growth
Enhanced antitumor efficacy via 
T-cell-mediated immune response

Nakatake 
et al67

pHGG, DIPG Pediatric glioma cell lines, 
patient-autopsy-derived 
DIPG cells
Mouse orthotopic xenograft 
model of DIPG

HSV1716 (ICP34.5 deleted) Inhibited migration and invasion in 
cell line
Reduced tumor infiltration in a 
mouse model of orthotropic 
xenograft DIPG

Cockle et al68

SCC Human oral SCC cell line ICP34.5 deleted Autophagy-induced cell death Furukawa 
et al69

Abbreviations: DIPG, diffuse intrinsic pontine glioma; HER2, human epidermal growth factor receptor 2; HSV, herpes simplex virus; pHGG, pediatric high-grade glioma; 
SCC, squamous cell carcinoma.
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have a synergistic mechanism of action. In a Phase II trial, 198 
patients treated with both T-VEC and ipilimumab showed 
significantly reduced tumor size than patients treated with 
ipilimumab alone. The combination therapy also showed more 
efficient treatment of visceral lesions with reduced side effects 
than treatment with ipilimumab alone.90 While this approach 
is promising for treating melanomas, further studies are needed 
that evaluate a larger number of patients and longer follow-up 
times than 36 months.

As mentioned before, the entire ICP34.5 gene is deleted in 
the T-VEC version of HSV-1, resulting into tumor-specific 
viral replication and enhanced antiviral host response. 
Administration of T-VEC facilitated tumor cell lysis, but these 
virus-based vectors were replication deficient and multiple 
administrations were required.91 However, HSV-1 with an 

N-terminal deletion in ICP34.5 (ΔN146) could efficiently rep-
licate in, and lyse breast carcinoma malignant cells.71 This led 
to reduced primary breast tumor growth and metastases.71 
These findings indicate that ΔN146 could more effectively 
treat cancers than T-VEC, in which the entire ICP34.5 gene is 
deleted.

Pancreatic cancer

Pancreatic cancer is responsible for a small percentage of all 
cancer deaths, but these cancers are difficult to treat because 
they spread rapidly and are often diagnosed at a late stage.92 A 
potential treatment option involves oncolytic viruses, which 
have a different mechanism involving specific cell targeting 
and lysis, as compared with traditional chemotherapeutics that 

Table 3. Recent clinical trials on HSV-1-based cancer therapy.

TyPES oF 
CANCER

THERAPy PHASE STUDy PERIoD TARGET 
SAMPLE SIZE

STUDy oBJECTIVES TRIAL No.

Cerebellar brain 
tumor in children

G207 (ICP34.5 
deletion and ICP6 
replaced by 
Escherichia coli LacZ)

I 2019-2023 15 Evaluate safety NCT03911388

Glioblastoma C134 (ICP34.5 
deletion and human 
cytomegalovirus IRS1 
expression)

I 2019-2024 24 Evaluate safety and 
characterize the 
activity of C134

NCT03657576

M032 (ICP34.5 
deletion and human 
IL-12 expression)

I 2014-2022 36 Evaluate safety and 
tolerability of the 
maximum dose

NCT02062827

Melanoma T-VEC (now approved 
by FDA)

III 2009-2014 437 Compare efficacy and 
safety of T-VEC 
combined with 
granulocyte-
macrophage colony-
stimulating factor

NCT00769704

T-VEC
Ipilimumab

IB/II 2013-2019 217 Evaluate safety and 
compare efficacy of 
combined therapy 
versus T-VEC alone

NCT01740297

Melanoma, Merkel 
cell carcinoma, or 
other solid tumors

T-VEC
Radiotherapy

II 2016-2019 34 Compare efficacy of 
the combined therapy 
versus T-VEC alone

NCT02819843

Non-central 
nervous system 
solid tumors

HSV1716 I 2010-2018 18 Evaluate safety NCT00931931

Pancreatic cancer HF10
Gemcitabine
Erlotinib

I 2013-2020 9 Evaluate safety UMIN000010150

HF10
Gemcitabine
Nab-paclitaxel

I 2017-2020 76 Determine 
recommended dose of 
HF10 in combination 
therapy

NCT03252808

Prostate cancer 
(castration-
resistant)

G47Δ I 2013-2016 9 Evaluate safety and 
efficacy

UMIN000010463

Abbreviations: FDA, U.S. Food and Drug Administration; HSV, herpes simplex virus; T-VEC, Talimogene Laherparepvec.
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destroy large sections of tumors and tumor cells, including the 
surrounding normal cells. The combination of oncolytic viruses 
and chemotherapy may more efficiently treat pancreatic cancer, 
especially when chemotherapy cannot be administered at high 
doses due to its toxicity to normal cells.93

