
Antiglioma oncolytic virotherapy: unattainable goal or a success
story in the making?

Mahua Dey1, Brenda Auffinger1, Maciej S Lesniak1, and Atique U Ahmed*,1

1The Brain Tumor Center, The University of Chicago Pritzker School of Medicine, 5841 South
Maryland Avenue, MC 3026, Chicago, IL 60637, USA

Abstract

Initial observations from as early as the mid-1800s suggested that patients suffering from

hematological malignancies would transiently go into remission upon naturally contracting viral

infections laid the foundation for the oncolytic virotherapy research field. Since then, research

focusing on anticancer oncolytic virotherapy has rapidly evolved. Today, oncolytic viral vectors

have been engineered to stimulate and manipulate the host immune system, selectively targeting

tumor tissues while sparing non-neoplastic cells. Glioblastoma multiforme, the most common

adult primary brain tumor, has a disasterous history. It is one of the most deadly cancers known to

humankind. Over the last century our understanding of this disease has grown exponentially.

However, the median survival of patients suffering from this disease has only been extended by a

few months. Even with the best, most aggressive modern therapeutic approaches available,

malignant gliomas are still virtually 100% fatal. Motivated by the desperate need to find effective

treatment strategies, more investments have been applied to oncolytic virotherapy preclinical and

clinical studies. In this review we will discuss the antiglioma oncolytic virotherapy research field.

We will survey its history and the principles laid down to serve as basis for preclinical works. We

will also debate the variety of viral vectors used, their clinical applications, the lessons learned

from clinical trials and possible future directions.
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Viruses are very small infectious agents composed of two distinct parts: genetic material or

viral genome (DNA or RNA) and a protein coat encasing the genetic material (sometimes

covered in a lipid envelope). They are strictly intra-cellular organisms that replicate inside

host cells, exploiting the host's cellular machinery. In the environment, they exist as inert

natural nano-particles, a major agent of evolution by virtue of their capacity to operate as

vehicles of horizontal gene transfer [1]. Viruses’ infectivity and tropism are cell- or target-
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specific. For example, HIV infects helper T lymphocytes, rabies viruses infect neurons and

HBV infects hepatocytes, and so on. Moreover, some naturally occurring viruses have been

shown to have tropism for tumor cells [2]. Due to the presence of some important and

desirable features, such as very small size, ability to transfer genes and ability to specifically

target different tissues as well as tumor cells, oncolytic viruses (OVs) emerged as a

promising therapeutic arm for cancer treatment.

Malignant gliomas (anaplastic astrocytoma and glioblastoma multiforme [GBM], WHO

grades III and IV) are glial-derived malignancies. They represent the most common primary

intracranial brain tumors in adults. With a median survival of only 14.6 months following

the best available therapeutic interventions, malignant gliomas are one of the most

devastating and challenging illnesses of modern times [3]. The current standard of care for

patients suffering from this terminal disease involves gross total resection when possible,

followed by radiation and chemotherapy. However, the almost 100% failure rate of this

regimen poses an urgent need for the development of novel and effective antiglioma

therapies. Among many novel experimental therapeutic strategies that are currently being

tested against malignant gliomas, OVs are emerging as one of the leading contenders.

Sine qua non for oncolytic virotherapy is selectively targeting, infecting and destroying

tumor cells via conditional replication, while sparing normal cells. Several ways in which

OVs kill infected cancer cells have been described. They include rupture of infected cells

upon replication and assembly of viral progeny, direct virus-initiated immune-mediated

cytotoxicity, indirect killing of the uninfected surrounding cancer cells by initiating an

antitumor immune response, direct destruction of tumor blood vessels and selective

targeting via transgene-encoded proteins delivered by engineered viruses [4]. OVs can be

divided into two categories: viruses with natural tropism for cancer cells, such as H1

autonomously replicating parvoviruses, reo-viruses, Newcastle disease virus (NDV) and

mumps virus, among others; and viruses that are genetically engineered to specifically target

cancer cells, such as measles, adenovirus, vesicular stomatitis virus (VSV), vaccinia and

HSV. The ability to engineer a successful OV takes advantage of the basic principles of their

life cycle. There are a number of genetically engineered OVs that are able to specifically

target cancer cell through different mechanisms. First, by using the transductional targeting

approach, adenoviruses and HSV OVs target tumor-specific surface markers (such as EGF

receptor [EGFR], PDGF receptor, HER2/neu, folate receptor, PSA and CD20) for viral cell

entry. Second, the transcriptional targeting approach uses tumor-specific nuclear

transcription factors (e.g., estrogen receptor, androgen receptor, GATA factors and HIF-1)

as essential cofactors for driving viral gene expression. The third tactic uses mutation/

deletion-derived OVs, in which manipulation of the viral genome takes place, allowing

mutant versions to escape immune-mediated viral clearance and interferon (IFN) sensitivity

(Figure 1). Some examples include the deletion of some proteins important for virus

replication, such as HSV γ34.5 protein [5], E1 and E3 regions of the adenovirus genome [6],

M protein of VSV [7] and NS1 protein of influenza virus [8]. The last method integrates

miRNAs into the viral genome to selectively block vector replication in normal tissues [9].

Overall, the antitumor effect of OVs is ultimately a delicate balance between antitumor and

antiviral immune responses. Therefore, an ideal oncolytic vector should preferably be
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injected systemically, and be able to reach the tumor site in appropriate titer concentrations.

It should then selectively target and destroy neoplastic cells (primary tumor or distant foci),

preferably generating a robust antitumor immune response, which would lead to tumor

clearance.

In this review, we will summarize important advances achieved in the field of antiglioma

oncolytic virotherapy. We will also survey the main challenges faced by preclinical works

that aim to be translated into clinical applications. Although nonreplicative viral vectors can

also be used for successful gene therapy, summarizing such a vast literature is beyond the

scope of this article. Thus, here we will only focus on replication-competent OVs used in

antiglioma therapy.

History of oncolytic virotherapy

The oncolytic virotherapy research field emerged from the repeated astute observation as

early as the mid-1800s that patients with hematological malignancies who also naturally

acquired a variety of viral infections would undergo temporary remissions [10]. The most

consistent message from all these reported observations was that in younger patients with

compromised immune systems (suffering from leukemia or lymphoma), certain viruses

could destroy tumors, leading to short-lived and incomplete remission without causing

undue harm to the patient. The 1950s and 1960s marked an era of heightened interest in

anticancer virotherapy due to the development of modern techniques for studying viruses in

greater detail both in vivo and in vitro. Some of the earlier studies of anticancer OVs

involved HBV, adenoidal–pharyngeal–conjunctival virus, mumps virus, and others. Hoster

et al. inoculated 21 patients with Hodgkin's lymphoma with serum and tissue extract from

patients suffering from viral hepatitis. Thirteen of the 21 patients developed hepatitis, and

seven out of these 13 patients showed clinical remission of Hodgkin's disease [11]. Asada

published one of the most optimistic earlier studies, where 90 patients with a variety of

terminal cancers were treated with a nonattenuated mumps virus. They reported complete or

more than 50% of remission in 30 patients. Forty-two patients experienced either

suppression of tumor growth or less than 50% of regression, while 11 patients remained

unresponsive [12]. Even though these earlier studies pointed towards a promising

therapeutic modality for cancer, in the absence of a field-altering outcome, the oncolytic

virotherapy research ground took a back seat at the time.

