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Abstract: The use of oncolytic viruses to treat cancer is based on the selection of tropic tumor 

viruses or the generation of replication selective vectors that can either directly kill infected tumor 

cells or increase their susceptibility to cell death and apoptosis through additional exposure to 

radiation or chemotherapy. In addition, viral vectors can be modified to promote more potent 

tumor cell death, improve the toxicity profile, and/or generate host antitumor immunity. A variety 

of viruses have been developed as oncolytic therapeutics, including adenovirus,  vaccinia virus, 

herpesvirus, coxsackie A virus, Newcastle disease virus, and reovirus. The clinical development 

of oncolytic viral therapy has accelerated in the last few years, with several vectors entering 

clinical trials for a variety of cancers. In this review, current strategies to optimize the thera-

peutic effectiveness and safety of the major oncolytic viruses are discussed, and a summary 

of current clinical trials is provided. Further investigation is needed to characterize better the 

clinical impact of oncolytic viruses, but there are increasing data demonstrating the potential 

promise of this approach for the treatment of human and animal cancers.
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Introduction
Viruses provide a unique platform for the treatment of cancer. Viral infection has 

intrinsic cytopathic effects, inducing cell death and mediating cellular dysfunction. 

In addition, the viral genome can easily accommodate modifications that increase 

viral tropism to neoplastic cells, enhance selective viral replication and lytic capacity, 

alter viral pathogenicity, and induce host antitumor immunity. These features are the 

foundation for the use of viruses in cancer therapeutics. The ability to generate virions 

rapidly and genetically engineer additional genes that promote antitumor immunity, 

increase tumor cell susceptibility to ionizing radiation or cytotoxic chemotherapy, and 

increase patient safety, are all major advantages of oncolytic viruses.

Within the past decade, the feasibility of oncolytic viruses has been nicely 

demonstrated in numerous preclinical tumor models, with clinical evidence of their 

therapeutic effectiveness in early-phase and late-phase clinical trials. By taking these 

modified oncolytic viruses from bench to bedside and back again, the field has seen 

rapid advancements in the treatment of numerous solid and hematological cancers. 

Currently in the United States, several oncolytic platforms are undergoing Phase III 

clinical trials, including but not limited to, granulocyte-macrophage colony-stimulating 

factor (GM-CSF)-expressing herpes simplex virus type 1, vaccinia, and reovirus. 

 Furthermore, a modified adenovirus, H101 (Sunway, Shanghai, People’s Republic of 

China), was approved in the People’s Republic of China after a Phase III trial showed 
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that patients with advanced head and neck squamous cell 

 carcinoma treated with H101 and chemotherapy demon-

strated a 79% objective response rate compared with a 40% 

response rate with chemotherapy alone.1 However, this 

trial did not report overall survival. While the feasibility 

of oncolytic viruses has been demonstrated in numerous 

preclinical tumor models, clinical evidence of therapeutic 

effectiveness has been largely confined to several small 

early-phase clinical trials. Despite these encouraging devel-

opments, there are several challenges to the use of viral 

vectors in cancer patients, including innate host antiviral 

immune responses, pathogenicity of some viral vectors, 

and incomplete targeting to all sites of established tumors.

Recent advances in viral genome sequencing and elu-

cidation of viral protein function, combined with a better 

understanding of tumor genetics and tumor immunology, 

have renewed enthusiasm for oncolytic virus therapy. Ele-

ments of tumor tropism determinants have been better 

characterized, resulting in improved tumor targeting and 

increased lytic properties to produce oncolytic vectors with 

tumor-specific virulence. The ability to delete pathogenic 

viral genes has added an element of increased safety for the 

clinical development of oncolytic viral therapy in the clinic. 

Furthermore, progress in understanding the genetic basis 

of individual tumor cells and new insights into the interac-

tion between tumor cells and the host immune system have 

aided in designing optimal clinical trials and new therapeutic 

strategies. This review describes both the advantages and 

disadvantages of some of the more commonly utilized viral 

vectors (Table 1) and the preclinical strategies being used to 

improve their therapeutic potential. In addition, this review 

highlights some of the important clinical trials (Table 2), 

and briefly discusses some of the future directions for this 

emerging area of oncolytic virus therapy.

Oncolytic adenovirus
Basic virology
The adenovirus is a nonenveloped, linear, double-stranded 

DNA virus with a genome size of approximately 30–38 kb. 

These viruses consist of 60–90 nm nonenveloped particles 

with icosahedral symmetry. The virus was initially isolated 

from adenoid cell cultures in the 1950s, and was thus named 

“adenovirus”. Adenoviruses are composed of 52 distinct sero-

types, which can be categorized into five subgroups (A to F) 

based on their ability to agglutinate red blood cells and their 

oncogenic potential in rodents. Viruses in subgroup A are 

characterized by induction of tumors with a short latency, 

whereas viruses in subgroup B are only weakly oncogenic. 

Adenoviruses in subgroup C, including the well defined 

adenovirus-2 and adenovirus-5, and subgroups D, E, and 

F, are nononcogenic. Human adenoviruses can transform 

rodent cells, but are not oncogenic in human cells. Viral par-

ticles enter cells slowly through a two-stage mechanism that 

involves interaction of a capsid fiber protein with a variety 

of cell surface receptors, including major histocompatibility 

complex class I molecules and the coxsackie virus and adeno-

virus receptors (CAR). Internalization is mediated by cellular 

integrins through a receptor-mediated endocytic process that 

releases viral particles into the cytoplasm. The virus then 

sequentially uncoats, releasing a spherical particle that enters 

the nucleus as a viral DNA-histone complex. Viral replication 

occurs in the nucleus of infected cells in an early and late 

phase. Viral DNA replication is regulated by virus-encoded 

transacting regulatory elements. The immediate early phase is 

characterized by transcription of the E1A gene that is required 

for transcriptional activation of early genes. The early genes 

include E1B, E2A, E2B, E3, E4, and several other virion pro-

teins. The E1B and E1A proteins cooperate to transform cells 

by forming a complex with the retinoblastoma gene product, 

pRb and p53, respectively. E3 protein products include several 

proteins that modulate apoptotic processes in effector T cells 

and help the virus escape immune-mediated clearance. The 

late genes largely encode additional virion proteins.