An oncolytic virus that is currently being tested in clinical 
trials is HF10 that resulted from a spontaneous mutation of an 
HSV-1 laboratory strain (Figure 4). HF10 lacks expression of 
UL43, UL49.5, UL55, UL56, and LAT genes. In addition, 
HF10 has a partial or complete duplication of a few genes, as 
well as altered amino acid sequences in proteins expressed by 
several other genes (Figure 4C).94,95 In a phase I clinical trial, 
10 patients with inoperable pancreatic cancer were treated with 
a combination of HF10 and the chemotherapeutics erlotinib  
(a tyrosine kinase inhibitor targeting epidermal growth factor 
receptor) and gemcitabine (a nucleoside analogue). This treat-
ment did not cause chronic side effects in patients. It also led to 
antitumor acquired immunity in the longest surviving patient 
(3 years as compared with 15.5 months overall survival).96 
These results support that HF10 is a potential candidate for 
virus-based cancer therapy. Further studies are needed to deter-
mine the effectiveness of this treatment on pancreatic tumors 
in a larger population of patients.

Pediatric and young adult cancers

Treatment of cancer in pediatric (0-12 years) and young  
(13-19 years) patients is challenging because anticancer drugs 
have long-term toxic effects in these populations than adults.97 
Also, there are limitations on drug usage for these groups. An 
alternative treatment for these patients could be HSV1716, 
described earlier. To determine the safety of HSV1716, a study 
was conducted in 9 patients (8-30 years old) with different 
types of non-CNS solid tumors. Most patients demonstrated 
efficient virus replication indicated by detection of anti-HSV-1 
antibodies in peripheral blood and conversion from seronega-
tive to seropositive status. HSV1716 was determined safe to 
use in young patients as a cancer therapy because no severe 
adverse events or dose-limiting toxicities were reported.98 
Thus, there is evidence that HSV1716 could be an effective 
alternative to treating different types of cancer in young 
patients, including highly invasive cancers.

Limitations of using HSV-1 in cancer therapy

Herpes simplex virus 1 vectors may be a promising therapy for 
cancer, but this approach does not come without limitations. 

Figure 4. Schematic diagram of HSV-1 genomes. (A) WT HSV-1 has unique sequences flanked by repeated sequences. (B) T-VEC lacks the gene that 

encodes ICP34.5 and replaces ICP34.5 with the gene that expresses human GM-CSF. (C) The HF10 genome has partial or completely inverted 

duplication of UL52-UL56 genes replacing a 2295-bp segment in the TRL region. In addition, UL43, UL49.5, and UL55 genes are not expressed due to 

frame-shift mutations caused by deletion of UL56 and LATs at the UL56-IRL junction. GM-CSF indicates granulocyte-macrophage colony-stimulating 

factor; IRL, internal repeat long; IRS, internal repeat short; LATs, latency-associated transcripts; TRL, terminal repeat long; TRS, terminal repeat short; 

T-VEC, Talimogene Laherparepvec; UL, unique long; US, unique short; WT HSV, wild-type herpes simplex virus.
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For example, the genetically modified oncolytic HSV vectors 
do not replicate efficiently, especially in the tumor microenvi-
ronment, as compared with the parental virus they were derived 
from, which limits their spread among tumor cells. Another 
limitation is the preexisting immune response which can 
impede the replication efficiency of oncolytic viruses. One 
strategy for overcoming this limitation is administering a com-
bination of oncolytic virus and immunotherapy, chemotherapy, 
or radiotherapy. Several ongoing clinical trials raise hope for 
more efficient treatment of cancer with HSV-1-based thera-
pies (Table 3). The current opinion in the field is that HSV-
based vectors are oncolytic as well as immunotherapeutic 
because oncolytic viruses have been shown to boost cytotoxic 
T-cell-mediated immune response by lysis of tumor cells or 
by neo-antigens generated from virus- or mutation-specific 
proteins.99-101 However, the studies presented demonstrate that 
these have great potential for becoming approved, oncolytic 
therapies.

Herpes simplex virus 1 has been thoroughly characterized 
and manipulated to produce promising vectors for gene ther-
apy. We have not discussed HSV-based vectors for vaccines as 
this topic is quite comprehensive and there are some excellent 
research studies published recently about the advances in vac-
cine development.102-104

Summary
Herpesviruses are species-specific pathogens that have 
coevolved with their host species. Over millennia, they have 
developed tropism for specific cell types and unique character-
istics, such as latency, reactivation, and, for HSV, the ability to 
cross a disrupted blood-brain barrier. Herpes simplex virus 
vectors have several advantages over the current tools available 
for treating neurological conditions and cancer. They can 
evade the host’s immune system, selectively target cells for 
infection, and can carry larger transgenes than other viral-
based vectors. With their huge potential for manipulation, 
herpesvirus-based vectors are now being tested as potential 
treatments for various disorders, largely as part of novel com-
bination therapies. These vectors are not only a valuable tool 
for therapeutics but also for analyzing migration patterns of 
humans and the epidemiology of herpesviruses. Thus, herpes-
viruses are highly adaptable for treating human disease and 
studying virus and human evolution.
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