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Abstract
Virotherapy is currently undergoing a renaissance, based on our improved understanding of virus
biology and genetics and our better knowledge of many different types of cancer. Viruses can be
reprogrammed into oncolytic vectors by combining three types of modification: targeting, arming
and shielding. Targeting introduces multiple layers of cancer specificity and improves safety and
efficacy; arming occurs through the expression of prodrug convertases and cytokines; and coating
with polymers and the sequential usage of different envelopes or capsids provides shielding from
the host immune response. Virus-based therapeutics are beginning to find their place in cancer
clinical practice, in combination with chemotherapy and radiation.

When viruses were first recognized more than 100 years ago, the idea of using them to fight
cancer, and in particular leukaemia, was considered1. Clinical reports of cancer regressions
that were coincidental with natural virus infections continued through the first half of the
twentieth century2,3. Based on these anecdotal observations, early clinical trials were
performed in which bodily fluids that contained human or animal viruses were used to
transmit infections to patients with cancer4. Often, the host immune response prevailed, but
occasionally, in immunosuppressed patients, the infection persisted and the cancer
regressed, although the morbidity that occurred as a result of the infection of normal tissues
was unacceptable. Some of the clinical studies performed at that time seem alarming in the
context of current ethical standards; however, these were desperate times for those afflicted
with cancer3.

The advent of tissue culture in the 1950s and 1960s allowed viruses to be propagated in a
more defined environment and cancers to be modelled by implanting cancer cells into
rodents, which allowed pre-clinical experimentation with many types of human and animal
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viruses5–10. The opportunity to influence the evolution of viruses by adapting them to grow
well only in specific cancer cells and then using them as therapy for equivalent cancers was
promptly recognized and seized11–13, but success was again limited, and research activity in
the field of oncolytic virotherapy diminished because alternative approaches to improve
efficacy were not available.

At this crossroads, oncolytic virotherapy was limited by the lack of knowledge of the
determinants of viral tropism and of ways to manipulate those determinants to generate
viruses that were more specific for cancer cells. It was recognized that cancer cells were
better environments for the replication of naturally oncolytic viruses, whereas non-
transformed cells could control virus infections. The need to improve the characteristics of
natural oncolytic viruses became clear as more extensive testing identified limited efficacy
or dose-limiting toxicities3,14. Consequently, research moved towards reprogramming
viruses to become increasingly cancer specific, and thus safer. However, progress was
initially slow, because an understanding of the natural virus tropism determinants and the
molecular environment of the target cancer cells had to be developed.

During the past 20 years, tropism determinants have been identified and characterized for
many different virus families. In addition, we can now easily visualize and quantify viral
spread using reporter genes15,16, and document how virus replication relates to therapeutic
efficacy17. Most importantly, reverse-genetics systems have been developed for almost
every virus family, allowing the generation of viruses with improved oncolytic properties.
Finally, our understanding of cancer has also improved with the availability of diagnostic
markers and sophisticated animal models. These advances allow researchers to generate
viruses with various levels of specificity for the molecular eccentricities of cancer cells.

FIGURE 1 and TABLE 1 introduce the most relevant families of human DNA and RNA
viruses that are currently used in, or are approaching, clinical trials. Recombinant DNA
viruses in clinical trials include adenovirus (Ad), herpes simplex virus 1 (HSV1) and
vaccinia virus. Other DNA viruses that are approaching clinical trials include myxoma virus.
The only engineered oncolytic RNA virus that is currently in clinical trials is measles virus
(MV); non-engineered strains of Newcastle disease virus (NDV) and reovirus are currently
in Phase I–II clinical trials, and reprogrammed poliovirus and vesicular stomatitis virus
(VSV) are in pre-clinical trials. As the major clinical trials of oncolytic viruses for cancer
therapy have recently been reviewed18, we will focus here mainly on the vector
developments that are preparing viruses for the next generation of trials. The first half of this
Review will discuss the principles of retargeting viruses to cancer cells, which are primarily
illustrated using an RNA virus, MV, and a DNA virus, Ad. The focus is exclusively on the
genetic reprogramming of replicating viral vectors. The second half of this Review focuses
on arming viruses and shielding them from the host immune response to improve oncolytic
efficacy. We also address the clinical use of reprogrammed viruses in combination with
chemotherapy and radiation, and discuss a five-step plan for reprogramming viruses into
cancer therapeutics.

Retargeting viral tropism
When considering the development of an oncolytic agent for a tumour that is derived from a
specific cell type, two general strategies can be used. First, viruses with a natural tropism for
that cell type can be considered. This principle is illustrated by the selection of HSV to treat
glioblastoma. The goal then becomes to deprogramme the virus from harming normal
neurons, while maintaining oncolytic efficacy. Alternatively, one can reprogramme a virus
that has only a marginal tropism for the target cell type. This strategy benefits from the
inherently low toxicity of the virus for normal cells, but demands precise insights into the
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host mechanisms that limit viral spread and the availability of targeting elements to
overcome these limitations. The success of both approaches is dependent on the selectivity
of the strategies that are used. In this section, we discuss four complementary classes of
targeting modifications, as illustrated in FIG. 2: particle activation, which is dependent on
cancer-specific proteases; entry through cancer-specific cell-surface molecules; control of
viral transcription and replication by tissue-specific promoters; and the preferential spread of
viruses that exploit cancer-specific molecular defects.

We have selected the enveloped RNA virus MV (FIG. 3) and the icosahedral DNA virus Ad
(FIG. 4) to illustrate how these alterations can be applied to viruses with different biological
characteristics.

