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Abstract

In humans colorectal cancer (CRC) is a significant cause of morbidity and mortality. New treat-
ment options are urgently needed to supplement existing therapies. Replication-competent onco-
lytic viruses (RCOVs) for the treatment of cancerous tumors in vivo is a relatively new therapeutic
modality with great but largely unrealized potential against CRC. In the context of oncolytic virus
safety, oncoselectivity is an important criterion. It is at the conceptual intersection of viral repli-
cation strategy and tumor cell biology that RCOVs acquire their oncoselectivity, and thus their
safety. Every aspect of tumor molecular biology which distinguishes it from normal, non-neoplas-
tic cells is a potential target for exploitation. In the first section of this review we will provide an
explanation of some of the successful and widely used strategies for improving oncoselectivity in
wild-type viruses to make them more suitable as RCOVs. In the second section we will describe
some of the characteristics of CRC biology which can be exploited to provide oncoselectivity
against CRC. Throughout the review examples of successfully-engineered RCOVs which embody
the approach or strategy under discussion are noted. By showing what has been done, we hope to
highlight what is possible and what remains to be done to generate oncoselective RCOVs for use
against CRC in humans.
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1. Introduction

In the year 2014 colorectal cancers (CRCs) will be responsible for approximately 1.2 million new cancer diag-
noses globally, and approximately half that number of deaths [1]. In the United States CRC will be the
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third-most prevalent cancer diagnosed in both men and women [2]. In the majority of these patients, distant me-
tastases to the liver and (less frequently) the lungs will be the proximate cause of death [3]. CRC tumors are
staged according to the degree of penetration of the intestinal lumen, with stage 0 being the presence of abnor-
mal, neoplastic cells as a pre-invasive lesion while stage 4 indicates the tumor has penetrated the colonic wall
and is present in nearby lymph nodes, with the probability of distant metastases [4]. The therapies currently
available will produce meaningful responses (i.e., increases in mean survival time) in only about 60% of patients
with advanced stage CRC disease [5], and for patients with distant metastases the five-year survival rate will be
only about 12% [1].

Until the 1970s the therapeutic interventions for CRC were limited to the three options already in place for
decades—surgical resection, radiotherapy and non-selective cytotoxic chemotherapy [6]. The available thera-
peutic options have recently increased to include “targeted” therapeutics such as small-molecule receptor-tyro-
sine kinase inhibitors [7], biologicals [8], and therapeutic gene delivery (gene therapy) by replication-incompe-
tent viral vectors [9]. Even more exatic therapies are on the horizon, for example therapies based upon nanopar-
ticles [10] [11], photodynamic activation of precursor drugs [12], focused ultrasound [13], and combinations of
these and other therapeutic approaches [14]. Despite the promise of new therapies, the CRC morbidity and mor-
tality statistics make clear the need for new therapies to supplement those already available.

Oncolytic virotherapy is a relatively new therapeutic modality which seeks to turn the cytolytic ability of rep-
licating viruses against cancerous cells in vivo, while sparing non-cancerous cells. The potential of replication-
competent oncolytic viruses (RCOVs) has only recently started to be realized. RCOVs offer many advantages
when compared to traditional cancer therapeutics, including reduced adverse effects due to toxicity, the possibil-
ity of broad applicability to many cancer types, and a self-amplifying mode of action which can produce more of
the therapeutic virus at the expense of tumor cells.

Although the principle was formally stated over a century ago [15], experimentation with RCOVs was limited
to naturally-occurring viruses until relatively recently. The ongoing “molecular revolution” has fundamentally
changed every aspect of biology, and enabled the rational design and production of bespoke viruses targeted at
specific cancer types. A deluge of innovation in RCOV engineering followed. The first rationally designed
RCOV was a recombinant herpesvirus (HSV-1) attenuated by deletion of the viral thymidine kinase (TK) to im-
prove its oncoselectivity and was reported in 1991 [16]. The first RCOV to be approved by a national regulatory
agency was H101, a recombinant adenovirus produced by Shanghai Sunway Biotech and approved by the China
Food and Drug Administration in 2005 for use against head and neck cancer [17].