The virus is ubiquitous in human and animal populations 

and is endemic throughout the year. Adenovirus transmis-

sion occurs through the fecal-oral and aerosol routes, and 

can also be transmitted through direct contact with blood or 

inoculation to the conjunctiva. Human infection generally 

involves the respiratory system, gastrointestinal tract, and 

the eye. Typical adenovirus infections are asymptomatic in 

immunocompetent adults, with most individuals demon-

strating antiviral immunity with detectable antiadenoviral 

antibody titers by the age of 15 years. The virus may cause 

limited respiratory, gastrointestinal, or ocular illnesses in 

newborns and immune-suppressed patients. Adenoviruses 

can infect a variety of cell types, and it is possible to delete 

genes involved with replication and insert genes encoding 

metabolic, enzymatic, or immune-modulating genes for 

gene therapy purposes. The ease of genetic manipulation has 

made the adenovirus popular for therapeutic development, 

but strong and often pre-existing adenovirus immunity limits 

the effectiveness of these vectors.

Preclinical optimization
Replicating adenoviruses have so far demonstrated limited 

efficacy as single therapeutic agents in the clinical setting.2 
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In the 1950s, early clinical trials investigating the therapeu-

tic potential of nonengineered oncolytic adenoviruses were 

carried out in patients with cervical cancer.3 Of the various 

adenovirus particles administered, only live viable virus 

showed tumor necrosis, while tissue culture fluid or heat-

inactivated virus had no effect. In addition, early studies 

evaluated various routes of virus delivery (ie, intratumoral 

injection, arterial infusion into the tumor, a combination of 

the two, or intravenous injection), and no significant toxicities 

were reported with the different routes. In these early trials, 

only limited clinical responses were observed, and all patients 

eventually succumbed to their cancer.3 Recent progress in 

the genetic manipulation of adenoviruses and combination 

studies with other therapeutic modalities has started to show 

more promising results.

One reason for the lack of efficient therapeutic response 

associated with early conditionally replicative adenoviruses 

can be the absence of the primary adenovirus receptor (CAR) 

on some cancer cells, as has been reported in gastrointesti-

nal, pancreatic, ovarian, and hormone-refractory prostate 

cancers. The use of adenoviruses have also been associated 

with less potent antitumor immunity, which may be based, 

in part, on the high frequency of pre-existing antiadenoviral 

antibody responses in humans. Specific strategies to enhance 

CAR-independent transduction of conditionally replicative 

adenovirus-refractory cancer cell types and improve tumor-

specific immunity have utilized modifications to the viral coat 

to induce better cancer selectivity and provide proinflamma-

tory signals. Among the factors used are viral fiber modifica-

tions, switching serotypes, constructing mosaic vectors, and 

bridging molecule-based targeting. Adenovirus-35 is a strain 

that utilizes CD46, rather than CAR, as the primary recep-

tor for initial adsorption and entry.4,5 The tumor tropism of 

adenovirus-35 has been used to construct a more selective 

vector for viral delivery. Another strategy that has been evalu-

ated in preclinical models is modification of various capsule 

regions, typically in the “knob” domain, which augments the 

affinity and oncolytic effects of the virus in CAR-negative 

cancer cell lines. For example, an effective fiber modifica-

tion incorporated a partial peptide sequence of fibronectin 

containing an argine-glycine-aspartate-4C (RGD-4C) motif 

into the H1 loop of the fiber-knob region and was found to 

enhance the oncolytic effects in CAR-negative pancreatic 

cancer and other gastrointestinal tumor cell lines.6–8

Investigators have also combined new adenoviruses 

and capsule modifications to generate mosaic vectors that 

employ multiple binding motifs from different parental 

viruses, and these vectors may also incorporate additional 

targeting peptides. These pseudotyped or genetically modi-

fied adenoviruses take advantage of a wider host cell range 

with higher transduction efficiency compared with vectors 

that target a single receptor. This enhanced infection of 

mosaic conditionally replicative adenoviruses has resulted in 

augmented oncolytic effects.9 Another approach for enhanc-

ing adenovirus targeting is the use of high affinity antibodies 

to target specific receptors on the tumor cell surface. A novel 

strategy utilized an antibody fusion construct in which one 

antibody targeted an adenovirus capsid protein and the other 

targeted the folate receptor, a ligand overexpressed on the 

surface of ovarian, lung, breast, and brain tumor cells.10 

This vector demonstrated enhanced selectivity and stronger 

adenovirus affinity for the targeted cell.10–12 A drawback to 

this method is the loss of antibody fusion on viral progeny, 

limiting the ability to amplify targeting throughout the tumor 

microenvironment.10,13

Further regulation of adenovirus target cell specificity can 

be accomplished by introducing mutations in essential viral 

replication genes that restrict replication in normal cells but 

allow replication in cancer cells. For example, the ONYX-

015 adenovirus contains a deletion of the E1B transforming 

region, which sequesters its replication to cancer cells that are 

deficient in normal p53 function.14–16 Tumor specificity is fur-

ther reinforced in ONYX-015 with its late viral RNA export, 

which restricts viral replication to tumor cells with aberrant 

cellular antiviral defenses.17 Another adenovirus adaptation 

for cancer-specific targeting involves use of a selective 

promoter-based conditionally replicative adenovirus, in 

which a tumor-specific promoter controls expression of the 

viral genes necessary for replication. As a result, the virus 

can replicate only in cells where the controlling promoter is 

active. For example, CN706 possesses a prostate-specific 

antigen promoter-driven E1 expression cassette, which limits 

replication of conditionally replicative adenovirus to prostate 

cancer cells in an androgen-dependent manner.18

An important goal in adenovirus gene therapy for cancer 

is amplification of the viral infection to nearby uninfected 

cells, in some cases through direct infection by progeny 

virions and in other cases through a bystander effect.19,20 

Intrinsic barriers within the tumor microenvironment, such 

as dense intratumoral connective tissue and induction of 

antiviral immunity, can impair these processes.  Alteration 

of the microenvironment by administering exogenous 

enzymes directly to the tumor or by equipping viruses to 

encode recombinant enzymes can facilitate viral spread. For 

example, delivery of a hyaluronidase-expressing oncolytic 

adenovirus showed improved dissemination and therapeutic 
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activity in a human melanoma xenograft model by enzy-

matically targeting hyaluronan, a sulfated glycosaminogly-

can component of the tumor extracellular matrix.21 Another 

approach that has been used to enhance viral potency has been 

to arm a conditionally replicative adenovirus with transgenes 

that promote antitumor activity through other mechanisms, 

including use of antiangiogenesis and immunostimulatory 

genes.22–25 Evasion of the immune system has been accom-

plished by the use of chemical polymers or polyethylene 

glycol to coat conditionally replicative adenoviruses, which 

in turn increased local virus delivery to tumor sites.26,27 While 

these approaches have demonstrated therapeutic activity in 

murine models, only a few have entered clinical trials, and 

these will be described later.