Activation through cancer-specific proteases
The replication and pathogenesis of almost every virus is dependent on interactions with
host cell proteases. Importantly, enveloped viruses, such as paramyxoviruses, influenza and
HIV-1, require protease cleavage of viral glyco-proteins for productive cell entry following
receptor recognition19. Many cancer cells express proteases that could be exploited to
enhance virus specificity. Desirable protease targets for oncolytic viruses that can be
activated are those that are expressed preferentially and/or at high levels by cancer cells.
Notably, matrix metalloproteinases (MMPs) are endopeptidases that are over-expressed in
nearly every human cancer20.

Proof of principle for MMP protease activation was achieved using retroviruses by adding
blocking ligands that contained MMP-cleavable linkers to the amino (N) terminus of
retroviral glycoproteins21,22. In another approach that introduced only minimal structural
modifications, the protease cleavage specificity of the fusion protein from MV and Sendai
virus was changed from being dependent on the ubiquitous protease furin or the respiratory
airway protease tryptase Clara, respectively, to being dependent on an MMP23,24 (FIG. 3a).
Recombinant MV that expressed the modified fusion protein (MV-MMP) was unable to
propagate or produce a cytopathic effect unless it was added to cells that expressed an
MMP. In mice, MV-MMP retained full oncolytic activity when inoculated into MMP-
positive subcutaneous cancers but, unlike wild-type MV, MV-MMP did not infect and kill
susceptible mice after intracranial inoculation, which proved that the safety of the virus had
been enhanced24.

These experiments illustrate the potential safety and efficacy benefits of retargeting
oncolytic viruses to MMP-positive cancer cells at the level of virus particle activation.
Another protease that can be targeted and that is secreted by invasive metastatic cancer cells
is the urokinase-type plasminogen activator25. This retargeting strategy could be directly
adapted to restrict cellular entry of other enveloped viruses that are currently being used in
clinical trials, and which have fusion proteins that are dependent on protease activation,
including HSV and other large DNA viruses and NDV among the paramyxoviruses.
Additionally, it might be possible to modify the regulatory or structural proteins of viruses
that have an icosahedral capsid to be dependent on pro-teases that are expressed
preferentially and/or at high levels by cancer cells.

Entry through cancer-cell-specific receptors
Viruses bind to one or more host cell surface proteins during infection, and the tissue-
specific expression of these proteins can determine viral tropism. A range of chemical and
genetic engineering strategies have been tested to retarget the cell entry of both enveloped
and non-enveloped viruses through designated cancer-cell-specific receptors26 (BOX 1), but
certain approaches have been challenging. In particular, the structural constraints of the
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icosahedral symmetry that is typical of many viruses often makes displaying specificity
domains incompatible with efficient particle assembly27. In addition, the biological
characteristics of ligands and viruses can sometimes be incompatible, making it difficult to
combine certain ligands with some viruses.

Box 1

Biochemical versus genetic modification of viruses

Reprogramming oncolytic viruses requires at least two steps: first, retargeting by adding
new ligands to mediate binding to receptors that are expressed on cancer cells, and
second, detargeting by blocking promiscuous binding to non-cancer cells. In genetic
retargeting, an exogenous ligand is fused to, or replaces, the normal receptor-binding
protein of the virus (see the figure, parts a and b). This genetic approach has the
advantage that the injected virus and its progeny that are produced during oncolysis will
all be targeted. However, genetically retargeting viruses is a complex, technically
challenging process. As an alternative, viral particles can be modified chemically (see the
figure, parts c and d): they can be conjugated to cell-targeting ligands by using antibody–
virus interactions (for example, bi-specific antibodies), molecular bridges (for example,
biotin–avidin) or frank covalent coupling with chemical cross-linkers (for example,
bifunctional polyethylene glycol (PEG)). As these simple complexing approaches are
combinatorial, they can target more than one receptor and avoid the functional
complications of introducing foreign domains into viral proteins. However, these
approaches only mediate targeting of the inoculated virus. Once progeny virions are
produced in the tumour, they default to their genetically encoded tropism. This loss of
targeting in progeny and the need to combine multiple Good Manufacturing Practice
(GMP)-grade reagents for use in patients makes the biochemical approach more difficult
for clinical translation than having one genetically targeted reagent.

Biochemical and genetic targeting are complementary and can be combined. For
example, chemical modification could target tumour vasculature, allowing the genetically
encoded virus tropism to target cancer cells. In addition, targeting can be performed
using polymers such as PEG to ‘shield’ the virus from antibodies and other interactions
(see the figure, part d). Therefore, both chemical and genetic engineering hold promise
for targeting oncolytic viruses.

Usually, only one viral protein is involved in receptor binding, but other proteins support
subsequent particle internalization or membrane fusion. This is true for non-enveloped
viruses, such as Ad, which uses its fibre protein for cell binding and its penton base for cell
entry (FIG. 4). The substantial efforts to retarget Ad have recently been reviewed27, and
therefore we will focus instead on targeting strategies for MV as an archetypical enveloped
oncolytic virus. Among enveloped viruses, receptor targeting is most advanced in the
Paramyxoviridae, in which two different glycoproteins — haemagglutinin and the fusion
protein — carry out receptor binding and membrane fusion, respectively28,29. FIGURE 3
illustrates the structure of an MV particle and the modifications to haemagglutinin that are
necessary to achieve retargeting.
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To retarget viral tropism at the level of receptor recognition, virus entry through a natural
receptor (or receptors) must first be inactivated. The primary receptor for wild-type MV is
the signalling lymphocytic activation molecule (SLAM; also known as CD150)30, but the
MV vaccine strain also binds to the ubiquitous CD46 (also known as membrane cofactor
protein (MCP))31,32. To identify the residues of MV haemagglutinin that selectively support
SLAM- or CD46-dependent cell entry, an iterative mutagenesis strategy and functional
receptor-dependent fusion assays were used. This identified several residues that are
required for either SLAM- or CD46-dependent fusion33 (FIG. 3b). Recombinant viruses
with mutations in these residues were obtained by reverse genetics and shown to be
selectively receptor blind, recognizing either CD46 or SLAM33.

