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Abstract
Oncolytic viruses are being developed as anticancer drugs. They propagate selectively in tumor
tissue and destroy it without causing excessive damage to normal non-cancerous tissues. When
used as drugs, they must meet stringent criteria for safety and efficacy and be amenable to
pharmacological study in human subjects. Specificity for neoplastic tissue is the key to safety, and
this goal can be achieved through a variety of ingenious virus-engineering strategies. Antiviral
immunity remains a significant barrier to the clinical efficacy of oncolytic viruses but this is being
addressed by using novel immune-evasive delivery strategies and immunosuppressive drugs.
Noninvasive pharmacokinetic monitoring is facilitated by engineering marker genes into the viral
genome. Clinical data on the pharmacokinetics of oncolytic viruses will be the key to accelerating
their development and approval as effective anticancer drugs. This review introduces concepts
relevant to the use of viruses as anticancer drugs, emphasizing targeting mechanisms as well as
safety and efficacy issues that are currently limiting their clinical success.

Introduction
Viruses are nature’s nanoparticles – a vast untapped bioresource. More than 2400 viral
species are known, with extraordinarily diverse morphologies and biochemical compositions
[1,2]. Their diameters range from 20 to 500 nm, and their genomes from 3000 to 375 000
nucleotides. They have single- or double-stranded RNA or DNA genomes packaged into
icosahedral or helical protein shells, which are sometimes wrapped in a lipid envelope. The
particle protects the viral genome, carries it from cell to cell in the infected host organism
and transmits it from infected to uninfected hosts. Once delivered into a susceptible target
cell, the viral genome usurps the cellular biosynthetic machinery to manufacture progeny
viruses that spread to adjacent cells, leading to a characteristic pattern of tissue destruction.
This provokes innate and adaptive immune responses (cellular and humoral), which combat
the infection and protect the host from future exposures to the same virus. From one
pharmacological perspective, the viral genome can be seen as a new class of tissue-
destructive drug, and the viral particle as a nanosized nucleic acid delivery vehicle.

An oncolytic virus is one that propagates selectively in tumor tissue and destroys it without
causing excessive damage to normal non-cancerous tissues [3]. Interest in this approach has
fluctuated widely during the past century, reaching fever pitch in the 1950s, followed by
near abandonment in the 1970s and a resurgence of interest in the 1990s [4]. The first
marketing approval for an oncolytic virus was granted by Chinese regulators in 2005. The
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virus was the H101 type 5 adenovirus, which carries E1B-55KD and partial E3 gene
deletions. Approval was granted based on superior response rates in head and neck cancer
patients treated with combined intratumoral H101 plus chemotherapy compared with those
treated with chemotherapy alone. Durability of these responses was not determined and
prolongation of survival was not shown [5]. Numerous additional oncolytic viruses are
currently in Phase I and II clinical testing in many different countries. However, for viruses
to be more widely approved and used as anticancer drugs, they will have to meet stringent
criteria for safety and efficacy, and should be amenable to pharmacological study in human
subjects. These three issues are the subject of this review, exemplified where possible by
reference to oncolytic measles viruses because these are the agents that are most intensively
studied in our laboratories.

Safety
For safety, oncolytic viruses must be highly cancer specific, causing minimal damage and
destruction to normal tissues. Consideration should also be given to the possibility that an
oncolytic virus could evolve into a pathogen as it propagates in the patient, and to the
possibility of person-to-person transmission, either of the original oncolytic virus or of a
pathogenic derivative [6,7]. All possible steps should be taken to minimize these risks,
including the development of a ‘worst-case scenario’ contingency plan.

Specificity
The specificity problem has been effectively addressed and we are currently blessed with a
diverse armamentarium of oncolytic viruses with proven ability to propagate selectively in
tumor tissue (Table 1). A few are naturally oncolytic [8] or have serendipitously evolved
during tissue culture passage to become oncolytic [9], but most have been engineered in
some way to enhance their tumor specificity. Targeting mechanisms that have been
exploited to date can be classified into the four broad categories of transcriptional,
translational, transductional and pro-apoptotic. Each of these mechanisms is further
explained below in relation to the viral replication cycle (Box 1). Each of the targeting
mechanisms is shown in Figure 1.

Pro-apoptotic targeting
Adenoviruses can be rendered tumor selective by mutating or deleting their E1 genes, whose
products are essential for virus propagation in normal cells but not in tumor cells [10,11].
The E1a and E1b gene products prevent apoptosis and cell-cycle arrest in the infected cells
by inhibiting p53 and Rb, respectively. Normal cells undergo rapid Rb-induced cell-cycle
arrest and p53-induced apoptosis when infected by an oncolytic adenovirus lacking E1
functions, and the propagation of the virus is, thereby, aborted. However, in tumor cells in
which the p53 and Rb proteins are frequently nonfunctional, the E1-deleted adenovirus can
still propagate efficiently without fear of triggering premature apoptosis [12,13].