Oncolytic vaccinia virus
Basic virology
Vaccinia virus is a member of the poxvirus family and exists 

as an enveloped viral particle that contains a linear double-

stranded DNA genome. The poxviruses are among the larg-

est mammalian viruses, and the genome consists of a nearly 

200 kb genome. The vaccinia genome is regulated by a series 

of early, early/late, and late viral promoters that control initial 

uncoating, DNA replication, and reassembly of immature 

virion particles. In contrast with adenovirus, the entire life 

cycle of vaccinia replication occurs in the cytoplasm, and this 

abrogates concern about insertional mutagenesis when infect-

ing cells with vaccinia. Viral replication is generally rapid, 

with cell lysis typically complete within 7 hours of infection. 

Vaccinia also encodes proteins that halt cellular transcrip-

tion and translation, as well as proteins that interfere with 

interferon-gamma to help the virus evade immune  detection. 

Vaccinia virus naturally displays tropism towards a wide 

range of mammalian and nonmammalian cell types, making 

it an attractive vector for experimental use. Vaccinia virus is 

considered a minor human pathogen and has been associated 

with severe skin reactions in patients with eczema and can 

cause systemic illness in immunocompromised individuals. 

The virus induces a potent immune response that consists of 

neutralizing antibodies and T cell responses. Vaccination is 

associated with long-lived memory responses as well. The 

strong immune response can enhance antitumor immunity 

but also limits the ability to provide booster vaccinations in 

patients with pre-existing antivaccinia immunity.

Vaccinia virus is well characterized as a vaccine and was, 

in fact, the first vaccine used in humans to prevent smallpox. 

The low toxicity and effectiveness of the vaccine as a preven-

tive agent has been considerable, in that smallpox has been 

globally eradicated as a disease. The success of the smallpox 

eradication program depended on several factors, but notably 

the potent immunogenicity and safety profile of vaccinia virus 

and the stability of the virus even at room temperature, which 

allowed for widespread effective immunization throughout 

the world. Even though most cancer patients born before 

1976 and military personnel have received vaccinia virus 

as a live smallpox vaccine, the potential for pre-existing 

immunity against the virus has not posed a serious barrier 

to either intralesional or systemic delivery of this oncolytic 

virus to cancer patients previously exposed to the vaccinia 

vaccine. The large size of the vaccinia genome, the presence 

of nonessential viral genes, the wide host range, cytoplasmic 

replication, and vector stability all make vaccinia an attrac-

tive virus for expression of recombinant genes. Numerous 

prokaryotic genes are expressed by vaccinia, which can then 

be used as a vaccine against microbial organisms harbor-

ing the encoded prokaryotic gene products. Expression of 

eukaryotic genes is also possible, and this has been exploited 

for cancer therapy by encoding tumor-associated antigens, 

cytokines, T cell costimulatory molecules, and other genes 

under the control of a vaccinia promoter.

Preclinical optimization
Similar to adenoviruses, deletion of viral virulence genes and 

functional domains in vaccinia virus can be used to gener-

ate tumor-targeting strains of vaccinia with enhanced cell 

specificity. For example, deletion of the nonessential viral 

thymidine kinase gene results in selective replication in neo-

plastic cells. Deletion of other genes, such as vaccinia growth 

factor, vaccinia type I interferon-binding protein (B18R), 

double-stranded RNA-binding proteins (E3L), and viral 

serpins (B13R and B22R), also increase the effectiveness of 

oncolytic vaccinia viruses by attenuating infection in normal 

cells and limiting antivaccinia immunity.28 The deletion of 

both viral vaccinia growth factor and thymidine kinase genes 

further restricts virus replication to malignant cells harboring 

epidermal growth factor receptor mutations, because vac-

cinia growth factor depends on the epidermal growth factor 

receptor to activate thymidine kinase production and induce 

cellular proliferation.29,30 Vaccinia B18R encodes a soluble 

type I interferon-antagonizing protein that can attenuate viral 

immunogenicity. Vaccinia with deleted B18R has been shown 

to confer tumor-selective targeting properties.31–33 The full 

potential of deleting vaccinia genes has not been completely 

explored, and progress in defining the functional properties 

of these genes and the potential use of additional viral gene 

deletions is an area of active investigation.
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Recombinant vaccinia vectors encoding tumor-associated 

antigens have demonstrated antitumor activity in murine 

tumor models.34,35 A new generation of oncolytic vaccinia 

viruses coexpressing tumor antigens and a variety of proin-

flammatory cytokines have shown improved therapeutic 

responses and induction of tumor-specific immunity in ani-

mal models and early-phase clinical studies.30,36–38 Induction 

of antitumor immunity is likely aided by oncolytic-mediated 

cell death and release of tumor antigens and danger signals, 

such as ATP and high mobility group box-1, into the extra-

cellular microenvironment.39 Viral-mediated oncolysis that 

induces release of these and other immunogenic signature 

molecules (eg, calreticulin) during cell death can promote an 

antitumor immune response and be further enhanced by viral 

expression of immunomodulatory transgenes (eg, GM-CSF). 