The next retargeting step requires that viral tropism be expanded to target receptor proteins
that are expressed preferentially on cancer cells. Proof of principle for this step was achieved
by displaying the small specificity domains epidermal growth factor (EGF) or insulin-like
growth factor 1 (IGF1) on MV haemagglutinin. When these domains were added to the
extra-cellular terminus of haemagglutinin34, recombinant viruses that expressed these
extended proteins became replication competent in previously non-susceptible cells that
expressed the EGF or IGF1 receptors.

The applicability of receptor targeting has been greatly expanded by using domains that
confer antibody-like specificity. In practice, however, antibodies are difficult to engineer
into viral proteins, as they are tetrameric, contain disulphide bonds and are usually
substantially larger than the viral proteins to be modified. Researchers have therefore used
single-chain fragment variable (scFv) antibodies, which comprise the antigen-binding
variable regions of the heavy and light chains of antibodies and retain complete antigen
specificity. ScFvs that are specific for every human protein can be relatively easily
produced, making these molecules the gold standard for targeting.

Enveloped viruses provide an optimal platform for applying scFvs, as both the ligands and
viral envelope glycoproteins are naturally secreted through the same pathway. For example,
a recombinant MV that displays an scFv which is specific for the carcinoembryonic antigen
was generated and was shown to enter carcinoembryonic-antigen-expressing cells that were
not susceptible to entry by wild-type MV35. Subsequently, MV that had been retargeted to
bind CD20, a marker for non-Hodgkin’s lymphoma (NHL), and CD38, a marker for
myeloma, were also generated using the functional display of scFvs, and were shown to be
oncolytic in immunodeficient mice that contained CD20- or CD38-positive cancer
xenografts36,37. Recently, the oncolytic efficacy of scFv-retargeted MV was demonstrated in
an immunocompetent mouse model38.

Proof of principle for a completely retargeted MV was achieved by combining scFvs that
were specific for EGF receptor (EGFR) or CD38 displayed on MV haemagglutinin with
mutations that ablated productive interactions with the SLAM and CD46 receptors39. These
retargeted viruses replicated in and killed cancer cells that expressed the targeted receptors,
but were unable to infect cells that expressed SLAM or CD46. When administered
intratumourally or intravenously to mice with human CD38- or EGFR-positive tumours,
these viruses mediated targeted anti-tumour activity. These data provide an in vivo
demonstration of antibody-directed tumour destruction by a retargeted oncolytic virus39.

ScFv-mediated cell entry through targeted receptors should be applicable to enveloped
viruses with glyco-proteins that are folded in the same reducing compartment as scFvs, and
indeed proof of principle for the applicability of scFvs in retargeting HSV has been
achieved40. Some success has also been reported for other viruses with capsids that are
produced within the cytoplasm, such as Ad, based on the display of scFvs41 and the CD40
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ligand42. However, these approaches require complex re-engineering or selection of ligands
for proper folding and disulphide replacement in this foreign non-reducing environment. In
both cases, receptor retargeting holds promise for future generations of clinical oncolytic
viruses.

Cancer-specific transcription and replication
Another layer of specificity for cancer cells can be applied at the level of virus replication,
by two main approaches. In the first approach, key virus gene products are placed under the
transcriptional control of tissue-specific or cancer-specific promoters, such that they are
preferentially, if not exclusively, expressed in tumour cells. Reprogramming replication
functions using such approaches tends to be simpler in DNA viruses, such as Ad,
herpesviruses or poxviruses, as these viruses have large genomes and genome-packaging
capacities, which facilitates the insertion of exogenous elements. The expression or
interactions of the proteins that are encoded by the key Ad early genes E1A, E1B and E4, for
example, has been modified. See REF. 43 for a detailed discussion of the biology of Ad
early genes.

In a simplified view, the E1A protein transactivates other Ad promoters that are involved in
the virus life cycle (FIG. 4a). E1A also drives cells into synthesis (S) phase to facilitate virus
replication and interacts with more than ten proteins, including the retinoblastoma tumour
suppressor (Rb) and p300. The E1B 55 kDa protein (E1B-55K) binds and destroys the
tumour suppressor p53 to allow entry into S phase. The E1B 19 kDa protein prevents the
cell from undergoing apoptosis and aborting virus replication. Manipulation of these
proteins or their expression can restrict virus replication to targeted cancer cells.

A second approach to cancer-specific replication is to place the E1 or E4 genes under the
control of tissue-specific or cancer-cell-specific promoters. For example, expression of E1A
from the prostate-specific antigen promoter renders Ad replication and cell killing prostate
specific (TABLE 1). For prostate cancer, conventional therapy often includes prostate
ablation, which allows selection of a tissue-specific, rather than a cancer-specific,
promoter44. Additionally, the telomerase promoter has been placed upstream of the E1 and/
or E4 genes to drive oncolytic virus activity45,46. This promoter is an example of the
burgeoning number of promoters that are being tested to reprogramme the replication of Ad
and other viruses for oncolysis.