Translational targeting
This targeting strategy provides a way to exploit defects in interferon signaling pathways in
tumor cells. Virus infections tend to provoke the induction of type I interferons but
successful viruses suppress this response (Box 1). When viruses are mutated to destroy their
interferon suppression mechanisms, the release of interferon from the infected cell signals to
neighboring cells to shut down protein synthesis, leading to the establishment of an antiviral
state. In contrast to normal cells, tumor cells have defective interferon signaling pathways
and, therefore, remain susceptible to the virus, even after exposure to interferon. Vesicular
stomatitis virus (VSV) infection provokes transcription of interferon genes but the virally
encoded matrix (M) protein, by inhibiting mRNA transport, blocks the synthesis and release
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of active interferons. VSVs can, therefore, be rendered nonpathogenic by mutating the M
protein so that it no longer inhibits interferon release [14] or by inserting an interferon gene
into the VSV genome [15]. These nonpathogenic VSVs are still oncolytic because tumor
cells are defective in their ability to produce and respond to interferon and, therefore,
efficiently support the propagation of the defective viruses [16]. A second translational
targeting approach, employed recently and with good effect to develop an oncolytic
poliovirus, is to restrict the expression of viral genes by placing them under the control of a
tissue-specific internal ribosome entry site [17].

Box 1. Virus replication
Attachment is the first step in the virus life cycle (Figure I). Attachment proteins on the
surface of the virion interact with specific receptors on the surface of the target cell.
Attachment provides the trigger for entry, wherein the viral genome is delivered into the
cytoplasm of the target cell. Entry occurs by membrane fusion for enveloped viruses and
by endosomal disruption or particle translocation across the target cell membrane for
non-enveloped viruses. Once inside the infected cell, viral genomes are transported to
specific nuclear or cytoplasmic destinations where they can be expressed and replicated.
The viral genome is then copied and amplified, the viral genes are expressed and the
structural proteins are assembled to form new virus particles, which interact with the
packaging signal sequences in the progeny viral genomes to form fully infectious,
nucleic-acid-carrying progeny virus particles that are released from the cell. Viral genes
encoding nonstructural and structural proteins are typically expressed sequentially. The
nonstructural proteins, which are expressed earliest, have several functions. They drive
the amplification of the viral genome, induce the expression of the structural (late)
proteins and maintain the viability of the target cell long enough so that it can make
viable progeny viruses.

The first response of a cell, upon sensing that it has been infected by a virus, is
to ’scream’ by releasing IFN-β. Surrounding uninfected cells respond to the interferon
signal by activating their viral defense mechanisms and suppressing their translational
machinery so that they become poor substrates to support virus propagation. The second
response of the infected cell is to activate its apoptotic program so that it will die before it
releases progeny viruses. Unsurprisingly, viruses have evolved to suppress both apoptosis
and the interferon response using many different mechanisms. Infected cells are, thereby,
‘bound’, ‘gagged’ and exploited as virus-producing factories.

Transcriptional targeting
Adenoviruses, herpes viruses and retroviruses can be rendered tumor selective by inserting
tissue-specific or tumor-specific promoters in their genomes to regulate the expression of
viral genes, whose products are essential for virus propagation. For adenoviruses, this has
been achieved by placing the E1 gene under the control of a foreign promoter [10,11]. For
oncolytic herpes viruses, transcriptional targeting efforts have focused on γ34.1, one of the
key early genes [18]. For retroviruses, the U3 promoter–enhancer region in the long terminal
repeat has been replaced [19].

Transductional targeting
Virus attachment proteins can be adapted to use receptors that are expressed preferentially or
exclusively on tumor cell surfaces or to mediate virus entry only when exposed to proteases
that are abundant in the tumor microenvironment [20]. Both of these approaches have been
extensively validated using recombinant measles viruses [21,22]. The measles virus has two
envelope glycoproteins: the hemagglutinin (H) attachment protein and the fusion (F) protein.
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To redirect virion binding to tumor-associated receptors, ligands such as growth factors and
single-chain antibodies are inserted as C-terminal extensions of the H protein, mutated to
ablate its interactions with measles receptors, CD46 and SLAM (signaling lymphocyte
activation molecule). These fully re-targeted viruses can infect and kill only those cells
expressing the cognate receptor for the displayed ligand. In a second transductional targeting
approach, protease-sensitive linkers are inserted into the F protein (between F1 and F2) so
that proteolytic maturation of the F protein occurs exclusively at sites at which the protease
is abundantly expressed. Measles viruses that can be selectively activated by tumor-
associated matrix metalloproteinases have recently been described [22].