The potential benefit of this approach was initially reported 

for a recombinant vaccinia virus encoding GM-CSF that 

abrogated formation of B16 melanoma tumors in mouse 

models.30,40 The role of GM-CSF in promoting proliferation 

of monocyte-derived suppressor cells suggests that caution 

may be needed when using GM-CSF to enhance the immu-

nostimulatory properties of vaccinia and other viruses.41 

However, the strong immune stimulus provided by vaccinia 

virus and oncolytic cell death induced by infection may allow 

GM-CSF to induce tumor immunity preferentially when 

delivered by vaccinia virus. In addition to GM-CSF, other 

cytokines have been used in recombinant vaccinia vectors, 

including type I interferons, interleukin (IL)-2, IL-12, and 

both IL-2 and IL-12.36,42–44

Tumor rejection can be dependent on induction of 

tumor-specific T cell responses, and another strategy that 

has been explored is use of vaccinia virus expressing T cell 

costimulatory molecules.45 T cells require two signals for 

activation: one provided by antigen which is recognized by 

the T cell receptor after being processed into smaller pep-

tide fragments and loaded onto a class I or class II major 

histocompatibility complex molecule for CD8+ and CD4+ T 

cells, respectively; and the second signal for T cell activation 

is provided by CD28, a T cell surface receptor that binds to 

B7.1 and B7.2 found on the surface of antigen-presenting 

cells. Other costimulatory molecules include 4-1BB, OX40, 

intercellular adhesion molecule-1, LFA-3, and ICOS, and 

these have been incorporated into vaccinia viruses in tan-

dem with tumor antigens or alone for an oncolytic vector 

that can be directly injected into tumors.46,47 These vectors 

have demonstrated significant therapeutic effects, and can 

induce strong tumor-specific T cell responses in vivo. As 

discussed below, this concept has been tested in Phase I 

clinical trials in which vaccinia virus expressing B7.1 or a 

triad of costimulatory molecules, including B7.1, intercel-

lular adhesion molecule-1, and LFA-3, was injected into 

accessible metastatic melanoma lesions.48,49

Oncolytic herpes simplex virus
Basic virology
Herpes is derived from the Greek word herpein, meaning 

“to creep”, and describes the creeping or spreading nature 

of the skin lesions often associated with herpes infection. 

The herpes family can be subdivided into three major sub-

families that include alpha-herpes, beta-herpes, and gamma-

herpes viruses, as well as some genera that are not otherwise 

 classified. The alpha-herpes viruses include the simplex and 

varicella species. These viruses are a major cause of human 

disease, which generally manifests as skin lesions and rashes. 

Infection typically occurs in the mucosal surface and results in 

skin-related vesicular lesions. The viruses can enter peripheral 

neurons through a process called retrograde axoplasmic flow, 

where the virus can stay for many years and become reacti-

vated. Lymphocytes and macrophages are also susceptible to 

herpesvirus infection and may serve as a latent reservoir for 

viral particles. Herpes simplex virus type 1 is well known as a 

minor human pathogen and is responsible for the familiar cold 

sore. The virus consists of three major structural components, 

ie, a central core where viral DNA sits, a surrounding envelope 

composed of glycoproteins and host cell membrane frag-

ments, and a capsid. There is an area known as the tegument 

between the capsid and envelope, containing proteins that 

are released into infected cells following viral entry. Herpes 

simplex virus type 1 is a double-stranded DNA virus with a 

genome size of approximately 152 kb. Viral replication occurs 

in the nucleus, but insertional mutagenesis does not occur. 

The large size of the herpes simplex virus type 1 genome, 

which includes expanses of noncoding regions (approximately 

30 kb nonessential nucleotides), and the lack of insertional 

mutagenesis makes it an attractive vector for recombinant 

oncoltytic therapy development.

Herpes simplex virus causes lytic and latent infections, 

with viral replication generally occurring within 15 hours 

of exposure. In the lytic phase, the virus typically infects 

mucosal epithelial cells, with type 1 more common in the 

oral cavity and mouth, and type 2 more common in the 

genitalia, although both types may infect any mucosal cells. 

Epithelial cell entry occurs through binding of viral surface 

glycoproteins (gB, gC, and gD) to host cell entry receptors. 

To date, three entry receptors have been described, includ-

ing heparan sulfate, herpesvirus entry mediator, and nectins. 
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Herpesvirus entry mediator is a member of the tumor necrosis 

factor superfamily and is highly expressed on natural killer 

and naïve CD8+ T cells, and can be found at lower levels 

on CD4+ T cells, dendritic cells, B cells, fibroblasts, and 

epithelial cells. Nectin-1 and nectin-2 are members of the 

immunoglobulin superfamily and are found on epithelial 

cells, neurons, and fibroblasts. Following infection, the 

mucosal epithelial cell is lysed, releasing progeny viral par-

ticles. Latent infection occurs when virions enter sensory 

neurons, where replication is infrequent because these cells 

do not divide. During latent infection, latency-associated 

transcripts are expressed and encode proteins that promote 

neuron and viral survival, and are needed for reactivation of 

the viral infection. Reactivation occurs at times of stress and 

exposure to heat, ultraviolet light, fever, hormonal changes, 

and nerve trauma. The viral particles travel in an antegrade 

manner back to the epithelial cells to form the characteristic 

herpetic lesions. Herpes viruses induce immune responses, 

and most adults do have evidence of neutralizing antibody 

titers against herpes simplex virus type 1.

Preclinical optimization
Attenuation of virulence and enhancement of the tumor 

cell-selective properties of herpes simplex virus type 1 have 

been achieved by deletion of various gene determinants 

responsible for viral pathogenicity and immunogenicity. 

Deletion of the gamma-34.5 gene product inhibits the inter-

feron/double-stranded RNA-dependent protein kinase R 

response mechanism, which naturally impairs host antiviral 

immunity. In addition, removal of the ICP34.5 gene (the 

so-called “neurovirulence factor”) abrogates the ability of 

the virus to replicate preferentially in neurons, but is dis-

pensable for its growth in other cells. Given that tumor cells 

often have a disabled antiviral response pathway, loss of 

antiviral response genes provides the modified herpesvirus 

with improved tumor-selective replicative ability. Deletion 

of the herpes ICP47 gene can improve antigen presentation 

by major histocompatibility complex class I molecules. The 

ICP47 gene product normally interferes with the transporter 

associated with antigen processing machinery and results in 

downregulation of major histocompatibility complex class 

I on the surface of cells infected with herpes simplex virus. 