An interesting example of a virus with cancer specificity of disputed origin is ONYX-015,
the archetypical attempt to generate cancer-specific oncolytic Ad. ONYX-015 is derived
from the mutant Ad strain dl1520, in which E1B-55K is deleted47. It was originally thought
that the deletion of E1B-55K would protect normal cells from infection by ONYX-015, as
these cells express the tumour suppressor p53. By contrast, it was proposed that ONYX-015
would proliferate and kill cancer cells that lack p53 with no restraints. Although early work
seemed to support this hypothesis48, later studies revealed that the situation is more
complex, as ONYX-015 was cytopathic even in the presence of p53 (REF. 49). Tumour
selectivity of ONYX-015 is currently mainly attributed to late mRNA export50,51. H101, an
E1B-55K-deleted virus that is similar to ONYX-015, has recently been approved by the
Chinese State Food and Drug Administration for use in combination with chemotherapy in
the treatment of late-stage refractory nasopharyngeal cancer (TABLE 1). Approval of H101
or a related product by the United States Food and Drug Administration will be contingent
on the availability of extensive survival and quality-of-life data. H101, like ONYX-015, is
an important case study in applied virology and the only approved drug in the clinic18, but
has only modest cancer selectivity. Both H101 and ONYX-015 also illustrate the need to
better integrate observations in different experimental systems and ensure the cancer
specificity of oncolytic viruses by applying overlapping layers of cancer specificity.
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Exploiting cancer cell defects to balance attenuation
The most potent oncolytic viruses are arguably wild-type viruses. However, these viruses
can kill normal cells and cause dose-limiting toxicities. Efforts have therefore been made to
reduce the toxicity of most oncolytic viruses by attenuation52. For example, in a recent
clinical trial that tested the use of herpesvirus in glioma, attenuation of the virus by
inactivation of ICP34.5, a neurovirulence gene, and ICP6, the gene that encodes the large
subunit of ribonucleotide reductase, made it safe (TABLE 1). As it is possible that this
attenuation also reduces oncolytic efficacy53, selective expression of ICP34.5 through
glioma-specific promoters is being developed54,55.

Attenuation is always relative to the target cell. Ideally, oncolytic viruses should be highly
attenuated in normal cells, but maintain normal replication in cancer cells. Many viruses
replicate well in those cancer cells that have accumulated defects in innate immunity
functions, which should allow the viral proteins that are normally used to circumvent these
protective measures to be modified without extensively sacrificing replication competence
in tumour56. However, it is clear that completely ablating the expression of certain virus
proteins attenuates viral replication, even in cancer cells, as these virus proteins often have
multiple functions. Therefore, current attenuation strategies are moving towards
conservative modification of virus proteins, through the mutation of single residues that are
essential for specific interactions.

For example, many cancerous cells cannot produce interferon (IFN) or respond to IFN
stimulation57–61. Such abnormalities make these cells highly susceptible to virus infection,
and indeed it has been shown that VSV with mutations in the matrix protein, which is
responsible for modulating the cellular IFN response, replicates preferentially in these
cancer cells62. When this study was published, the mechanism by which the mutation
operated was not completely understood, but current studies can profit from the
identification of the cellular proteins that directly interact with certain virus proteins and,
sometimes, from the knowledge of the structural basis of these interactions.

For example, the mechanisms that MV uses to control the IFN system are understood in
some detail. IFN binds to neighbouring cells to activate cytoplasmic STAT (signal
transducer and activator of transcription) proteins by phosphorylation. Activated STAT
proteins function as transcription factors to upregulate the expression of antiviral proteins,
thereby protecting the cell in advance of infection63–66. Viruses have evolved diverse
mechanisms to block the IFN pathway at various points67,68. The innate immune defences of
cells that are infected with wild-type MV are compromised by expression of the virus non-
structural C and V proteins, which abrogate IFN signalling by inhibiting STAT
phosphorylation69 and its translocation to the nucleus70,71.

In the first-generation oncolytic MVs that are currently being tested in clinical trials, the V
protein carries a mutation that renders it non-functional, making the viruses highly
susceptible to IFN72. Importantly, several human ovarian carcinoma cells have been shown
to be capable of inducing IFN and controlling the replication of these viruses, thereby
limiting their oncolytic efficacy. To increase oncolysis, IFN susceptibility was reversed by
replacing the mutated gene with the wild-type sequence73. However, increasing oncolysis by
including a wild-type gene in an oncolytic virus might enhance its ability to replicate in non-
target cells, which raises a potential safety concern.

Identification and characterization at the amino acid level of specific protein interactions,
such as between the MV V protein and the IFN machinery, is therefore important. For MV,
it is now known that tyrosine 110 and a few neighbouring amino acids in the N terminus of
the phosphoprotein (P) (FIG. 3) are necessary for the interaction with STAT1 (REFS 72,
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74). It is also known that the cysteine-rich domain of the V protein interacts directly with the
helicase MDA5, thereby limiting the cellular recognition of viral RNA and IFN induction75

(FIG. 3). The residues of the V protein that are involved in this interaction are currently
being mapped, together with other V residues that are important for the interaction with
STAT2 (A. Ramachandran, J.P. Parisien and C.M. Horvath, personal communication).