The 1990s marked the modern era of oncolytic virotherapy with the development of highly

potent OVs. By then, viral genomes were engineered to enhance tumor specificity. Martuza

et al. published the initial study that laid the foundation and provided the underlying

inspiration to the field of engineered oncolytic virotherapy. In this report, the authors treated

both glioma cell lines and nude mice bearing intracranial or sub-cutaneous xenografts of

malignant glioma with a thymidine kinase-negative mutant of HSV-1 (dlsptk) that was

attenuated for neurovirulence. As a result, they observed successful cell death in vitro and

prolonged animal survival [13]. Thus, our understanding of virus biology together with the

recent advancements in the field of cancer biology lay the foundation for the development of

oncolytic virotherapy to target human malignancies. In this section we will briefly

summarize the viral vectors used to target human glioblastoma.
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Herpes virus

HSV-1 is an enveloped dsDNA virus that causes both lytic and latent infection. The

capability of this virus to replicate in both dividing and nondividing cells leading to host cell

lysis, its neurotropism and the ease of controlling the infection if necessary with antiherpetic

agents make this vector an ideal candidate to target CNS malignancies. Lytic infection with

HSV-1 enhances the expression of three distinct genes: α, which inhibits the transporter

associated with antigen presentation, leading to decreased expression of MHC I in infected

cells; β, which promotes viral DNA synthesis, includes viral DNA polymerase and

incorporates both the large subunit of viral ribonucleotide reductase and HSV-tk; and γ,

which creates an environment favorable for protein synthesis, contributes to encapsidation

of viral DNA and promotes viral envelopment. Neurovirulence of HSV-1 is due to the

presence of γ34.5 gene products. G207, a genetically engineered HSV with deletion of the

γ34.5 gene at both loci and a disabled insertion of lacZ in UL39, replicates only in rapidly

dividing cells but not in quiescent cells. These vectors show minimal virulence even after

direct inoculation of high titers into the CNS [14,15]. Since G207 retains thymidine kinase

activity, it remains susceptible to anti-herpetic agents like acyclovir. Decreasing the

neurovirulence of HSV-1 by γ34.5 gene deletion leads to gross reduction in the ability of the

virus to replicate and spread from cell to cell [14]. To overcome this issue, Kambara et al.

designed the OV rQNestin34.5, a mutant HSV-1 in which a nestin promoter element drives

the expression of γ134.5, leading to increased tumor specificity. This vector showed

significantly more potent inhibition of tumor growth when compared with control virus [16].

Since its initial conception, several modifications have been made to the original vector,

such as insertion of HSV-encoded cytokines (IL-4, IL-10 and IL-12) [17,18], induction of

MHC I expression in infected cells [19] and development of immunostimulatory viruses

[20].

Adenovirus

Adenovirus is a nonenveloped DNA virus that is highly immunogenic and causes benign

upper respiratory tract infection. The viral genome consists of a 36-kb dsDNA with 10-kb

transgene capability. Upon viral infection, the early gene E1A protein binds to pRB, p300

and other related proteins, and forces quiescent cells into S-phase. The E1B region of the

viral genome encodes a 55-kDa protein (E1B 55K) that binds and inactivates p53 (a tumor-

suppressor gene that is very frequently mutated or deleted in several human cancers). The

inactivation of p53 is critical for a successful virus replication, because p53 can terminate

virus infection by inducing apoptosis of the infected cells [21]. One of the earliest and most

frequently used OVs in clinical trials is an engineered adenovirus, also known as

ONYX-015. This virus has an E1B deletion, which restricts viral replication to cells lacking

a wild-type p53 protein, such as different human cancer cells. When ONYX-015 infects

normal cells containing wild-type p53, it fails to prevent p53-mediated apoptosis, which

results in termination of virus replication. Initially, this viral vector received a great deal of

attention because a large subset of human cancers was shown to carry the p53 mutation [22].

The therapeutic use of these viral vectors has evolved over time, and throughout the last 20

years, several conditionally replicative oncolytic adenoviral vectors have been designed and

tested in clinical and preclinical trials [23–25].
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Vaccinia

Vaccinia virus, a double-stranded enveloped lytic DNA poxvirus with a linear genome, is

highly immunogenic and replicates within the cytoplasm of the host cell. Its life cycle is

very short, lasting on average approximately 8 h. This virus also has a large transgene

capacity (28 kb), which allows easy genetic manipulation. In addition, viral infection can be

readily controlled by cidofovir or vaccinia immunoglobulin [26]. The major advantage of

this virus over other OV vectors is its ability to infect a wide range of cells, which enhances

viral targeting to different types of cancer. However, two main limitations for the wide use

of this oncolytic vector are its high immunogenicity, as well as the pre-existing antivirus

immune response present in the general population. In addition, the inability to manipulate

viral replication with transcriptional targeting poses another obstacle to its extensive use in

preclinical studies. Nevertheless, such a drawback offers the important advantage of

eliminating any risk of integration of the viral genome into the host DNA. Regardless of the

limitations described above, vaccinia viruses have proven to be effective oncolytic agents

[27].

Reovirus

Reoviruses are RNA viruses with ten segments of dsRNA genome. They are known to cause

only mild gastrointestinal or respiratory tract infection in humans. In normal cells, the

presence of dsRNA leads to the death of infected cells by activation of PKR, a serine/

threonine protein kinase that inhibits protein synthesis, stimulates the release of IFNs and

promotes apoptosis. One of the most common oncogenic activations in human malignancies

is the Ras–MAPK signaling cascade. Ras activation leads to inhibition of

autophosphorylation and therefore the inactivation of PKR, thus allowing viral replication to

proceed in Ras-transformed cells. However, in normal cells, viral infection triggers PKR

phosphorylation, which in turn leads to inhibition of viral gene translation, cell apoptosis

and termination of viral infection. Apart from the natural mechanism present in non-

neoplastic cells, reovirus infection can be contained by mycophenolic acid, an

immunosuppressive agent [28]. The major disadvantage of this oncolytic vector is its

nonalterable ten segments of genome, which renders this virus impossible to engineer for

specific mutations [29].

Newcastle disease virus

NDV is an enveloped, nonsegmented, negative-stranded RNA avian virus that is not

pathological to humans. Its life cycle is approximately 18 h, and this vector is highly

immunogenic. The antineoplastic activity of NDV is due to induction of TNF-α secreted by

human peripheral blood mononuclear cells and enhancement of the sensitivity of neoplastic

cells to the cytolytic effects of TNF-α [30].