This helps the virus evade immune detection, and deletion of 

ICP47 results in increased immunogenicity. Further improve-

ments in oncolytic activity were seen by early expression of 

the herpes simplex virus unique short 11 (US11) gene, which 

was placed under an early/immediate, rather than a late, 

herpes simplex virus promoter. US11 blocks protein kinase 

R phosphorylation and early  expression prevents protein 

kinase R phosphorylation, which can otherwise be induced 

by viral transduction and result in more rapid viral clearance. 

Oncolytic herpes viruses have been developed based on dele-

tion of both the ICP34.5 and ICP47 genes and early expres-

sion of US11 to increase tumor selective replication and 

increase antitumor immunity. Herpes simplex virus tumor 

selectivity is enhanced further by gain-of-function mutations 

occurring in given oncogenes of the Ras-signaling pathway 

of transformed cells, whereby tumor cells with augmented 

Ras activation are significantly more susceptible to oncolytic 

herpes simplex virus infection than healthy cells with normal 

Ras signal transduction pathway physiology.50,51

While this vector induces oncolytic-mediated tumor 

regression, insertion of the gene encoding GM-CSF resulted 

in rejection of distant noninjected A20 tumors in mice, sug-

gesting the vector could induce potent local oncolytic effects 

and generate systemic antitumor immunity.52 The vector 

has been further developed, and is completing advanced-

phase clinical trials for patients with accessible metastatic 

melanoma.

A barrier to successful use of oncolytic herpes simplex 

virus is the ubiquitous antiviral response, which limits pro-

ductive spread and ongoing tumor destruction. Although 

seropositivity for herpes simplex virus is common and 

could prevent booster injections, preclinical and clinical data 

suggest that pre-existing antiherpes antibody titers do not 

appreciably impact therapeutic responses, which may relate 

to the intratumoral route of administration. Because local 

antiviral immunity may limit therapeutic efficacy, strategies 

to limit local immune response have been used to enhance 

the oncolytic activity of herpes simplex virus vectors. For 

example, cyclophosphamide has been used to block bone 

marrow-derived generation of inflammatory cells prior to 

administration of herpes simplex virus.53–55 Another approach 

is the use of agents either exogenously administered (eg, 

cilengitide, bevacizumab) or re-engineered into the virus (eg, 

vasculostatin) to inhibit vascular permeability or formation 

of neovasculature in the tumor to limit the extravasation of 

inflammatory cells into the tumor, and permit enhanced virus 

production in tumor cells.56,57

Oncolytic Newcastle disease virus
Basic virology
Newcastle disease virus (NDV) is an avian paramyxovirus 

and exists as an enveloped virus that contains a negative-sense 

double-stranded RNA genome that forms pleiomorphic par-

ticles ranging from 150 nm to 300 nm in size. Compared with 
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other oncolytic viruses, NDV contains a smaller genome 

slightly larger than 15 kb. NDV enters cells through direct 

fusion at the plasma membrane or through an endocytic 

pathway.58 The virus replicates in the cytoplasm of infected 

cells and so does not engage in insertional mutagenesis.59 In 

contrast with oncolytic viruses that have been engineered to 

target or replicate selectively in tumor cells, NDV maintains a 

natural preference for cancer cells.60 In particular, neoplastic 

cells that harbor defects in antiviral and apoptotic signal-

ing pathways are highly susceptible to NDV. NDV has also 

shown a propensity to induce significant antitumor immune 

responses in patients with advanced cancer.61,62 Although 

NDV causes a fatal illness in most bird populations, it does 

not cause disease in humans.

Preclinical optimization
NDV has consistently demonstrated selective replication 

in tumor cells and this is thought to be related to the lack 

of capacity of a transformed cell to produce an appropriate 

interferon response to viral infection.63,64 Nontransformed 

cells thwart NDV infection by establishing an early antiviral 

response via strong type I interferon responses and a func-

tional interferon-signaling cascade that prevents viral genome 

amplification. In contrast, tumor cells have a weaker type I 

interferon response and are unable to halt viral replication. 

Impairment of crucial antiviral pathways occurring after 

tumorigenesis appears to be rather common in cancer.63 

This makes tumor cells highly susceptible to NDV infection 

and the subsequent oncolytic effects that follow replicative 

infection; however, due to minimal oncolytic activity, viral 

modifications to enhance the lytic capabilities of NDV are 

the subject of current investigation.

Some NDV strains have been developed to elicit potent 

oncolytic capacity. The MTH-68/H strain showed beneficial 

effects in patients with advanced cancer.64,65 This strain 

exerts direct cytotoxicity in vitro against various tumor 

cell lines, suggesting that direct cytotoxicity and oncoly-

sis are key factors in the antitumor activity. NDV-induced 

apoptosis of infected tumor cells is the dominant mode of 

cytotoxicity, but activation of either the intrinsic or extrinsic 

apoptotic pathways is cell type-dependent.66 For instance, 

NDV-mediated cytotoxicity results in the production of 

tumor necrosis factor-α and tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL) in a tumor cell-specific 

and virus-specific manner, which then leads to activation of 

caspase 8.66 In many tumor cell lines, NDV infection leads to 

release of cytochrome C from the mitochondrion and causes 

activation of caspase 9, a hallmark of the intrinsic pathway.66 

Overall, activation of the intrinsic apoptotic pathway appears 

to play a major role in NDV-mediated cell death, but may 

also involve the extrinsic pathway, the endoplasmic reticulum 

stress pathway, receptor tyrosine kinase pathways, and/or 

various other pathways in a cell-dependent manner.

In addition to its direct cytolytic effects, the antitu-

mor activity of NDV is associated with activation of both 

innate and adaptive immunity. Induction of innate immu-

nity following NDV infection does not depend on viral 

replication and spread, but rather requires the presence 

of viral factors. The presence of NDV viral proteins (eg, 

hemagglutinin-neuraminidase glycoprotein) is sufficient to 

induce expression of interferon-α and TRAIL by monocytes 

and natural killer cells, as well as upregulation of enzymes 

and production of nitric oxide and tumor necrosis factor-α 

by macrophages.67–70 The release of this proinflammatory 

cytokine mediates the recruitment of natural killer cells, 

macrophages, and T cells into the tumor  microenvironment. 

Because NDV determinants can indirectly activate early 

immune cells through diffuse secretion of cytokines, they can 

also promote antigen-specific antitumor immune responses. 