Analogous to the first-generation oncolytic MVs, the oncolytic Ads ONYX-015 and H101
have some level of cancer-cell specificity owing to deletion of the E1B-55K gene, but both
are attenuated in normal cells and cancer cells, which limits their effectiveness in the
absence of combined therapy (for example, chemotherapy18). Retargeting the specificity of
oncolytic Ad has therefore focused on introducing specific mutations or deletions in E1A to
block its binding to Rb and/or p300; this would inhibit virus replication in normal cells, but
would allow proliferation and killing in cancer cells without Rb function or with mutations
in cell-cycle components76,77. These viruses maintain good potency against a range of
tumours and have improved safety in animal models. Furthermore, combinations of E1A and
E1B mutations have generated a novel Ad that seems to be more cancer-cell-specific than
the single-mutant viruses44.

In summary, knowledge of the specific interactions between viral and cellular proteins lays
the foundations to ablate individual replicative functions of oncolytic viruses (including
immune evasion and inhibition of apoptosis) and attenuate replication in normal, but not in
certain cancerous, cells. This balanced attenuation will generate oncolytic viruses that are
specific for the unique IFN and/or cell-cycle deficiencies of a given cancer type and,
eventually, for the tumours of individual patients with cancer.

Arming viruses
Arming oncolytic viruses that are inefficient in pre-clinical models or clinical trials with
genes that encode prodrug convertases or therapeutic proteins can enhance their potency.
This approach is particularly interesting when it is combined with other therapeutic
modalities (discussed below). One intrinsic limitation of certain oncolytic approaches is that
therapeutic gene delivery is limited to infected cells. If the effect of the encoded protein is
cell autonomous (for example, a tumour suppressor protein such as p53), arming will only
kill the primary infected cell. By contrast, if the protein is secreted, for example, a cytokine,
it can have systemic efficacy, but also side effects. Other proteins, such as thymidine kinase
(TK), can have bystander effects that kill neighbouring cells without acting systemically.
Immunostimulatory arming proteins, including cancer antigens and cytokines, can also have
systemic effects by activating immune responses against cancer cells. It is also possible that
cell-autonomous cell-killing genes prime the immune system by generating apoptotic or
necrotic cancer cell remnants that can be taken up by antigen-presenting cells for cross-
presentation and activation of T cells against cancer cells.

Prodrug convertase transgenes
Prodrug convertases are enzymes that metabolize non-toxic substrates and convert them into
lethal drugs that can act within the infected cell, locally or, in some cases, systemically.
Early examples include the use of HSV TK to sensitize cells to the drug ganciclovir78,79.
This approach adds tumour specificity, as only cells that are dividing (such as cancer cells)
are killed by the TK-activated drug. Similar approaches have used other convertases, such as
cytosine deaminase80, or have combined two convertases into one protein, such as the TK–
cytosine deaminase hybrid protein81, to apply different layers of cancer specificity and
tumour killing.
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Pro-apoptotic transgenes
Arming oncolytic viruses with transgenes that are capable of inducing apoptosis is an
attractive strategy for improving anti-cancer activity. In combination with replicative
viruses, however, apoptosis is a double-edged sword. Premature apoptosis of infected cells
can reduce virus progeny yields, thereby counteracting the oncolytic activity of the virus. By
contrast, apoptosis that is induced at late stages of virus infection, when the progeny virions
are matured, can improve virus release from infected cells82 and enhance progeny spread
and anti-cancer efficacy. Oncolytic Ads that are engineered to express TRAIL (tumour-
necrosis-factor-related apoptosis-inducing ligand) are more oncolytic than the parental
viruses in cancer cell lines and in animal tumour models83–85. Arming oncolytic Ads with
another pro-apoptotic transgene, p53, resulted in increased apoptosis in vitro, but not in
increased anti-tumour activity in vivo86,87. Therefore, thorough analysis of the expression
levels of pro-apoptotic transgenes and the sensitivity to apoptosis of target cancer cells is
required to sustain synergistic interactions between the induction of apoptosis and virus-
replication-mediated oncolysis.

Immuno-activating transgenes
A complementary approach is to disarm Ad in normal cells by expressing gene products that
can further protect normal cells from the leaky toxicity of standard oncolytic Ad. Examples
include the delivery of type I or II IFNs or cytokines such as granulocyte–macrophage
colony-stimulating factor88. A more recent application arms an Ad in cancer cells and
disarms it in normal cells. In this case, a KD3 Ad that was targeted by mutations in E1A was
armed by ADP overexpression. When this KD3 virus was disarmed by expressing an IFN-α
gene, its anti-tumour activity was higher than that of the parental virus14. IFN expression
also suppressed virus replication in normal cells, but not cancer cells. When tested in vivo,
the disarmed KD3 virus mediated better tumour killing and drastically reduced liver toxicity.
Although IFN expression disarmed Ad that innately resisted IFN, it should be noted that this
strategy cannot be applied to viruses that are highly susceptible to IFN expression. This
selective arming approach provides proof of principle for similar modifications in Ad and
other viruses, provided that they can propagate genomes with multiple gene additions.

Shielding oncolytic viruses
Therapy of metastatic disease in patients with intact immunity89 will remain a challenge,
even for effectively reprogrammed oncolytic viruses. This fact can be under-appreciated
when viruses are initially tested against human tumours that are grown in immunodeficient
mice. Conversely, testing in an immunocompetent animal model has its own caveats, as
animal cell tumours might not recapitulate the biology of their human counterparts.
Increased therapeutic applicability would be possible with strategies that help viruses and
host immunity co-exist or even interact synergistically.