Clinical trials

There are several clinical trials in the malignant glioma research field using a variety of OVs

Table 1. The following four oncolytic vectors have been tested in clinical trials of patients

with recurrent malignant glioma who have failed conventional therapy, and have shown

promising safety profiles.
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Adenovirus

Oncolytic adenovirus ONYX-015 is the first and the most studied OV in the field of cancer

therapeutics. Its safety, efficacy, mode of delivery and potential for combination therapy has

been tested in multiple solid tumors [31–33]. In the context of malignant glioma, Chiocca et

al. conducted one of the earliest dose-escalation trials using intracerebral injections of OV

ONYX-015 [34]. This study enrolled cohorts of six patients at each dose level, from 107 to

1010 PFU (in tenfold increments), into a total of ten sites within the glioma resection cavity.

The authors reported no serious adverse events related to ONYX-015. The median time to

progression after treatment was 46 days. The median survival time was 6.2 months. One

patient had stable disease and the remaining patients’ diseases showed progression. One out

of six recipients at a dose of 109 PFU and two out of six at a dose of 1010 PFU were alive at

19 months follow-up. Taken together, the above results show that injections with up to 1010

PFU of ONYX-015 into the glioma resection cavity are well tolerated by patients.

HSV

Due to their ability to replicate in neural tissues, HSVs are presented as a prime option for

targeting malignant gliomas. In the year 2000, two independent Phase I clinical studies

evaluated the safety and toxicity profile of HSV in patients with recurrent malignant glioma

[35,36]. In the first study, Rampling et al. used the replication-competent mutant 1716 of

HSV-1, which lacked both copies of the RL1 gene. This gene encodes the protein ICP34.5, a

specific determinant of viral virulence. They treated nine patients with intratumoral

inoculation of 105 PFU. They did not observe any induction of encephalitis, adverse clinical

symptoms or reactivation of latent HSV. Of the nine patients treated with this regimen, four

were reported to be alive 14–24 months after treatment [35]. A subsequent study published

by the same group in 2002 demonstrated the efficacy of this virus in a group of 12 patients.

They demonstrated that the virus survives, replicates and kills tumor cells by cytolysis when

injected into the tumors. Patients in this study received an intratumoral injection of 105 PFU

of HSV-1716. At 4–9 days after inoculation all patients underwent tumor resection, which

was then examined for evidence of viral replication. In two patients, viruses injected in

excess of the input dose were collected from the injection site. HSV DNA was detected by

PCR at the sites of inoculation in ten patients. Viral DNA was also identified at distant

tumor areas in four individuals. Five patients had changes in levels of IgG and IgM,

demonstrating an immunological response to HSV1716 [37]. In the second independent

report, Markert et al. conducted a Phase I dose-escalation study, in which G207 was used to

treat malignant glioma patients [36]. G207 is a conditionally replicating HSV-1 virus

containing mutations in both copies of the γ134.5 genes, as well as a disabling lacZ insertion

in UL39, the gene encoding the large subunit of the viral ribonucleotide reductase. The study

recruited 21 patients, and dose-escalation treatment started at 106 PFU inoculated at a single

enhancing site. The study was completed when the 21st patient was inoculated with 3 × 109

PFU in five different tumor areas. The authors reported no incidence of encephalitis, and

four out of 21 patients were alive at the time results were published (mean survival of 12.8

months following inoculation). Six out of 21 patients had a decrease in enhancement at the

1-month follow-up MRI. Specimens from two out of four patients who underwent re-

resection on days 56 and 157 after viral inoculation were positive for both HSV-1 and lacZ
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sequences by PCR. This was a strong indicator that G207 DNA was present in the tumor

sample [36]. The follow-up Phase Ib trial by the same group evaluated the safety of multiple

injections of this virus in patients with recurrent glioma. They showed that the multiple-dose

delivery regimen was safe. This included direct virus inoculation into the brain area

surrounding the tumor resection cavity. In this study, six patients received two doses of

G207 totaling 1.15 × 109 PFU. The first dose consisted of 13% of the total volume

administered via a catheter placed stereotactically in the tumor. The second one enclosed

87% of the total dose, which was injected into the brain area surrounding the resection

cavity after en bloc resection of the tumor. This study also reported no incidence of

encephalitis. The median survival was approximately 6.6 months from initial treatment.

PCR analysis confirmed infection of the neoplastic tissues with G207 in all samples from all

patients. Viral replication was noted in the last three patients [38].

Reovirus

In a Phase I trial, reovirus was administered intratumorally in patients with malignant

glioma at 107, 108 or 109 50% tissue culture infectious doses. The virus was well tolerated in

all 12 treated patients, with no adverse events. Ten patients had tumor progression, one had

stabilization and one was not evaluable for response. The median survival was 21 weeks

(range: 6–234 weeks). The median time to progression was 4.3 weeks (range: 2.6–39 weeks)

[39].

Newcastle disease virus

Multiple strains of NDV have been evaluated in different human cancers [40–43]. In the

setting of gliomas, Csatary et al. published a case series of four patients with recurrent GBM

treated with MTH-68/H, a live-attenuated strain of NDV. They reported survival rates of 5–

9 years [44]. A Phase I/II clinical trial using intravenous administration of 1010 IU/injection

of NDV-HUJ found it to be safe in 11 patients with recurrent malignant glioma. One patient

achieved complete response. Anti-NDV hemagglutinin antibodies appeared within 5–29

days post-initial treatment. Analysis of blood, saliva and urine showed the presence of

NDV-HUJ in all samples. However, only one tumor biopsy sample was positive for the

presence of the virus [45].

Preclinical–clinical dichotomy

Preclinical work in the field of oncolytic viro-therapy proposed a very lofty goal of

designing highly targeted and potent natural pathogens (i.e., OVs) that could selectively kill

all tumor cells in an organism, without damaging normal tissues. Such a particle should also

activate the host immune memory, which would offer protection against any future

recurrence. However, the results from clinical trials both in the field of GBM and all other

malignancies fell short of this expectation. Even though all OVs so far tested in clinical

trials have proven to be safe, the efficacy of these vectors remained elusive. In the context of

GBM, none of these OVs clearly demonstrated therapeutic efficacy. On the other hand, in

the context of other solid tumors, two viral vectors, OncoVEX (metastatic melanoma) and

JX-594 (hepatocellular carcinoma), tested in recent Phase I/II studies showed initial
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evidence of viral efficacy [46,47]. Why did all of the clinical trials fall short of their goal?

There are several factors that contribute to this preclinical–clinical dichotomy.

First, although well validated in animal studies [48], direct lysis of infected cells as a

mechanism of successful tumor destruction is an observation that still needs to be proven in

humans. Based on this discrepancy, it has become clear that more reliably predictive

preclinical models are needed. The majority of preclinical works in the field of oncolytic

virotherapy have been performed in immunodeficient nude mice implanted with human-

derived malignant xenografts. Such a model completely ignores one of the major players for

the development of an effective anti-cancer virotherapy: the patient immune system.

Therefore, the oncolytic virotherapy research field needs novel orthotopic cancer models in

immunocompetent animals, in which species-specific OVs could be employed in order to

mirror the immune response of the viral infection. The use of OVs such as VSV or vaccinia,

which can infect both human and mouse cells with similar efficiency, represents one of the

possible solutions. Recombinant vaccinia virus JX-594 expressing GM-CSF significantly

inhibited tumor growth and prolonged survival in rats bearing RG2 intracranial tumors and

mice bearing GL261 brain tumors. This effect was further enhanced by the combination

therapy of JX-594 with rapamycin [49]. Naturally developed glioma in canines is another

attractive model to evaluate experimental oncoytic virotherapy [50]. Preclinical testing of

adenoviral vectors encoding immunostimulatory cytokines, such as hsFlt3L, and suicide

gene systems, such as HSV-tk, are conducted in order to prime the canine APCs to generate

antiglioma immunity. These studies provided a fair justification for the evaluation of this

strategy in canine GBM before translating to human clinical trials [51].