Expression of viral hemagglutinin-neuraminidase and 

F glycoproteins on tumors following NDV infection leads 

to upregulation of T cell activation markers; expression of 

hemagglutinin-neuraminidase on antigen-presenting cells has 

been shown to augment cytotoxic T lymphocyte responses 

against infected tumor.71–74 These findings imply that NDV 

infection may overcome the suppressive effects of the tumor 

microenvironment and induce favorable proinflammatory 

antitumor responses. The important role of immunomodu-

latory cytokines during NDV infection of tumors in culture 

and in vivo have led to recombinant NDV vectors engineered 

to express cytokines to enhance local antitumor activity.75 

Other approaches have tried to enhance the intrinsic cytolytic 

properties of NDV via increased expression of native viral 

proapoptotic proteins (eg, F protein), inhibition of innate 

immune responses for enhancement of viral replication and 

cell-to-cell spread, tumor-associated antigens, and immunos-

timulatory cytokines (eg, GM-CSF, IL-2, and tumor necrosis 

factor-α).75

The importance of the immune response with oncolytic 

NDV vectors has been highlighted in murine tumor models.76 

Therapeutic activity can be seen with only a small dose of 

injected NDV, suggesting that therapeutic responses are not 

completely dependent on the oncolytic activity of the virus.77 

Further support for immune responses include the observation 

that infected tumor cells have the ability to be processed by 

dendritic cells, which can then prime T cells for  activation of 
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an antitumor response.78 Further, these NDV-initiated immu-

nogenic effects are stronger when the virus is applied locally 

compared with systemic administration.79,80  Oncolysates 

derived from tumor cells infected with the nonlytic Ulster 

strain of NDV have been used as an autologous tumor vac-

cine, known as ATV-NDV.76,78 The release of danger signals 

due to the presence of double-stranded RNA, activation 

of T cell costimulatory molecules by the NDV attachment 

protein, hemagglutinin-neuraminidase, and upregulation of 

major histocompatibility complex class I, and cell adhesion 

molecules on tumor cells can induce antigen-specific T cell 

responses. NDV-mediated immunogenicity promotes expres-

sion of type I interferons and chemokines, such as RANTES 

and interferon gamma-inducible protein 10, to activate fur-

ther the host immune response against the tumor.81–83 These 

potent immune-activating features of ATV-NDV are able to 

activate pre-existing antitumor and memory T cell responses, 

and this has been confirmed by delayed-type hypersensitivity 

responses following oncolytic infection.78

Oncolytic coxsackie virus
Basic virology
Coxsackie virus is an enterovirus belonging to the Picorna-

viridæ family of nonenveloped viruses containing a linear, 

positive sense, single-stranded RNA genome. Because RNA 

viruses replicate in the host cytosol without a DNA phase, 

insertional mutagenesis is not possible. Coxsackie viruses are 

divided into two subgroups, A and B, based on pathogenicity 

in mice. At least 23 serotypes of group A and six serotypes 

of group B have been described. Coxsackie viruses are 

considered to be a minor human pathogen. Young children, 

aged five years and under, are more susceptible to coxsackie 

virus A disease, often produced by serotype A16. Infection 

of individuals occurs mainly via entry through exposed 

areas, such as the skin and mucosal surfaces (ie, hands, feet, 

mouth, throat, and eyes). However, in most cases, infection 

is asymptomatic or elicits only mild disease associated with 

“common cold-like” symptoms.84–86 Various nonengineered 

strains of coxsackie virus from both groups are currently 

being tested as single oncolytic therapeutics or in combina-

tion with conventional chemotherapy drugs.

Preclinical optimization
In preclinical models, coxsackie virus B3 (CVB3) exhibited 

potent tumor cell lysis in a number of non-small cell lung 

cancer cell lines, even in cancer cells refractory to con-

ventional radiotherapy and molecular targeted therapies.87 

Furthermore, deployment of coxsackie viruses into the 

local tumor environment induced productive cell spread 

and promoted immunogenic cytotoxicity following tumor 

oncolysis. CVB3 infection elicited immunogenic changes 

in cancer cells associated with the release of extracellular 

ATP, exposure of calreticulin at the cell surface, and high 

mobility group box-1 translocation.87 These hallmark 

immunostimulatory markers can alter the repertoire of 

immune cells within the tumor microenvironment to pro-

mote immune-mediated tumor rejection.88 Recruitment of 

innate immune cells associated with direct lysis of tumor 

cells and priming of adaptive immunity was seen, includ-

ing an accumulation of activated natural killer cells and 

immunogenic dendritic cells.89,90

CVB3 was shown to convert dysfunctional dendritic 

cells into functional dendritic cells after ligation of retinoic 

acid-inducible gene-1-like receptors with the single-stranded 

RNA genome of coxsackie virus.91 The virus could also 

activate neutrophils to release interferon-β and antigen-

presenting cells and to induce cytotoxic T lymphocytes.92,93 

These immunostimulatory features of coxsackie virus in 

innate and adaptive immunity suggest that coxsackie viruses 

may be able to synergize its immunogenic effects with its 

direct oncolytic activities to promote tumor regression. 

CVA21, a native coxsackie virus vector that differs from 

CVB3 in the surface viral receptors it targets for adhesion, 

entry, and lytic infection, is currently in clinical trials, as 

described below.