Evolving viruses
Viruses evolve by mutation and selection [23]. Viral mutation rates are generally relatively
high (higher for RNA viruses than for DNA viruses) such that many, if not most, viruses in a
‘pure’ virus preparation carry a point mutation somewhere in their genome. A virotherapy
product cannot, therefore, be so precisely defined as a small molecule because it is actually a
swarm of quasispecies that are closely related, but not identical, to a consensus product [24].
Under selective pressure in the treated cancer patient, these viruses or their in vivo progeny
might acquire the ability to infect non-target tissues, to evade the host immune response or
to spread from the patient to their carers. These risks are likely to vary greatly depending on
the biology and prevalence of the oncolytic virus in question. The risk of oncolytic virus
transmission from a treated patient to their carer is expected to be higher when the virus is
derived from an animal pathogen than when it is derived from a human vaccine. Oncolytic
measles viruses are considered extremely safe in this regard. The measles virus was
originally isolated in 1954 from the throat swab of a measles-infected patient (David
Edmonston) and was attenuated by extensive tissue culture passage [25]. Most of the live
attenuated measles vaccines in current use were derived from this Edmonston lineage, as
were the oncolytic strains of measles virus that are currently under investigation. Because of
the successful global deployment of the measles vaccine, most humans are immune to
measles [26]. Hence, even if an oncolytic measles virus were to evolve new pathogenic
potential, transmission from patient to (measles-immune) carer would be highly unlikely.
The scenario of an oncolytic measles virus evolving to become a pathogen is highly unlikely
because reversion to pathogenicity of the closely related Edmonston-derived measles
vaccine has not been documented in more than a billion vaccinees, the vaccine strain is not
shed in saliva or urine, and person-to-person vaccine transmission has not been convincingly
documented [27]. Finally, in contrast to other viruses such as influenza, measles is
monotypic and has an extremely slow rate of evolution. This explains how anti-measles
immunity acquired by vaccination with the Edmonston vaccine strain, originally isolated in
1954 [25], is still strongly protective against all currently circulating measles strains, more
than 50 years later.

Efficacy
For efficacy, oncolytic viruses must be capable of penetrating host defenses to access
growing tumors, whether primary or metastatic. They must also be capable of propagating
sufficiently at the target site to destroy infected tumors before the infection is controlled and
eliminated by the immune system.

Virus delivery via the bloodstream
Cancer patients have many antiviral defense mechanisms that all need to be penetrated or
overcome for the oncolytic virus to be effective. For example, viruses in the bloodstream
can be neutralized by antibodies and complement, bound by receptor-positive non-target
cells or cleared by phagocytes in the liver and the spleen [3]. Intravenously administered
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viruses are, therefore, eliminated rapidly from the circulation, and this process becomes
faster after each subsequent exposure because of increasing antiviral immunity. So
formidable are the barriers to efficient and accurate vascular delivery of viruses that
skepticism has been expressed as to whether these agents will ever be exploitable as
systemic therapies. However, against this uninformed negativity, the virotherapy research
community is developing a broad range of viable solutions to the intravascular (intravenous
or intra-arterial) delivery problem.

Serotype switching
One approach is to administer a different viral serotype at each successive treatment cycle.
For many viruses (e.g. adenovirus and VSV), there are several naturally occurring serotypes
that, by definition, are resistant to neutralization by antisera against the other serotypes
[28,29]. For certain viruses, it is also possible to modify the viruses by engineering or
evolving them so that they are no longer neutralized by antibodies raised against the original
virus [30]. The serotype-switching approach is not applicable to monotypic viruses such as
measles.

Polymer coating
Polymer coating of viruses is another way to block antibody recognition [31]. 90% of
primary amino groups on the surface of adenovirus particles became modified by the
polymer when adenoviruses were mixed with poly [N-(2-hydroxypropyl)methacrylamide]
(pHPMA) bearing reactive 4-nitrophenyl (ONp) esters on pendent diglycyl side-chains. The
polymer-coated viruses have extended circulation times in vivo but this prevents the virus
from binding to its cellular receptors. Infectivity can be restored, at least partially, by
incorporating cell-targeting ligands into the polymer coating [32].