The developmental trajectory of oncolytic virotherapy is in some ways analogous to that of the earliest che-
motherapeutic agents. Both were developed from starting materials which were not originally intended for can-
cer therapy and were not at all oncoselective in their mechanism of action. Improvements to oncoselectivity,
safety and efficacy for both cancer chemotherapeutic agents and RCOVs became possible as the molecular basis
of their therapeutic mechanism of action and the molecular biology of cancer became at least partially unders-
tood. The first widely-used cancer chemotherapeutic agents were derived from “nitrogen mustards,” the vesicant
(blistering) agents used as a chemical weapon during World War | [6] [18]. These compounds worked by alky-
lating biological macromolecules at sites favorable to nucleophilic attack (nitrogen, oxygen and sulfur atoms),
but their most immediate cytotoxic effect was due to DNA alkylation, strand cross-linking and the subsequent
mitotic catastrophe and necrotic cell death [19] [20]. When used against leukemias [21], what selectivity these
compounds exhibited for cancer cells derived from the high mitotic index found within neoplastic tissues, and
non-cancerous tissues with high numbers of mitotic cells (e.g., hair follicles and the intestinal epithelia) were
also negatively impacted. Likewise, initial studies involving oncolytic virotherapy were done with wild-type vi-
ruses, sometimes in poorly-controlled clinical experiments that were occasionally lethal to the patient [22].

With the ability to manipulate, clone and sequence DNA it became possible to characterize viral genomes and
to observe the results of genetic manipulation. The same technologies also made it possible to characterize the
molecular level differences between the cancerous cells and normal somatic cells [23] [24]. Every difference
between a cancerous cell and a non-cancerous cell is a potential target for therapeutic intervention which can be
exploited in the rational design of RCOVs to increase their oncoselectivity and safety as cancer therapeutic
agents.

The central challenge for RCOV design is achieving oncoselectivity [25]. This review attempts to reduce the
sometimes bewildering array of approaches developed to endow a RCOV with oncoselectivity to a manageable
number of conceptual categories. Presently, the best studied and most heavily utilized virus family in the context
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of RCOVs is the Adenoviridae, usually adenovirus serotype 5 (Ad5), but other serotypes have also been utilized
[26]. Several favorable qualities of the adenoviruses have made them the workhorse virus for both gene therapy
and RCOV research. These include their small and well-characterized genomes, the degree to which their mole-
cular mechanisms of host cell entry are understood, the ease with which that cell tropism can be modified, their
nuclear site of genomic replication, and the extreme ease with which recombinant viruses can be made [27] [28].

Oncoselectivity is achieved when a RCOV exhibits an increased tendency to replicate in and destroy cancer-
ous cells over non-cancerous cells. Oncoselectivity is the most important quality of an oncolytic virus because
safety and oncoselectivity go hand in hand. Broadly speaking, there are two approaches to improving the onco-
selectivity of a given virus. The first approach is to change the entry tropism of the virus (i.e., change the cell
type it enters most efficiently) such that it can only bind to and enter a targeted cancer cell type which displays
some specific receptor at its surface. The second approach is to increase the efficiency of replication in cancer-
ous cells or to reduce the efficiency of replication in non-cancerous cells, or both. Obviously, a virus which can
only enter cancerous cells can only replicate in cancerous cells. If it was possible to engineer a virus with this
property the virus would be perfectly oncoselective. Likewise, a virus which enters all cell types without dis-
crimination but is only capable of replication in cancerous cells could also be described as perfectly oncoselec-
tive (assuming the harm to non-cancerous cells during abortive viral replication would be negligible, which is
not always the case). In practice these two approaches are often used together, and neither approach has been
used to achieve perfect oncoselectivity. The changes which can be made to improve the oncoselectivity and
safety profile of engineered RCOVs are described below. A conceptual map of current oncoselectivity strategies
is provided as Figure 1.