Temporary immunosuppression
Given that many oncolytic viruses are derived from human viruses, the presence of pre-
existing neutralizing antibodies in patients with cancer can rapidly inactivate incoming
viruses after injection. Even when no antibodies are present, the first injection of an
oncolytic virus will induce neutralizing antibodies that can quench the activity of subsequent
injections (FIG. 5). Moreover, the innate and cellular immune responses will combat
oncolytic viruses. Although this might contribute to the killing of infected cancer cells, it
might also lead to the lysis of normal cells in which the virus is replicating. These cellular
responses might also reduce the amount of virus that is produced by infected cells and limit
virus spread to adjacent tumour cells.
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One strategy to limit the effects of neutralizing antibodies is to develop virotherapy
protocols for individuals with low levels of antibodies; for example, patients with multiple
myeloma90. An alternative strategy uses the immunosuppressive side effects of
chemotherapeutics such as cyclophosphamide (CPA) to increase oncolysis through
combination therapy91. CPA is a prodrug that is activated in the liver to a potent DNA-
alkylating agent. In addition to its use as a chemotherapeutic for some cancers, CPA is also
immunosuppressive, and has therefore been used with several viruses to downregulate
immune cells in the brain and facilitate oncolytic spread within tumours92. A more recent
approach has used the immuno-suppressive agent rapamycin to augment oncolytic activity.
During organ transplants, rapamycin can bind FK-binding protein 12 to inactivate the
mTOR pathway, thereby blocking lymphocyte activation. When applied with the oncolytic
poxvirus myxoma virus, rapamycin enabled the virus to infect and kill cancer cells that were
normally refractory to virus activity and increased the oncolytic potency in vivo in
immunocompetent animals93,94. It is important to note that, if complete and prolonged,
immunosuppression can allow for some proliferation of the injected cancer cells95. Thus, the
use of reprogrammed viruses with many different levels of targeting and replication controls
reduces certain risks of complete and prolonged immunosuppression, but not all of them.

Biological and chemical shields
One approach to evade neutralizing antibodies is to change the capsid and therefore switch
the serotype of the virus. For example, mice that are administered with Ad2 serotype vectors
generate potent neutralizing antibodies against Ad2 that drastically reduce transgene
expression after subsequent Ad2 administrations96. However, if an Ad2 vector is used for
the first round of transduction and then an Ad5 vector is used for the second round, there is
little reduction in transduction, because the Ad2-specific antibodies do not overtly neutralize
the Ad5 serotype96. Similarly, in baboons, serotype switching between Ad2 and Ad5 vectors
allowed repeat administration in the presence of neutralizing antibodies that were generated
against the first vector97. More recent efforts have recruited Ads from uncommon human
serotypes or from other species to evade pre-existing and vector-induced antibody and T-cell
responses98,99. This ‘sheep in wolf’s clothing’ approach will evade pre-existing antibodies
in humans, but each new vector will generate its own neutralizing antibodies, necessitating
the use of additional serotypes for later injections.

Analogously, the serotype of enveloped viruses has been switched. In an effort to develop an
effective AIDS vaccine based on live-attenuated VSV, boosting was accomplished using
vectors that expressed glycoproteins from different VSV serotypes100. MV is a monotypic
virus without serotypes, but it has been shown that the envelope glycoproteins of MV and
the related morbillivirus canine distemper virus (CDV) can be exchanged to produce
chimeric viruses that evade pre-existing immunity101 (J. Lampe, G. Ungerechts and R.C.,
unpublished observations).

An alternative approach is to chemically shield viruses with polymers such as polyethylene
glycol (PEG) or poly-(N-(2-hydroxypropyl)methacrylamide) (pHPMA). These hydrophilic
polymers can be chemically cross-linked to viruses to shield them from pre-existing
antibody responses and reduce new antibody and T-cell responses102–107 (BOX 1).
Although polymer coating can markedly reduce virus infection, at least for Ad, this is
largely an in vitro effect that is not always replicated in vivo104. Indeed, shielding can, in
some cases, enhance tumour infection by reducing virus uptake into normal tissues108.
Chemical cross-linking of polymers to icosahedral capsids is a well-established technique,
but how tractable different enveloped viruses will be to polymer coating remains to be
determined.
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An additional prospect for shielding viruses is the use of ex vivo infected cells as carriers for
oncolytic viruses. The original delivery paradigm, which was based on the injection of virus
directly into the bloodstream, has not yet efficiently confronted issues such as the natural
tendency of viruses to traffic to the liver, spleen and lung. Success has been demonstrated
with various cell types, including mesenchymal cells, T cells and monocytes109,110. Recent
work has focused on myeloma cells as carriers for oncolytic VSV in the therapy of multiple
myeloma, a disseminated malignancy that is marked by defined trafficking of malignant
plasma cells. Myeloma cells were capable of delivering replication-competent VSV to sites
of malignancy after supra-lethal doses of ionizing radiation in an orthotopic mouse
model110. Cell carriers have the potential to increase the efficiency of oncolytic virotherapy
by shielding the virus from the immune system and actively trafficking the virus to the sites
of malignancy.

Current clinical trials: combination regimens
A fundamental paradigm of cancer therapy is that no single drug or treatment will cure
cancer. Therefore, most therapeutic regimens for cancer are based on combinations of drugs,
radiation and surgery to maximize patient survival. As oncolytic viruses have shown
promise for cancer therapy, but have so far provided incomplete cancer cures, the field has
moved towards combining these viruses with traditional therapies.