Second, for designing a successful OV regimen, it is very important to monitor and follow

intratumoral viral spread. This can be easily accomplished in animal models by post-mortem

analysis of the biodistribution of virus-infected cells at different time points. However, it is a

challenging endeavor in the clinical setting. Failure of clinical trials has been partially

attributed to nonspecificity of the viral vector [45] and failure of the OV to efficiently

replicate and infect surrounding tissues [38]. Such outcomes could be conclusively

monitored by the presence of a noninvasive virus tracking system. This observation led to

the development of OVs with reporter genes implanted in their genome, which would

facilitate the repetitive and noninvasive tracking of virus-infected cells in the host body [52].

The study of a number of OVs with reporter genes in several solid tumors has demonstrated

very optimistic preclinical results. However, this approach still needs to be validated in the

clinical setting [53–56]. In the context of GBM, in a Phase I/II trial, Jacobs et al. used PET

with I-124-labeled 2’-fluoro-2’-deoxy-1β-D-arabinofuranosyl-5-iodo-uracil, a specific

marker substrate for gene expression of HSV-1-tk, to identify the location, magnitude and

extent of the vector-mediated HSV-1-tk gene. This report was important to illustrate that an

exogenous gene introduced by gene therapy could be monitored noninvasively by imaging

devices [57]. The art of designing OVs with reporter genes is still in its infancy. It needs

better fine-tuning in order to increase the sensitivity and specificity of viral tracking. This

would finally allow a reliable distinction between virus-infected versus noninfected cells.

Third, when it comes to oncolytic virotherapy it is very important to account for the immune

system. This is particularly true because, during the course of evolution, mammalian cells
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have evolved to resist viral infections. One of the key factors for a successful viral infection

is the presence of virulence proteins, which are encoded by the viral genome in order to

suppress the host immune defense, facilitate virus spread between cells and seize the host

cell's metabolic activities. Usually, this process triggers a counterattack by the host cell via

expression of antiviral proteins. The virus, in turn, maintains a continued retaliation until

either the virus wins or gets cleared by the host immune system. The antiviral response of

normal cells involves jump-starting apoptotic programs in the infected cells [58], which

blocks the production of the viral progeny and thus spread to adjacent cells [59], also

triggering the production of proteins that counteract virus infection. One of the most

important participants in the antiviral immune response is type I IFN, which reprograms the

physiological properties of infected and surrounding cells, induces cell cycle arrest, provides

antiangiogenic signals, promotes apoptosis, inhibits protein synthesis and activates the

immune response [60]. Virulence genes are specifically deleted or mutated in conditionally

replicative OVs to decrease their off-target toxicity, and spare normal tissues from viral

infection [13,61]. Just like wild-type viruses, OVs entering a normal cell trigger the cellular

antiviral response. However, due to their absence, virulence proteins cannot counterattack,

leading to quick elimination of the infection. Type I IFNs are a group of proteins that are

essential for a normal cell's first line of defense against viral infection [62]. When infection

does occur, most cells induce expression and secretion of type I IFNs. These secreted

cytokines bind to IFN receptors to activate downstream transcription factors STAT1 and

STAT2 to form a heterotrimeric complex that translocates to the infected cell nucleus and

binds to IFN-stimulated responsive elements to induce hundreds of IFN-stimulating genes,

including some antiviral genes. Oncolytic vectors such as reovirus can lead to the activation

of dsRNA-activated PKR, as well as the subsequent activation of the IFN pathway.

However, transformed cells have inactivated gene products that control both cell growth and

death programs and are often unresponsive to type I IFNs. Tumor cells harboring an

activated Ras oncogene or hyperactive EGFR fail to activate PKR upon viral infection, thus

becoming susceptible to OV infection. These IFN-nonresponsive cancer cells may have

acquired a growth/survival advantage over their normal counterparts, but they

simultaneously compromised their antiviral response, making them good targets for OVs,

despite the presence of defective virulence genes [63]. Current research has been extremely

successful in containing the aspect of virulence associated with oncolytic virotherapy. Every

OV that has been tested in clinical trials has shown an excellent safety profile. Nevertheless,

in our quest for safety we may have compromised on viral potency, since deleting or

manipulating virulence genes also decreases the virus's ability to replicate and infect. At this

point, as researchers have sufficient understanding of viral infection and immune system

interaction, they have started to incorporate previously attenuated or deleted virulence genes

under strict control in order to fine-tune and enhance the therapeutic efficacy of OVs [64].

Lessons learned

OVs & tumor selectivity

Four ways of increasing OV specificity include translational targeting, transcriptional

targeting, transductional targeting and miRNA targeting (Figure 1). Replication-competent

dlsptk, the first engineered OV of the modern era, uses translational targeting. In this case,
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deletion of thymidine kinase attenuated neurovirulence of this OV, without significantly

altering its replication ability in the context of glioma [13]. One way of controlling viral

protein translation is by altering the internal ribosome entry site element of the OV [65]. For

example, replacing the poliovirus internal ribosome entry site with an internal ribosome

entry site element from human rhinovirus type 2 has proven to attenuate the neurotoxicity of

PVS-RIPO [66]. Oncolytic vectors can transcriptionally target tumor cells by taking

advantage of tumor-specific promoter elements (several of which have been identified) [67].

HSV, by using albumin promoter enhancer in hepatoma cell lines, or adenovirus, by using

prostate-specific antigen promoter in prostate cancer cell lines, are examples of oncolytic

vectors driven by tumor-specific promoters [68,69]. Nestin, hTERT, E2F1, CXCR4,

midkine, survivin and others are some of the glioma-specific promoters that can be used for

the transcriptional control of OVs [70]. CRAd-Survivin-pk7, a chimeric vector containing a

pk7 fiber modification and a surviving promoter driving E1A replication in neoplastic cells,

was shown to inhibit tumor growth by more than 300%. In addition, 67% of the mice

bearing U87MG glioma xenografts exhibited long-term survival (>120 days) [71]. Recently,

researchers successfully produced modified viral vectors by combining the two approaches

described above. They were able to engineer OVs that utilize both transcriptional and

translational targeting in order to increase vector specificity [72,73]. Transductional

targeting was shown to be a viable option for viruses that replicate entirely in the cytoplasm

of host cells. Since these vectors regulate their transcription independently of the host cell

nuclear machinery, they are not amenable to transcriptional targeting. For instance, VSV

pseudotyped with the non-neurotropic envelope glycoprotein of the lymphocytic

choriomeningitis virus showed enhanced infectivity for brain cancer cells in vitro, while

sparing primary human and rat neurons both in vitro and in vivo [74]. Even though

transcriptional and transductional targeting was shown to increase the specificity of

oncolytic virotherapy, they have also been associated with potential off-target effects.