Oncolytic reovirus
Basic virology
Reovirus (respiratory enteric orphan virus) is a naturally 

occurring, nonenveloped double-stranded RNA virus that is 

nonpathogenic in humans. The virus possesses potent onco-

lytic activity in various human tumor cells. While reovirus 

binds to ubiquitously expressed sialic acid on mammalian 

cells and is internalized, reovirus replicates only in tumors 

with a constitutively activated Ras-pathway.94 Further, the 

deregulated Ras signal transduction pathway in tumor cells 

leads to inhibition of protein kinase R autophosphorylation, 

which is a downstream effector molecule of the interferon 

signaling pathway and plays a major role in the host antiviral 

response. Protein kinase R inhibition precludes phosphory-

lation of the α-subunit of the translation initiation factor, 

which necessitates viral gene translation and would otherwise 

protect a normal cell from reovirus-mediated lysis. The abro-

gated viral defense pathway in numerous tumor cells permits 

productive cell-to-cell spread of reovirus progeny with high 

infectious capacity. For example, enhanced Ras signaling in 
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cancer cells: provides a favorable cellular environment that 

upregulates cathepsin lysosomal proteases to aid in  reovirus 

uncoating and processing; facilitates post-translational modi-

fication of viral proteins and their assembly into virions; and 

engenders viral spread because of augmented susceptibility 

of the transformed cell to reovirus-induced apoptosis at later 

stages of infection.95–99 With approximately half of known 

malignancies expressing a gain-of-function mutation in the 

Ras pathway, reovirus has been shown to be an ideal oncolytic 

agent against many different types of neoplastic cells.100–103 

The oncotropism and specific cytopathic effect of reovirus 

in Ras-transformed cells combined with its benign virulence 

in normal human tissues make reovirus a suitable candidate 

for oncolytic virus therapy, and may be more amenable to 

systemic delivery.

Preclinical optimization
Reovirus is inherently tumor-selective and has demonstrated 

negligible pathogenicity in vivo. Over the past decade, the 

preclinical efficacy of reovirus in treating multiple tumor 

types has been reported. Regression of a number of human 

cancer types, including colorectal, ovarian, brain, breast, 

bladder, pancreatic, prostate, and hematological malignan-

cies, has been observed following the administration of a 

single intratumoral reovirus injection (1 × 107 plaque-forming 

units) in SCID/NOD murine xenograft models.100,101,104–107 

Reovirus oncolysis of cancer cells is mediated mainly via 

the extrinsic apoptosis pathway.108–112 Depending on the 

tumor cell infected, reovirus-induced apoptosis uses dif-

ferent proapoptotic molecules to activate apoptosis. For 

example, the HeLa cell line requires NF-κB for apoptosis, 

while specific ovarian, breast, and lung cancer cell lines acti-

vate apoptosis via sensitization to TRAIL and activation of 

the death receptor pathway of apoptosis.108–110 The oncolytic 

efficacy in preclinical studies has led to several Phase I/II 

and Phase III clinical trials discussed below. Reovirus, like 

other oncolytic vectors, is subject to immune recognition 

and rapid clearance. Use of immunosuppressant drugs, such 

as cyclophosphamide and cyclosporine A, has been shown 

to potentiate oncolysis and increase reovirus replication in 

injected tumor tissue with enhanced reovirus-mediated tumor 

clearance.113

Clinical results of oncolytic  
virus therapy
Clinical development of oncolytic virus therapy began over 

a century ago and, since then, numerous trials have been 

initiated to treat hundreds of cancer patients with a variety 

of native, modified, and recombinant oncolytic viruses.114 

Overall, oncolytic virus therapy has been well tolerated, 

with largely minor and expected toxicity, and no evidence 

of uncontrolled or latent infection, household transmission, 

or malignant transformation.114,115 A number of clinical trials 

have combined oncolytic viruses with a second form of ther-

apy. These trials include widely used chemotherapeutics, such 

as cisplatin or radiation, and these trials have shown a high 

frequency of clinical responses.114 However, interpretation of 

these studies is hampered by the lack of randomized study 

designs and lack of more appropriate clinical endpoints, such 

as progression-free or overall survival. Table 2 lists current 

studies of oncolytic viruses for cancer, and we now describe 

in detail several of the more promising clinical trials.

JX-594 is an oncolytic, thymidine kinase-deleted vaccinia 

virus based on the Wyeth strain (Jennerex Biotherapeutics, 

San Francisco, CA, USA) that was engineered to express 

GM-CSF and LacZ (which encodes beta-galactosidase). The 

vector has shown promising clinical responses when deliv-

ered by intratumorally and systemically.38,40,116–118  Treatment 

with JX-594 induced antitumor immunity, as evidenced by 

regression of distant uninjected lesions, and appearance of 

tumor-infiltrating eosinophils, T cells, B cells, and mac-

rophages in injected lesions. Further studies have suggested 

that the oncolytic activity and transgene expression of JX-594 

are highly selective and mediated via several mechanisms, 

including activation of replication by epidermal growth factor 

receptor and Ras signaling, cellular thymidine kinase levels, 

and an abnormal interferon response in tumor cells.119

An oncolytic herpes simplex virus-1 vector with an 

ICP34.5 and ICP47 deletion and encoding human GM-CSF 

has yielded highly encouraging clinical data in Phase I and 

II clinical melanoma trials. The vector has been named tali-

mogene laherparepvec (TVEC, Amgen Inc., Sherman Oaks, 

CA, USA). The safety of this vector has been established in 

Phase I and II trials where a treatment regimen consisting 

of intratumoral injection of accessible, metastatic melanoma 

lesions resulted in mild fever and flu-like symptoms and 

injection site reactions, generally all low grade. In a multi-

institutional Phase II clinical trial, TVEC induced an objec-

tive clinical response in 28% of patients, and this included 

regression of both injected and noninjected lesions.120  

Oncolytic virotherapy was associated with development of 

peripheral and tumor-infiltrating MART-1-specific CD8+ 

T cell responses and a decrease in CD4+FoxP3+ regulatory 

T cells and monocyte-derived suppressor cells in the tumor 

microenvironment. Similar patterns of response were seen 

at distant noninjected lesions, but at a lower frequency, 
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suggesting that local oncolytic viral injections were able 

to induce melanoma-specific systemic immunity. Based 

on these results, an international, prospective, randomized 

clinical trial was conducted in which 460 patients with 

advanced melanoma were randomized in a 2:1 manner to 

treatment with TVEC or recombinant GM-CSF. The trial 

was closed to accrual in June 2011 and initial results are 

expected in 2013. A Phase II trial to combine TVEC with 

the anticytotoxic T lymphocyte A-4 monoclonal antibody, 

ipilimumab, is planned.