An excellent example is the improved efficacy of ONYX-015 for head and neck cancer
when combined with 5-fluorouracil and cisplatin111. H101 has shown similar effects on
head and neck cancer when combined with chemotherapy (reviewed in REF. 18). Additional
promising results for H101 and chemotherapy have been reported in the press, but await
peer review. Another approach that was championed by the Freytag group112 is the
combination of oncolytic Ad with radiation and chemotherapy. In this case, oncolytic Ad
that expressed two prodrug convertases was delivered into prostate and other types of
cancers together with local radiation therapy with promising results112. Subsequent work has
added more layers to combination therapy by additionally arming the virus with ADP113.

Combination regimens are also being developed for other viral systems. An interesting
perspective is the reprogramming of oncolytic vectors to take advantage of various
components of current cancer therapy regimens. For example, CD20 antibodies are
commonly used in the treatment of CD20-positive NHL and, together with fludarabine
phosphate and CPA, constitute the FCR regimen, a front-line treatment for selected NHL.
As an alternative to the CD20 antibody, a CD20-targeted MV was generated. This vector
was also armed with the prodrug convertase purine nucleotide phosphorylase, which
converts fludarabine phosphate to a highly diffusible substance that is capable of efficiently
killing bystander cells. The CD20-targeted and convertase-armed MV was shown to
synergize with fludarabine and to be effective after systemic inoculation in a mantle cell
lymphoma xenograft model114. The next logical step is to synchronize vector delivery with
CPA administration to open a broader window of therapeutic opportunity. Thus, studies that
are based on the combination of oncolytic viruses with proven therapeutics could facilitate
the integration of these vectors into current cancer regimens.

The future: safety and efficacy
Five steps facilitate the reprogramming of viruses into effective cancer therapeutics. BOX 2
explains how these steps support the translation of promising therapeutics into clinical
practice. To serve the needs of the patient with cancer, efficacy and safety go hand in hand.
Engineering more effective, immunoevasive viruses must be performed with careful thought
to protect not just the patient, but also his or her contacts.
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Box 2

Five steps for reprogramming viruses into cancer therapeutics

Know the virus

Characterize the tropism determinants of the virus of interest, if possible at the amino
acid level. Detailed knowledge of as many relevant interactions between viral and
cellular proteins as possible is the most important prerequisite for successful
reprogramming.

Know the cancer

Virologists should be aware of the most promising cancers for possible treatment with
oncolytic vectors. Preferred cancers include malignancies that are derived from cell types
in which the parental virus spreads efficiently.

Move rapidly to pre-clinical models

Viruses kill cultivated cells efficiently, but the reduction of tumours in mice is a better
test for efficacy. Keep focused on the final goal, work with reporter or tracker genes and
define objective parameters of safety and efficacy.

Combine reprogramming principles

Work on different layers of targeting individually, and then combine them. Characterize
how your targeted oncolytic virus can be shielded from the immune system. Arm it with
a prodrug convertase that synergizes with a chemotherapeutic that is in clinical use and
document the efficacy of different therapeutic regimens.

In the end, only efficacy and safety in humans count

To have experimental correlates of human efficacy would be wonderful, but without
good animal models we are always guessing. Translate promising therapeutics from
bench to bedside in a timely manner.

Careful thought must be given to which genes should be engineered into an infectious agent.
The introduction of immunosuppressive or immune- skewing genes into replication-
competent viruses needs to be weighed most heavily. The insertion of the interleukin-4 gene
into the mousepox ectromelia virus provides a cautionary example of what can go wrong115:
the virus suppressed the ability of the immune system to kill infected cells and blocked the
production of memory immune responses, thereby enhancing virulence. The consequences
of engineering a virus that harms the patient or spreads to other individuals are obvious and
unacceptable.

Alternative approaches to safeguard the replication of oncolytic viruses include transient
immuno-suppression, which can be withdrawn if problems arise, or drug therapies that can
specifically and transiently block virus-specific immune responses, such as mono-clonal
antibodies that target specific cells or immune proteins. Using replication-defective viruses
that express potent transgenes to complement replication-competent, but less virulent,
oncolytic viruses might also be safe and efficient116. Another important area of research is
the development of oncolytic viruses with life cycles that can be terminated by a prodrug114.

In summary, oncolytic viruses hold great promise as potent, self-amplifying cancer
therapeutics. Virotherapy is attractive because there is no cross-resistance with
chemotherapy and radiation therapies. Ad H101 is the first reprogrammed virus to be
approved as a cancer drug; it has been administered to hundreds of patients with head and
neck carcinoma in China, in combination with chemotherapy, and survival statistics and

Cattaneo et al. Page 12

Nat Rev Microbiol. Author manuscript; available in PMC 2014 March 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



clinical-benefit data might support the worldwide usage of this virus. In the next few years,
oncolytic viruses with increasingly sophisticated targeting combinations should become
available for clinical trials. The future is getting brighter for patients with cancer.
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Glossary

Glioblastoma The most common and aggressive type of primary brain tumour.
Treatment can involve chemotherapy, radiotherapy and surgery,
none of which provide a cure

Matrix
metalloproteinase

A proteolytic enzyme that degrades the extracellular matrix and
has important roles in tissue remodelling and tumour metastasis

Fibre protein In adenoviruses, a trimeric antennae-like protein that projects
from the virion and mediates initial cell-binding events by
different serotypes with CAR, CD46 and, perhaps, other
receptors

Penton base The pentameric protein base of the fibre trimer. For some
adenoviruses, this protein mediates interactions with cellular
integrins for binding and cell entry

Non-Hodgkin’s
lymphoma

A diverse group of cancers that arise from lymphocytes and have
varying courses, treatments and prognoses