2. Oncoselectivity through Viral Attenuation

One approach to limiting viral replication to cancerous cells is through attenuation of the RCOV via deletion of
viral genes. Two broad strategies exist under the heading of viral attenuation: Attenuation by ablation or deletion
of metabolically significant gene(s), and ablation of genes used by the virus to blunt the host cell innate antiviral
response, deletion of which results in a “disarmed” virus which is able to replicate efficiently only in cells deficient
in some host antiviral defense (e.g., the interferon response). Attenuation strategies are especially important
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Figure 1. A conceptual map of oncoselectivity strategies. Wild type viruses can be altered to
improve their oncoselectivity. The kinds of alterations possible may be categorized as ch-
anges to their entry tropism (left path) or changes to their ability to replicate within different
host cell types by attenuation (middle path) or by specific interventions that limit viral repli-
cation through transcriptional or translational restriction (right path). Each path is further
subdivided (see text for an explanation of each).
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in viruses which do not replicate in the nucleus and are therefore not exposed to host-cell transcription factors.
Such viruses are not amenable to the transcriptional targeting approach often used to increase oncoselectivity in
RCOVs (detailed below). The poxviruses are an example of viruses which replicate entirely within the host cell
cytoplasm [29], and the complexity of poxvirus host cell entry [30] and its interaction with the nearly-ubiquitous
heparin sulfate at the host cell surface [31] makes alteration of their entry tropism difficult.

As stated earlier, the first modern RCOV was a herpesvirus in which the viral TK was deleted to reduce rep-
lication in normal, post-mitotic cells [16]. Normal, post-mitotic cells do not usually have large cytoplasmic
pools of nucleoside monophosphates ready for phosphorylation to their triphosphate forms, but cancerous cells
tend to have greater amounts of this necessary and rate-limiting precursor [32]. Indeed, the constitutive expres-
sion TK1 has been proposed as a universal biomarker of neoplastic cells [33], and ablation or deletion of a viral
TK decreases the efficiency of viral replication in normal post-mitotic cells but does not significantly slow viral
replication in cancerous cells because the amount of available thymidine monophosphate is not a limiting factor
for viral DNA synthesis. This attenuation strategy has been demonstrated in a variety of virus families, including
the poxviruses. The poxvirus RCOV JX-594, derived from the vaccinia virus (VACV), New York City Board of
Health/Wyeth strain [34], has been clinically trialed against CRC [35] and has been shown to replicate preferen-
tially in cells with high levels of TK expression [35].

3. Oncoselectivity through Alteration of Viral Tropism

Viral entry into a host cell is a complex multistep process which varies greatly with the virus family and type,
but most animal virus infections begin with viral adsorption to a host cell membrane [36] [37]. Changing the
binding proteins displayed at the virion surface can alter the tropism of the virus. This practice is sometimes re-
ferred to as “transductional retargeting” or simply “retargeting” and it is used when a change to the native or
“natural” entry tropism of a potential oncolytic virus is needed to target a particular tumor cell type. There are
several ways to retarget a virus, and all involve either the ablation of the existing viral entry tropism or the addi-
tion of new viral entry tropism determinants, or both. Examples of each are discussed below.

3.1. Chemical Masking, Detargeting and Retargeting

Most virus families rely upon a specific interaction between protein ligand(s) arrayed at the viral surface and
specific host cell-surface receptors to initiate entry into the host cell and begin the infection cycle [36] [37]. It is
possible to ablate the native tropism of a virus using purely chemical means. A virus devoid of its native tropism
is said to be “detargeted” [38]. Hydrophilic polymers such as reactive polyethylene glycol (PEG) [39], N-[2-
hydroxypropyl] methacrylamide (pHPMA) [40] [41], and various types of charged lipids [42] have all been
shown to ablate (“mask™) an existing viral tropism. PEG is an uncharged, hydrophilic, poorly immunogenic po-
lymer which interferes with protein-protein interactions [43] [44]. When functionalized at the viral surface, these
polymers or lipids stearically interfere with the viral ligands which would normally attach to the host cell recep-
tors [45]. The same polymers and lipids can also provide a substrate for the attachment of new targeting moieties,
resulting in a “retargeted” virus with a new host cell tropism. Most of the work done in this area has been with
the adenoviruses, which have been used for decades as high-efficiency gene delivery vectors [46]. An example
of chemical detargeting and retargeting is shown in Figure 2.

This approach to viral detargeting has been promising in oncolytic virology. For example, systemically-ad-
ministered adenoviruses can accumulate in the liver and transfect non-target tissues [47], limiting their therapeu-
tic potential. This problem has been addressed by the attachment of PEG or other polymers to viruses (“coating”
them) before administration [48] [49]. Functionalization of a virus with PEG (PEGylation) can reduce its unde-
sirable accumulation in and transduction of some non-target tissues, reduce its toxicity when administered in
large amounts, reduce its immunogenicity (also referred to as “stealthing” or “shielding™), and increase its mean
retention time in the plasma [40] [42].