NDV was used to infect irradiated, autologous tumor 

cells to generate a vaccine (ATV-NDV) for the treatment of 

patients with advanced colorectal cancer. In this nonrandom-

ized Phase II study, patients with Duke’s B or C colorectal 

cancer with enough tumor cells available for vaccination were 

randomized to NDV-infected cells or BCG-infected cells. An 

improvement in survival was reported for patients receiving 

the ATV-NDV vaccine.121 Other early-phase clinical trials 

with this vaccine have been reported in patients with breast 

cancer, colorectal cancer, glioblastoma, and head and neck 

squamous cell carcinoma.122,123 A clinical trial utilizing the 

ATV-NDC vaccine combined with bispecific monoclonal 

antibodies that function as CD3 and CD28 agonists at the 

tumor site demonstrated significant antitumor activity.76,124 

Further trials with NDV have evaluated combinations with 

low-dose IL-2 and interferon-α. Clinical studies demonstrate 

that adjuvant vaccination with autologous NDV-modified 

cancer cells is safe and appears to confer extended benefit 

in uncontrolled studies; however, further prospective and 

randomized clinical trials will be needed to define the role 

of NDV vaccination in cancer.

Coxsackie virus A21 (CVA21, Cavatak™, Viralytics, 

Sydney, Australia) exhibits potent oncolytic activity both 

in vitro and in vivo against a number of human cancers, 

including melanoma, multiple myeloma, breast cancer, pros-

tate cancer, and malignant glioma.125–128 Cavatak has com-

pleted Phase I clinical evaluation in patients with advanced 

stage melanoma, breast cancer, prostate cancer, and head 

and neck cancer.125–128 CVA21 tumor tropism of susceptible 

cells requires interaction between CVA21 and intercellular 

adhesion molecule-1, along with a secondary receptor, 

decay-accelerating factor, for cellular entry and infection of 

CVA21 in cancer cells.125–128 These CVA21 entry molecules 

are commonly unregulated on the surface of many cancer 

cells. Their high expression levels on tumors serve as suitable 

receptors for cancer selectivity of the virus and are positively 

correlated with coxsackie virus-induced oncolytic activity.129 

A potential barrier to effective therapy is the existence of pre-

existing immunity against the native virus. However, in one 

small clinical trial, only a few patients (three of 21) exhibited 

low anti-CVA21-protective antibody titers.130 Serum from 

individuals who were seropositive for CVA21 failed to show 

cross-neutralization to other group A coxsackie viruses, ie, 

A13, A15, or A18.130 Thus, prime-boost strategies utilizing 

alternate strains of coxsackie A virus might be one approach 

to increase antitumor immunity and therapeutic responses 

with oncolytic coxsackie viruses.130

Sixteen Phase I and Phase II studies of Reolysin®, a native 

reovirus, injected intralesionally or systemically, have been or 

are currently being conducted in adult patients with central 

nervous system and extracranial solid tumors.103 The virus 

is being tested as a monotherapy or in combination with 

chemotherapy or radiation therapy. Objective responses and 

disease stabilization have been reported, with few side effects, 

ranging from flu-like symptoms to mild gastrointestinal 

symptoms to neutropenia. Phase I dose-escalation studies 

using intravenous administration as monotherapy or com-

bined with chemotherapy, including gemcitabine, docetaxel, 

and carboplatin/paclitaxel, or combined with radiotherapy, 

have been completed. To date, over 100 patients have been 

treated with Reolysin, and severe dose-limiting toxicities have 

not been reported. While the oncolytic virus is well tolerated 

in patients and local responses were seen in patients with 

melanoma, head and neck cancer, and Kaposi’s sarcoma, 

evidence for antitumor efficacy at distant sites was not seen. 

The presence of neutralizing antireovius antibody titers 

associated with the dose of Reolysin administered elicited 

immune clearance of the reovirus and may have limited its 

systemic efficacy.

Summary
The clinical utility of oncolytic viruses is often based on their 

capacity to infect selectively and replicate in tumor cells. The 

potential clinical utility may be enhanced by viral modifica-

tion to express transgenes that can augment the oncolytic 

or immune-potentiating capability of the virus. A variety of 

viral vectors have been utilized, including adenovirus, vac-

cinia virus, herpesvirus, Newcastle disease virus, coxsackie 

virus, and reovirus. These viruses offer distinct advantages 

and disadvantages (reviewed in Table 1). The transformed 

state of tumor cells induces attenuated antiviral defenses, 

and therefore provides a favorable niche in which oncolytic 

viruses can productively replicate and induce cell death. This 

tumor-selective property of oncolytic viruses is made pos-

sible through deletion of viral virulence genes or functional 

domains that effectively attenuate the ability of the virus to 
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infect and lyse normal cells productively without diminishing 

their tumor infectivity. Additional therapeutic effects appear 

to be related to induction of an antitumor immune response. 

Clinical development of several oncolytic viruses, including 

JX-594 and TVEC, are in late-stage development. Barriers 

to effective clinical use of oncolytic viruses remain, with 

induction of antivirus-neutralizing antibody a potential prob-

lem with most vectors. Although several clinically utilized 

viruses have the potential for minor toxicity and transmission 

to close contacts, to date there have been minimal reports 

of patient adverse events and no significant environmental 

exposure events.

Future directions
Significant progress has been made in the development of 

oncolytic viruses as a cancer therapy in the last few years. 

Improved tumor cell targeting and methods for enhancing 

the antitumor immune response have been particularly useful 

for increasing the therapeutic potency of oncolytic viruses. 

A better understanding of the functional roles of various viral 

genes has aided the modification of oncolytic viruses to alter 

tumor selectivity, pathogenicity, and immunogenicity, and to 

optimize the clinical potential of these vectors. Further inves-

tigation will need to focus on optimal selection of viruses, 

tumor types and stages of disease, viral dose and schedules, 

routes of delivery, and identifying potential combinations that 

may enhance or add to the pharmacological mechanisms of 

action for these unique vectors. The outcome of several large 

prospective trials, particularly those using JX-594 and TVEC, 

will provide important insights into the true clinical potential 

of oncolytic viruses in patients with advanced cancer. Although 

this is an emerging field, it is worthwhile to note that the safety 

profile for oncolytic viruses has been acceptable with most 

treatment being easily accomplished in the outpatient setting 

with minimal serious adverse events reported. Oncolytic 

viruses represent a highly targeted approach to established 

cancer that brings a multimechanistic approach and an accept-

able safety profile to patients with a variety of cancers. The 

next few years will likely be exciting with the completion of 

several large randomized clinical trials and additional refine-

ments in vector design and combination therapy.
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