Antibody depletion
An alternative to virus modification is to reduce the concentration of circulating antiviral
antibodies in the patient before infusing the virus [33]. This might be achieved by infusion
of soluble viral antigens, passing blood through antigen-loaded columns or immunizing with
antiviral antibodies to provoke an anti-idiotypic antibody response that sequesters antiviral
antibodies and prevents them from interacting with infused viral particles Another approach
to reducing the concentration of antiviral antibodies is through the destruction of virus-
specific B lymphocytes or antibody-producing plasma cells with steroids, cyclophosphamide
or anti-B-cell antibodies [34]. However, reductions in the concentration of neutralizing
antibodies after terminating their production are very slow because the serum half-life of
antiviral IgG is longer than 20 days [35,36]. Plasmapheresis is routinely used in the clinic
for depletion of IgM antibodies or immune complexes but the approach, although
straightforward, is relatively ineffective for depleting circulating IgG.

Antibody evasion
As an alternative to changing the virus coat or to suppressing antibody responses, recent data
indicate that it could be possible to ‘hide’ a virus so that it cannot be seen or bound by
antiviral antibodies as it transits the blood-stream to gain access to the tumor cell population
[37]. This can be achieved either by using virus-infected cells as carriers to transport the
virus to its target cell population [33,38–40] or by delivering the virus genome to target cells
as non-immunogenic infectious nucleic acid [41]. Both of these approaches have the
potential to circumvent phagocytic clearance mechanisms that sequester viruses in the liver
and the spleen, but they must be used in conjunction with effective targeting strategies to
minimize the transduction of non-target tissues.
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Virus extravasation
The extravasation of intravenously administered viruses into the parenchyma of a tumor is
another important variable, which is influenced by both the size of the viral particles
(smaller nanoparticles extravasate better) [42] and the permeability of the tumor blood
vessels. In mouse xenograft models, and perhaps in some primary and metastatic human
cancers, the permeability of blood vessels is greater at the tumor periphery, and oncolytic
viruses extravasate more efficiently at that location [43–45]. Vascular permeability can be
increased by local expression of vascular permeability factors such as vascular endothelial
growth factor or by local inflammation secondary to treatment with external beam radiation
or chemotherapy [46]. An alternative strategy for enhancing viral extravasation from tumor
blood vessels is to engineer their attachment proteins to bind to receptors expressed on
tumor blood vessel endothelium [47,48]. Viruses with dual specificity for neovessel
endothelium and antigens expressed on tumor cells are required to ensure that intratumoral
propagation can proceed after the virus has been transported across the endothelial lining of
the tumor blood vessels.

Intratumoral spread of the virus
Depending on the virus, the time from infection to target-cell death can range from a few
hours to a few days, and the number of progeny released from a single infected cell (burst
size) can range from1 to 100 000. Thus, in the absence of an immune system, oncolytic
viruses spread through tumors at widely differing speeds [49]. In the presence of an immune
system, antiviral immunity is the major host factor that serves to modulate the speed of
intratumoral virus propagation [50].Most important in this regard is the cellular arm of the
immune system, which controls the spread of infection by destroying infected cells before
they have a chance to release their viral progeny.

Immunosuppression
Antiviral cytotoxic T lymphocyte responses can be suppressed by immunosuppressive
drugs, thereby promoting the intratumoral spread of an oncolytic virus. Cyclophosphamide
is an attractive immunosuppressive drug to use in combination with oncolytic virotherapy
because rapidly dividing lymphocytes are exquisitely sensitive to its cytotoxic actions and it
has proven activity as an effective anti-neoplastic agent used extensively in the treatment of
human malignancy [51]. Cyclophosphamide is well tolerated, available at low cost and
strongly inhibits antiviral immune responses, whether primary or anamnestic, B cell or T
cell, when administered at the appropriate time and dose following virus exposure [52–55].
Thus, cyclophosphamide can greatly increase the efficiency of virus spread from infected
tumor cells to adjacent uninfected cells [56] and can help to limit increases in the antiviral
antibody titer between successive viral doses.

Pharmacological monitoring
Pharmacokinetics describes the fate of a drug in the body, including its absorption,
distribution, biotransformation and excretion, and has not been adequately addressed in
previous human virotherapy studies. Key pharmacokinetic questions, usually left
unanswered in Phase I virotherapy trials, are: (i) where do the virus particles go and how
many reach the target site? (ii) How many target cells get infected, where are they located
and what is their identity? (iii) Is the viral genome expressed in the infected cells and, if so,
at what level and for how long? (iv) How many progeny viruses are released by infected
cells, when are they released and where do they go? (v) How fast and how far does the virus
spread and when is it eliminated from the body? Answers to these important questions are
routinely obtained in preclinical studies by direct analysis of tissue samples harvested from
multiple sites at multiple time-points but such analyses are not feasible in human trials. To
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study the pharmacokinetics of oncolytic viruses in a clinical setting, we need convenient,
noninvasive monitoring strategies that can be used to quantify the expression level of virus-
encoded proteins and to map the distribution of virus-infected cells. Repeat testing should be
undertaken in each treated patient to track the spread of the virus and to determine the time
course of viral gene expression. Marker genes can be incorporated into the viral genome to
facilitate this type of clinical monitoring.