miRNA targeting to OVs, in turn, has been described as an emerging strategy for increasing

viral specificity [75,76]. It takes advantage of the differential expression of certain miRNA

species in tumors and normal tissues. Kelly et al. demonstrated that neurotoxicity of the

wild-type VSV could be ameliorated in VSV clones carrying four tandem copies of a

neuronal miR-125 target sequence inserted in the 3′-untranslated region (UTR) of the viral

polymerase (L) gene. Such a strategy has been shown to not compromise antitumor efficacy

[77]. In addition, the inclusion of binding sites for the hepatocyte-selective miRNA miR-122

within the 3′-UTR of the E1A transcription cassette in Ad5, which is naturally toxic to

hepatocytes, eliminated its hepatotoxicity without destroying the tumor cell-killing activity

[78]. Similar results were seen with the coxsackievirus A21, where inclusion of muscle-

specific miRNAs into the 3′-UTR of the virus eliminated muscle toxicity without

compromising its anticancer activity [79]. A potential issue with this approach is that some

miRNA targets can mutate during viral replication. Therefore, it may be prudent to use a

second strategy to minimize the chances of toxic escape variants that might arise during

therapy. Telomerase-specific replication-competent adenovirus, which possesses an E1 gene

expression cassette (also expressed in some normal cells) driven by the human telomerase

reverse transcriptase promoter, has shown promising results in human clinical trials, with

some associated toxicity in normal cells. The incorporation of binding sites for miR-143,

−145 or −199a into the 3′-UTR of the E1 gene expression cassette resulted in efficient
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oncolytic activity comparable to the wild-type telomerase-specific replication-competent

adenovirus in tumor cells. Such an approach has also shown significantly improved safety

profiles [80].

OVs & potency

Creating a perfect marriage between viruses and a complementary antitumor mechanism

could enhance the potency of oncolytic vectors. In this relationship, each partner would have

their own unique arsenal of weapons and attenuating mutations, but the combination of both

would be able to complement each one's deficits. Following this rationale, Le Boeuf et al.

combined a double-deleted vaccinia virus with VSV, a rapidly replicating RNA virus that is

exquisitely sensitive to type I IFN. The results showed efficient replication in refractory

tumor cells when they were coinfected [81]. Double-deleted vaccinia virus is an interesting

genetically modified vaccinia virus. It consists of a DNA virus with deletions in the virally

encoded tk and VGF genes, which restricts the viral replication only to tumor cells that

overexpress E2F and have activated EGFR pathways. This mutated virus expresses the gene

product B18R, which locally antagonizes the effects of type I IFNs. In this study, the

combination of both viruses showed itself to be a safe option, since VSV is an RNA virus

and vaccinia is a DNA virus. Moreover, neurotoxicity of the VSV can be attenuated by

miRNA-targeting strategies, as described in the previous section [77]. Therefore, an

exchange of virulence genes leading to a pathogenic ‘supervirus’ would seem improbable.

This will increase the repertoire of available viruses that can be used for such a

complementary strategy [82–84]. However, the safety of such therapeutic approaches must

be evaluated thoroughly in the orthotopic glioma xenograft model.

The potency of OVs can be increased without compromising their specificity. This can be

achieved by combining small-molecule inhibitors with OVs in order to eliminate any

residual IFN responsiveness of tumor cells. One such group of small-molecule inhibitors is

the histone deacetylase inhibitors (HDIs), known to influence the epigenetic modifications

of chromatin. HDIs were shown to effectively blunt the cellular antiviral response. When

combined with VSV, HDIs showed marked enhancement of viral spread in a variety of

cancer cells in vitro, in primary tumor tissue explants and in multiple animal models [85].

Valproic acid, a commonly used antiepileptic agent with HDI activity, when used as a

pretreatment for glioma cell lines, was shown to inhibit the induction of several IFN-

responsive antiviral genes. It was also shown to augment the transcriptional level of viral

genes and improve viral propagation, even in the presence of type I IFNs. Moreover,

valproic acid pretreatment improved the propagation and therapeutic efficacy of oncolytic

HSV in a human glioma xenograft model in vivo [86]. Several other small molecules that are

able to enhance OV growth in refractory tumor cells have been identified via high-

throughput screening. However, one has to keep in mind that the use of HDIs to dampen

immune responses during OV infection can be risky due to the possibility of increased

susceptibility to infection and spread in the absence of an intact host immune system.

Available experimental evidence would argue that the immunosuppressive effects of HDIs

on OV-mediated oncolysis are specific to tumor cells and that they do not reduce replication

selectivity of the OV against the normal tissue. Moreover, such effects on the host immune

system are reported to be reversible: the removal of HDI treatment halted OV replication,
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while reinitiating the HDI treatment resulted in the resumption of OV replication within the

tumor mass [85]. Thus, HDIs can be utilized as a chemical switch to regulate antiviral innate

immunity during oncolytic virotherapy, which will allow the therapeutic virus to propagate

more effectively within the tumor mass and provide a powerful means to enhance the

therapeutic efficacy.

OVs & intratumoral spread

In order to achieve a robust clinical response, it is absolutely essential for a viral vector to

homogeneously spread within the tumor. One way of accomplishing this is by using OVs

that are naturally well equipped to spread within cells. Examples include extracellular

enveloped poxviruses, in which the extracellular envelope facilitates widespread viral

dissemination and helps it to avoid neutralization by circulating antibodies [87], the actin tail

of the vaccinia virus, which helps to propel the virus into adjacent tumor cells [88], and the

NV1020 mutant of HSV-1, which increases virus dissemination by promoting the fusion of

cancer cells [89]. Another strategy to improve intratumoral OV spread is by decreasing the

intratumoral connective tissue network, which can be achieved by cytotoxic agents and

radiation [90]. Following this rationale, the dissociation of tumor extracellular matrix by

intratumoral coadministration of hyaluronidase in mice bearing malignant xenografts has

been shown to improve the antitumor activity of an oncolytic adenovirus. In addition, the

application of this same approach in mice with melanoma xenografts treated with OV

AdwtRGD-PH20, a replication-competent adenovirus expressing a soluble form of the

human sperm hyaluronidase (PH20) under the control of the major late promoter, revealed

enhanced viral distribution and tumor regression in all treated animals [91]. Losartan, an

angiotensin II receptor antagonist, inhibits collagen I production by carcinoma-associated

fibroblasts, which leads to a dose-dependent reduction in stromal collagen. Such a treatment

was shown to improve the distribution and therapeutic efficacy of intratumorally injected

oncolytic HSVs. It was also shown to enhance the efficacy of intravenously injected

pegylated liposomal doxorubicin [92].