Myeloma A type of cancer of the plasma cells (immune-system cells in
bone marrow that produce antibodies) that is often called
multiple myeloma
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Figure 1. Oncolytic viruses that are currently used in cancer clinical trials
The major characteristics of seven families of oncolytic viruses are summarized.
Recombinant strains of all the DNA viruses shown are currently in clinical trials, whereas
among the RNA viruses shown, only recombinant MV is in clinical trials; recombinant
poliovirus and VSV are in pre-clinical trials and non-engineered strains of reovirus and
NDV are in Phase I–II clinical trials. HSV1, herpes simplex virus 1; MV, measles virus;
NDV, Newcastle disease virus; VSV, vesicular stomatitis virus.
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Figure 2. Four layers of specificity for retargeting viral tropism
a | Virus particle activation can be reprogrammed to depend on proteases that are secreted
by cancer cells. Activation occurs through matrix metalloproteases (MMPs) that are located
in the tumour matrix. b | Recombinant viruses can be engineered to enter cells through a
designated receptor rather than through the natural attachment protein. c | Viral transcription
and replication can be made dependent on tissue- or cancer-specific promoters. d | Viruses
with modifications or deletions of their immune-evasion proteins replicate preferentially in
certain transformed cells. Not every targeting strategy can be applied to every virus, but
more and more viruses with combined layers of specificity are being engineered for specific
clinical trials.
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Figure 3. MV particle structure, genome organization and targeting approaches
The MV genome has six genes that code for eight proteins. The first gene codes for the
nucleocapsid protein (N) that encapsidates the genomic RNA. The last gene (L) codes for
the polymerase protein that replicates and transcribes the genome together with the
phosphoprotein (P), a polymerase cofactor. The matrix protein (M) organizes virus particle
assembly. The two glycoproteins haemagglutinin (H) and the fusion (F) protein contact the
receptor and execute membrane fusion, respectively. Two non-structural proteins that are
coded by the P gene (C and V) control the innate immune response. a | Three-dimensional
structure of MV H117. Residues that are necessary for signalling lymphocytic activation
molecule (SLAM)-dependent or CD46-dependent fusion are in red. The site of addition of
the single-chain fragment variable (scFv) is in black. b | A schematic of the P and V proteins
that are encoded by the P gene. These proteins share their amino-terminal domain, but differ
at the carboxyl terminus. The residues of the V and P common domain that are important for
the interaction with STAT1 (signal transducer and activator of transcription 1) have been
characterized. Three amino acids in a conserved hexapeptide are shown in purple. Data from
the Horvath group indicate that STAT2 and MDA5 interact with different sequences in the
unique cysteine-rich domain of V (A. Ramachandran, J-P. Parisien and C.M. Horvath,
unpublished observations). c | Schematic of the MV F protein and amino acid sequences of
its cleavage site. The standard F protein is cleaved into F1 and F2 fragments by furin, a
ubiquitous protease. Furin cleavage occurs even after a hexameric peptide that codes for a
matrix metalloproteinase 2 (MMP2) cleavage site is introduced (F-MMP), but the resulting
F1 protein, which is extended by six residues, is inactive. Trimming of three amino-terminal
residues by MMP2 cleavage confers function to F-MMP.
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Figure 4. Adenovirus particle structure, genome organization and targeting approaches
An icosahedral, non-enveloped adenovirus (Ad) particle is shown. The key genes in the viral
genome that are relevant to the four targeting approaches discussed in the main text are
indicated. a | Cancer-specific transcription and replication targeting are applied to the E1 and
E4 genes. b | Cancer-specific proteolytic activation has not yet been attempted. c | Cancer-
specific receptor attachment is mediated by genetic or chemical modification of the IX,
penton, hexon or fibre proteins or genes. d | Preferential spread targeting can be based on
over-expression of the ADP gene and the insertion of exogenous genes into the viral
genome. ITR, inverted terminal repeat; MMP, matrix metalloproteinase; Pro, protease.
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Figure 5. Strategies to improve oncolytic virus efficacy
a | Shielding the virus against antibodies. Pre-existing neutralizing antibodies in humans can
interfere with efficacy. Changing virus serotypes and coating particles with shielding
polymers can address the neutralizing-antibody problem. b | Transient immunosuppression
of the host. Infected cells can be attacked by macrophages, T cells and natural killer cells.
Transient immunosuppression interferes with the activation and ability of these cells to
recognize and/or kill infected cells and restrict oncolytic efficacy.
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Table 1

Oncolytic viruses in, or approaching, clinical trials

Virus (strain and modifications) Tumour target (clinical phase and application)

Adenovirus 5 (dl1520 derivative) Squamous cell carcinoma of head and neck (approved drug in China;
intratumoural)

Adenovirus 5 (PSE-E1A and E3 deleted) Prostate (I; prostatic)

Herpes simplex virus 1 (ICP34.5 defective) Glioblastoma multiforme (II; intratumoural)

Vaccinia virus (thymidine kinase knockout and expressing
granulocyte–macrophage colony-stimulating factor)

Advanced liver tumours (I–II; intratumoural)

Reovirus (reolysin) Superficial tumours (I; intralesional)

Newcastle disease virus (PV701) Bladder, squamous cell carcinoma of head and neck and ovarian (I–II;
intravenous)

Measles virus (V protein knockout and expressing the reporter
carcinoembryonic antigen or the effector sodium iodide symporter)

Ovarian (I; intratumoural), glioma (I–II; intratumoural) and myeloma
(I; intravenous)
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