Oncolytic measles viruses coding for the soluble extracellular domain of human
carcinoembryonic antigen (MV-CEA) were recently generated to facilitate the noninvasive
monitoring of virus propagation in human subjects through serial measurement of serum
carcinoembryonic antigen (CEA) concentrations [57,58]. A second recombinant oncolytic
measles virus (MV-NIS) – coding for the human thyroidal sodium iodide symporter (NIS), a
membrane ion channel responsible for transporting iodine into thyroid follicular cells – was
then generated [59]. MV-NIS-infected cells concentrate radioactive iodine from the
bloodstream, enabling the status of an infection to be monitored by serial noninvasive
single-photon-emission computed tomography (SPECT) or positron-emission tomography
(PET) imaging using 123I or 124I as tracers. These two recombinant measles viruses are
currently being tested in Phase I dose-escalation clinical trials in patients with ovarian
cancer (MV-CEA), glioma (MV-CEA) or multiple myeloma (MV-NIS) [59–62].

Transgenes encoding certain intracellular enzymes or non-signaling cell-surface receptors
can also facilitate imaging. Thus, the herpes simplex virus thymidine kinase enzyme can
phosphorylate and trap a radioactive 2′-fluoro-2′-deoxy-1-β-D-β-arabinofuranosyl-5-
iodouracil (FIAU) tracer in virus-infected cells, so viruses expressing this transgene can be
imaged by PET or SPECT [63–65]. Also, a mutated dopamine D2 receptor through which
dopamine is unable to signal can trap a PET-labeled ligand tracer at sites of virus
propagation [65,66]. These new monitoring strategies are expected to enhance the quality of
the pharmacological information gained from early-stage clinical virotherapy trials and this
will provide a rational basis for intelligent protocol modifications that will hasten the
inevitability of clinical success.

Concluding remarks
After a long incubation period, oncolytic viruses are finally emerging as potentially useful
anticancer drugs. Data currently emerging from ongoing Phase I and Phase II clinical trials
are extremely encouraging, showing that tumor regressions can occur even after systemic
virus delivery [67]. However, significant challenges remain. In particular, the clinical
potency of oncolytic viruses must be increased if they are to become a truly effective cancer
therapy, and it seems likely that their clinical potential will be fully realized only when they
can be safely administered to patients receiving concurrent immunosuppressive therapy. To
ensure their safe deployment in the setting of antibody depletion and transient
immunosuppression, it is anticipated that future oncolytic viruses will have to be not only
more potent but also more tumor specific than those currently tested, and amenable to
noninvasive pharmacological monitoring.
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Figure 1.
Mechanisms of tumor targeting by oncolytic viruses. (a) Transcriptional targeting. An
essential viral gene is placed under the control of a tumor-specific promoter (some virus
promoters are naturally tumor specific). Typically, the selected gene encodes an early viral
protein that is essential for successful completion of the virus life cycle. This is applicable
only to DNA viruses (excluding poxviruses) and retroviruses. (b) Translational targeting.
The virus is engineered (or adapted) to disable viral proteins that antagonize the cellular
interferon (IFN) response. Normal cells then release interferon upon infection, causing
neighboring cells to shut-off translation. Infected cancer cells are impaired in their ability to
release or respond normally to interferon. (c) Pro-apoptotic targeting. The virus is
engineered (or adapted) to disable viral proteins that prevent apoptosis. Normal cells then
die quickly upon infection before progeny viruses can be produced. Infected cancer cells are
impaired in their ability to undergo apoptosis. Hence, the virus can generate progeny and
spread only in the cancer cells. (d) Transductional targeting. The virus gains entry to its
target cells through a receptor expressed more abundantly on tumor cells than on normal
cells. The natural receptors for several viruses fall into this category. Alternatively, the
attachment specificity of the virus can be reprogrammed towards tumor antigens by the
display of single-chain antibodies or other polypeptide-binding ligands on the viral surface.
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Figure I.
Virus replication. (a) Viral invasion of the cell. (b) The cellular response to viral infection
and the suppression of this response by viral accessory proteins. Abbreviations: RIG,
retinoic-acid-inducible protein-1; TLR, Toll-like receptor.
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