Hypoxia is an integral component of solid tumors, and the ability of OVs to replicate in

hypoxic conditions is one of the critical determinant factors for the successful translation of

the antiglioma oncolytic virotherapy in the clinic. Histologically, GBM is characterized by

aberrant vasculature and a rapidly dividing tumor mass that initiates the establishment of a

hypoxic microenvironment (PO2 = 5 mmHg) [93]. Hypoxia has been thought, at least in

part, to contribute to increased tumor invasion, loss of apoptosis and resistance to

conventional radiotherapy and chemotherapy [93]. The presence of hypoxia in gliomas is

associated with recurrence of the disease and decreases in patient survival. Thus, it is critical

to understand how the therapeutic efficacy of the oncolytic virotherapy might be affected by

such a tumor microenvironment as compared with the natural milieu of the virus. It has been

reported that hypoxia inhibits adenoviral replication by reducing the translation of the

replication-essential adenoviral gene E1A and fiber, a structural gene [94,95]. However,

another study reported contradictory results with regards to the ability of oncolytic

adenovectors to replicate in hypoxic conditions [95]. Similar conflicting results also exist for

the VSV vectors [96,97]. In the glioma model, oncolytic HSV G207 exhibited enhanced

replication in hypoxic environments, which is mediated by a GADD34-dependent pathway

Dey et al. Page 12

Future Virol. Author manuscript; available in PMC 2014 June 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



[98]. A recent report also showed that another oncolytic vector, G47Δ, could effectively

target conventional therapy-resistant hypoxia-induced glioma stem cells [99]. This suggests

that HSV-based oncolytic vectors represent a promising therapeutic strategy to target

hypoxic tumor-like glioblastoma.

OVs & delivery

There are two major ways of delivering OVs to neoplastic cells in vivo: intratumoral

delivery or systemic delivery. Most oncolytic vectors that are being tested in clinical trials

are delivered intratumorally. However, since in most solid tumors the natural progression of

the disease leads to metastatic spread, systemic delivery has been the mainstay for the

treatment of metastatic cancers. There are several drawbacks that are specific to systemic

delivery, such as sequestration of the OV in the liver and spleen, and off-target toxicity due

to systemic viral circulation. On the other hand, there are also some important benefits, such

as the ability of the OV to evade neutralization by serum factors, which facilitates viral

extravasations into the tumor tissue, and selectively enhances tumor vessel permeability.

Malignant gliomas are an exception in this category, in the sense that systemic metastasis is

very infrequent. In this case, most distant neoplastic foci are within the CNS. Here, the

blood–brain barrier represents an added layer of protection against OVs that try to reach the

brain from the systemic route. Therefore, for gliomas, intratumoral delivery is the most

logical and effective delivery method. Even though there is a tremendous amount of

research going on in the field of systemic delivery of OVs, for the purposes of this review,

we will focus on intratumoral delivery.

One of the main reasons why oncolytic virotherapy failed to deliver its promised therapeutic

efficacy, even when it was delivered locally into the tumor cavity, was the in situ premature

viral inactivation by the host immune system. One way to overcome this issue is by hiding

OVs inside cell carriers. In the context of multiple myeloma, a hematological malignancy,

lethally irradiated myeloma cells infected with an oncolytic measles virus were tested as

cellular carriers. Researchers observed significantly increased animal survival when these

loaded vehicles were administered intravenously to myeloma-bearing mice together with

protective titers of antimeasles antibodies [100]. Other cells that have been successfully

evaluated as systemic carriers for OVs include dendritic cells and T cells [101–103]. Two

cell types that have shown promising preclinical results as carriers for antiglioma OVs are

mesenchymal stem cells (MSCs) [104] and neural stem cells (NSCs) [105]. MSCs possess a

natural tropism for primary tumors and their metastases, and are also considered immune

privileged. NSCs hold immunosuppressive properties as well as specific tropism for tumor

cells. Given the very robust preclinical safety profile of MSCs [104,106], they were

evaluated in a small clinical trial of children with metastatic neuroblastomas. Four children

with metastatic neuroblastoma refractory to frontline therapies received several doses of

autologous MSCs carrying ICOVIR-5 (oncolytic adenovirus). The treatment was well

tolerated, and no significant systemic toxicity was observed. One out of four patients

showed satisfactory clinical response [107].

Our group has performed extensive preclinical studies with the goal of evaluating cellular

carriers for the effective delivery of OVs to malignant gliomas. To enhance and prolong the
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infectivity of OVs delivered intratumorally, Sonabend et al. tested CRAd-CXCR4-5/3

viruses loaded into human MSCs (hMSCs) in the setting of malignant glioma. The authors

showed that virus-loaded hMSCs effectively migrated in vitro, and released CRAds that

infected U87MG glioma cells. When injected away from the primary tumor site in vivo,

hMSCs migrated to the neoplastic area and delivered 46-fold more viral copies than

injection of CRAd-CXCR4-5/3 alone [108]. Using the semipermissive cotton rat model,

Ahmed et al. studied the immune response to adenovirus-loaded MSCs. They showed that

cotton rat MSCs enhanced the dissemination and persistence of adenoviruses as compared

with virus injection alone [109]. NSC-based carriers have the potential to improve the

clinical efficacy of antiglioma virotherapy by not only protecting therapeutic viruses from

the host immune system, but also by amplifying the therapeutic payload selectively at tumor

sites. A study by Tyler et al. published at a similar time evaluated the role of NSCs as

cellular carriers of OVs. Using in vitro and in vivo migration studies, they showed that NSCs

infected with CRAd-S-pk7 viruses migrate and preferentially deliver CRAds to U87MG

gliomas [110]. Intratumoral delivery of NSCs loaded with the CRAd-S-pk7 in an orthotopic

xenograft model of human glioma not only inhibited tumor growth, but, more importantly,

also increased median survival by approximately 50%. In addition, OV infection

significantly enhanced the migratory capacity of NSCs both in vitro and in vivo [111]. A

subsequent study comparing MSCs and NSCs as cellular carriers for delivering OVs to

malignant gliomas found that, despite possessing a comparable migratory capacity, NSCs

display superior therapeutic efficacy in the context of intracranial tumors [112]. Based on

these promising preclinical findings, the US FDA recently approved the NSC HB1.F3-CD

as a cell carrier in clinical trials. Our preclinical studies using this vehicle loaded with

CRAd-S-pk7 show that NSCs migrate and release infectious CRAd-S-pk7 progeny capable

of lysing different glioma cell lines. Ex vivo-loaded NSCs intracranially injected in nude

mice bearing human-derived glioma xenografts retained their tumor tropism [8], continued

to replicate CRAd-S-pk7 for more than 1 week after reaching the tumor site and successfully

handed off CRAd-S-pk7 to glioma cells in vivo [113]. In patients with recurrent malignant

gliomas, the first human Phase I study of genetically modified NSC-based therapy carrying

a suicide gene, cytosine deaminase, is currently underway (NCT01172964).

OVs & the immune system

In general, replicative viruses and the immune system are very intricately related, since the

host immune response is primed and equipped to fight viral infections. One of the important

lessons that can be presumed by looking at the history of oncolytic virotherapy is that

systemically immunosuppressed patients generally respond better to OVs than those with an

intact immune response. On the other hand, these immunosuppressed patients also

experience higher viral toxicity due to unrestrained infection [10]. This can be attributed to

the fact that, in the presence of an impaired adaptive immune system, the virus has ample

time to replicate and spread without being attacked by an immune response. In this setting,

one of the ways of decreasing viral toxicity without compromising the beneficial effect of

the impaired adaptive antiviral immune response is to increase viral specificity to tumors.

Thus, it is a reasonable strategy to combine immunosuppressive drugs with the new

generation of tumor-specific OVs. To our advantage, immunosuppression is the most

common side effect of most chemotherapeutic drugs like temozolomide (TMZ),
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methotrexate and cyclophosphamide (CPA) [114]. One chemotherapeutic agent that has

shown promising preclinical results when combined with OVs is CPA. These exciting

results are mostly due to the drug's toxic effect on both T and B lymphocytes [115]. In the

context of malignant gliomas, a recent study showed that animals pretreated with CPA, and

then treated with HSV-derived OVs, lived significantly longer as compared with the ones

that received HSV OV alone. This increased survival was correlated with enhanced HSV

replication, virus-related oncolysis, reduced HSV-mediated expansion of CD68+ and

CD163+ cells and decreased intratumoral expression of IFN-γ in mice that received the

combined therapy [116]. Another major player in the interplay between OVs and the

immune system is the tumor itself. Tumors in general, but more specifically GBM, actively

manipulate the local microenvironment by producing immunosuppressive cytokines (e.g.,

TGF-β), and recruiting immune-inhibitory cells (e.g., Tregs) in order to paralyze the

antitumor immune response [117]. This local immune suppression can be overcome by

selective infection of the tumor with OVs, which leads to a localized inflammatory response

and robust antitumor immunity [118]. In addition, virus-mediated delivery of genes that

encode immune-stimulating cytokines, like GMCSF and IL-2, has shown a good safety

profile in clinical trials [119,120]. One of the oncolytic viral vectors that combines oncolysis

with immune activation is OncoVEX, a HSV vector encoding GM-CSF that was tested in a

Phase II study of patients with metastatic melanoma. This Phase II study showed that direct

injection of OncoVEX led to a 28% objective response rate. Responding patients

demonstrated regression of both injected and noninjected lesions. This finding highlights the

dual mechanism of action that includes both a direct oncolytic effect in injected tumors and

a secondary immune-mediated antitumor effect on noninjected tumors. In this report, the

antitumor immune response was associated with a decrease in the number of both Tregs and

myeloid-derived suppressive cells in patients exhibiting therapeutic responses [121]. Based

on these results, a Phase III trial using this OV recently reached its primary end point on 20

March 2013, and the final results will most likely be published by the end of the year or

early next year [122]. Vaccinia virus JX-594 is another oncolytic vector engineered to

express GM-CSF. When tested in the setting of hepatocellular carcinoma, the treatment

showed an objective response in three out of ten patients [47]. A study that very creatively

combined several antitumor strategies was published by Kottke et al. In this report, the

authors adoptively transferred OT-1 antigen-specific T cells loaded with oncolytic VSV into

immune-competent mice bearing B16 melanoma. These mice were preconditioned with

Treg depletion and IL-2. As a result, the combination therapy led to a highly significant

increase in antitumor efficacy, with no detectable toxicity [123]. The delicate interplay of

tumor, virus and immune response requires a careful orchestration of the following events.

First, initial immunosuppression needs to be achieved so that the viral vector can have

enough time to replicate and infect the entire tumor mass. The second step encloses the

activation of the immune system in order to achieve virus-mediated tumor destruction, with

immune recognition of tumor-specific antigens. However, in the context of glioma, the

situation is slightly different, since the emphasis is on local delivery (due to the lack of

systemic metastases and the presence of a highly restrictive blood–brain barrier) and local

viral spread with tumor-specific immune responses. Therefore, an ideal vector in this setting

should be delivered locally, should take advantage of the immunosuppressive

microenvironment of glioma to replicate, should infect cells without being detected by the
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host immune system and should be able to generate a potent antitumor immune response

upon cytolysis.

OVs & combination therapy

The wide variety of currently available anticancer therapies offers endless possibilities for

the use of one or more therapeutic combinations. However, the shortest route to the clinic

for this approach seems to be combining an OV with a pre-existing standard-of-care

chemotherapy or radiation treatment. Radiation and TMZ are the current standard of care for

patients with malignant glioma. In subcutaneous xenograft models of glioma, both

adenoviral vectors AdΔ24-p53 and AdΔ24 showed increased tumor regression and extended

animal survival when combined with radiation [124]. Ad5-Δ24RGD, when combined with

radiation, showed enhanced tumor destruction both in vitro and in vivo [125]. In addition,

ONYX-015, when also combined with radiation, substantially increased radiation-mediated

toxicity to tumor cells [126]. Taken together, these results demonstrate the synergistic effect

of OVs with radiation therapy. Nonetheless, in a more recent study, when Ad5-Δ24RGD

was tested in an orthotopic model of glioma in combination with radiation, the results were

disappointing [127]. This brings us back to the importance of having more accurate

preclinical models for testing the efficacy of OVs. Our group has shown that radiation

increases survivin mRNA activity several-fold. Moreover, survivin-driven adenovirus

CRAd-survivin-pk7, when combined with radiation, has demonstrated a markedly enhanced

antitumor activity [128]. The strategy of combining OVs with radiation is currently being

tested in a clinical trial of glioma involving the OV G207 with LacZ+ modification.

Chemotherapeutic drugs are the frontline treatment for all malignancies. Therefore, it is very

important to verify the compatibility of this strategy with oncolytic virotherapy. In an ideal

situation, these two modalities should have a synergistic effect. CPA, an antineoplastic

alkylating agent in clinical use since 1959, is known to dampen antiviral innate immune

response and decrease the levels of Tregs [129]. The combination of CPA with reovirus in a

melanoma model showed high levels of intratumoral viral access and replication [130].

When this combination was further enhanced with the addition of IL-2, the antitumor effect

of reovirus was further potentiated [131]. In both syngeneic and athymic rat models of

intracranial malignant glioma treated with HSV-1, CPA administration has led to a time-

dependent increase in infection of tumor cells. CPA-mediated toxicity was not due to a

direct enhancement of viral replication in tumor cells. It was instead associated with drug-

related immunosuppressive effects. As a result, the combination treatment increased the

survival of OVs not only within infected tumor cells, but also in normal brain tissues

surrounding the tumor [132]. However, the replicative alphaviral vector VA7, which has

been shown to be effective against orthotopic human U87-glioma xenografts in an athymic

mouse model, when tested in immuno-competent orthotopic GL261 and CT-2A glioma

models of C57BL/6 mice in vivo, was found to be ineffective even when pretreated by the

administration of CPA and rapamycin [133]. TMZ, another DNA-alkylating agent, is the

standard of care for patients with malignant glioma. Its efficiency against glioma depends on

the status of the DNA repair enzyme MGMT. In a study by Aghi et al., U87 human glioma

cells transfected with or without a gene enhancing MGMT expression were treated with

HSV vector G207 and/or TMZ. Treated cells showed variation in TMZ-induced DNA repair
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pathways with MGMT expression. The authors also observed an enhanced HSV-mediated

oncolysis in glioma cells with the combination therapy. These results unveiled the potential

of HSV to target cells surviving TMZ treatment [134]. In addition, the oncolytic AdΔ24-

RGD, when combined with TMZ, was shown to overcome the reported MGMT-mediated

resistance, and induce a profound therapeutic synergy in glioma cells [135]. Athymic mice

bearing glioma xenografts treated with the combination of ICOVIR-5, radiation and TMZ

showed a potent antiglioma effect, resulting in a dramatic extension of median survival.

Approximately 20–40% of the animals were disease free at 90 days post-initial therapy

[136]. As demonstrated by some of the preclinical trials, there is a potential risk of increased

toxicity in combining OVs with chemotherapeutic agents [131]. However, the possible risks

and benefits of this strategy still need to be carefully assessed in the clinical setting. There

are numerous ongoing clinical trials using this combined strategy to treat a variety of

malignancies. Regarding malignant gliomas, clinicals trial remain to be conducted for

oncolytic adenovirus treated with combinations of conventional radiotherapy and

chemotherapy.

Conclusion & future perspective

The field of oncolytic virotherapy has come a long way since its inception. Clinicians were

treating cancer patients with OVs long before the discovery of the virus [10]. New-

generation OVs are highly specific and safe, and incorporate multiple tumoricidal

mechanisms in one vector. For example, a single viral vector can, simultaneously, cause

oncolysis and stimulate antitumor immune responses. GBM is unique in the sense that most

of the time it is confined within the CNS. It hides behind an ultraselective blood–brain

barrier and actively modulates antitumor immune responses to its advantage. In the arena of

malignant glioma, several viral vectors have shown very robust preclinical safety and

efficacy, as well as an excellent safety profiles in the clinical setting. However, preclinical

efficacy has so far not been translated into clinical practice. As previously discussed, the

outcome of a successful oncolytic virotherapy is contingent on a complex interplay of

several interconnected factors, such as the virus itself, antiviral and antitumor host immune

responses and the tumor microenvironment.

An ideal oncolytic vector for the treatment of malignant glioma should be delivered locally.

When intratumorally injected, it should be able to specifically target all tumor cells, in both

local and distant intracranial foci. It must effectively travel within the CNS to reach distant

invasive areas, mount an effective antitumor immune response and then be effectively

cleared by the host immune system. Moreover, it should also have a synergistic effect with

conventional treatment modalities, such as chemotherapy and radiation therapy. In an ideal

situation, an antiglioma OV should be loaded into stem cell carriers, which would enhance

viral tropism towards glioma cells while hiding viruses from the host immune response.

Such a therapeutic package should be delivered locally after surgery or stereotactic biopsy.

After being released from the cell carrier, OVs would effectively find and infect tumor cells.

Viral replication would be driven by a tumor-specific promoter, which would also encode

for immune-stimulatory cytokines, being sensitive to an antiviral agent. This may sound like

a daunting task for one single vector. However, this limitation could be overcome by

Dey et al. Page 17

Future Virol. Author manuscript; available in PMC 2014 June 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



designing customized cocktails including several vectors, which would possess

complementary features depending on specific glioma subtypes.

Several of the new-generation OVs with multimodal oncolytic features are currently

undergoing clinical testing in a wide variety of malignancies. Previous clinical trials have

already proven that oncolytic virotherapy is a safe option for anticancer treatment.

Hopefully, the results of most of the ongoing trials may prove the efficacy of these viral

vectors in the clinical setting. Today, approximately 20 years since the first engineered OV

showed promising results for the treatment of GBM, neither the field of oncolytic

virotherapy nor antiglioma therapy has reached the lofty goals they set for themselves.

However, research from the past two decades has clearly set the stage for a successful story

in the making.
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Executive summary

Glioblastoma multiforme

■ Glioblastoma multiforme (GBM) is unique malignancy in the sense that it is

confined within the CNS. It hides behind an ultraselective blood–brain barrier and

actively modulates the antitumor immune response to its advantage.

■ In the arena of GBM, several viral vectors have shown very robust preclinical

safety and efficacy, as well as an excellent safety profile in the clinical setting.

■ However, preclinical efficacy has so far not been translated into clinical practice.

Oncolytic virotherapy for GBM

■ The success of any antiglioma oncolytic virotherapy will rely on a delicate

interplay of tumor, virus and immune response.

Host immune system

■ In general, replicative viruses and the immune system are very intricately related,

since the host immune response is primed and equipped to fight viral infections.

■ One of the main reasons why oncolytic virotherapy failed to deliver the promised

therapeutic efficacy is the in situ premature viral inactivation by the host immune

system.

■ Systemically immunosuppressed patients generally respond better to oncolytic

viruses (OVs) than those with an intact immune response.

Clinically relevant animal models

■ The majority of preclinical work in the field of oncolytic virotherapy has been

performed in immunodeficient nude mice implanted with human-derived GBM

xenografts.

■ Such a model completely ignores one of the major players in the development of

an effective anticancer virotherapy: the patient's immune system.

■ The oncolytic virotherapy research field needs novel orthotopic cancer models in

immunocompetent animals, in which species-specific OVs could be employed in

order to mirror the clinical scenario.

Intratumoral viral spread

■ In order to achieve a robust clinical response, it is absolutely essential for a viral

vector to homogeneously spread within the tumor.

■ The intratumoral microenvironment, such as hypoxia or the connective tissue

network, can act as a barrier to therapeutic viral distribution and reduce the

therapeutic efficacy of the antiglioma OV therapy.

Noninvasive clinical monitoring of viral replication
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■ When designing a successful OV regimen, it is very important to monitor and

follow intratumoral viral replication and spread.

■ The failure of clinical trials has been partially attributed to nonspecificity of the

viral vector and the failure of the OV to efficiently replicate and infect surrounding

tissues.

■ Such outcomes must be conclusively monitored by the presence of a noninvasive

virus-tracking system, which will allow us to adjust dosing of the OV in real time in

order to maximize the therapeutic efficacy.

Combination therapy

■ Recent results demonstrate the synergistic effect of OVs with radiation therapy.

■ The shortest route to the clinic for this approach seems to be combining an OV

with a pre-existing standard-of-care chemotherapy or radiation treatment.
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Figure 1. Different targeting strategies to develop tumor-selective oncolytic viruses
Many oncolytic viruses belonging to several viral families have been engineered. These

viruses can be categorized into four major groups on the basis of their oncolytic restriction.

(A) Mutation/deletion-derived viruses: this is one of the earliest approaches that takes

advantage of tumor-specific changes that allow preferential replication of the virus only in

target cancer cells by introducing strategic mutations or deletions in the viral genome, thus

inhibiting natural viral replication in the nontargeted normal cells. (B) Transductional-

targeted oncolytic viruses: different viruses use different cellular receptors and distinct

sequential steps to infect target cells. During tumorigenesis, various genetic and epigenetic

events lead to the unique display or overexpression of so-called ‘tumor antigens’ on the

surface of tumor cells. As recognition of specific cell surface receptors is the key initial step

for virus entry and productive infection, researchers are able to engineer viruses that only

recognize and use the antigen present on the tumor cell surface to enter the target cells,

which then restricts replication of an oncolytic virus to malignant cells. (C) Transcriptional-

targeted oncolytic viruses: achieving tumor-selective replication involves expressing viral

genes under promoters that are only functional in tumor cells. (D) All these manipulations

will allow oncolytic viruses to target malignant cells, but (E) prevent their ability to infect

and replicate in normal cells.

Ad: Adenovirus; EGFR: EGF receptor; gD: Glycoprotein D; TSP: Tissue-specific promoter.
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