The same coating molecules which mask and detarget a virus can also be used to retarget the virus by attach-
ment of ligands to reactive sites on the coating molecules themselves [41]. For example, Green and colleagues
wished to use the Ad5 to target cancerous cells which expressed the fibroblast growth factor receptor (FGFR).
The normal receptor used by Ad5 for the initial host cell adsorption is the Coxsackievirus and adenovirus re-
ceptor (CAR) but expression of that receptor is sometimes downregulated in cancerous cells, making it an unde-
sirable RCOV host cell tropism determinant for many cancer types [50] [51]. Green and colleagues first
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Figure 2. Chemical detargeting and retargeting. In the fol-
lowing examples, normal cells express the ubiquitous cell
surface receptor A’ (blue transmembrane receptor with gre-
en spherical binding site) while cancerous cells express the
cancer-specific cell surface receptor B’ (red transmembrane
receptor with red pie-shaped antigen). Virus A/A’ has a na-
tive tropism for antigen A’, making it unsuitable for appli-
cation as a virotherapeutic. The native tropism of wild-type
virus A for cell-surface receptor A’ can be erased by func-
tionalization with various lipids or with PEG (gray strands).
The functionalized virus (virus A/A’ + PEG) has lost its
native tropism due to steric interference with its cognate
cell-surface receptor A’ and is said to be “detargeted.” The
detargeted virus now binds to all host cells much less effi-
ciently than does the wild type. Virus A/A’ + PEG can be
retargeted towards the B’ receptor on cancerous cells by
attachment of a ligand cognate to the cancer cell-specific
cell-surface antigen B’ (red wedge). Virus A/A’/B’ retains
its native genetic makeup but is now retargeted to cancer-
ous cells through purely surface modification.

detargeted their virus by functionalization of the virion with pHPMA. To retarget the virus, they attached fi-
broblast growth factor (FGF) to the pHPMA coating via reaction between the reactive pHPMA and the amines
of the FGF lysine residues. The resulting functionalized virus displayed an entry tropism for cells which express
the FGFR. When the retargeted Ad5 was used with the murine CRC cell line MC26, the retargeted (FGF-con-
jugated) virus transfected these cells almost 100-fold more efficiently than did the wild-type Ad5 [41].

A significant disadvantage of this approach is that only viruses coated with the detargeting polymers and the
retargeting ligands will display the desired tropism—all progeny virions will display the wild type tropism of the
unmodified virus because no genetic changes have been made to the virus.

3.2. Viral Pseudotyping

All viruses have ligand molecules displayed at their surfaces whose purpose is to bind host cell receptors and
begin the infection cycle [29] [30]. As in the above example of the Ad5 and its native CAR target, the native re-
ceptor for a potential RCOV can be downregulated in a particular cancer cell type, making the RCOV inefficient
or unsuitable for virotherapy against cancers of that type. One way to address this problem is by viral pseudo-
typing. A pseudotyped virus is one in which the native determinant(s) of viral tropism are replaced with the
tropism determinant ligands from a different virus whose tropism is against the desired target cell type. This can
be done by chemical modification of the viral surface or by genetic alteration of the viral genes which encode
the receptor binding ligands displayed at the viral surface. As noted above, only genetic alteration of the viral
genome produces a retargeted virus which will produce re-targeted progeny virions (“multi-round” infection).
As with chemical ablation and retargeting, this practice was first developed to alter the tropism of the viral vec-
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tors used in gene therapy (adenoviral, lentiviral and retroviral gene vectors) [52] [53], but has been successfully
used in RCOVs of several types, most frequently the adenoviruses [54], and the herpesviruses [55].

A pseudotyped RCOV has been demonstrated by Mizuguchi and Hayakawa, who changed the native host cell
binding specificity of the Ad5 serotype to that of the Ad35 serotype by the substitution of the knob and fiber re-
gion of Ad5 with Ad35 knob and fiber, while retaining the Ad5 fiber tail and penton base [56]. In this example,
the native tropism of Ad5 for the CAR was genetically altered via the expression of a chimeric fiber which in-
corporated the CD46-binding portion of Ad35, thereby changing the tropism of the virus from the CAR to the
cell-surface antigen CD46 and making it suitable for renal carcinoma cell entry [56]-[58]. The approach is
shown schematically in Figure 3.

Work done with the vesicular stomatitis, serotype Indiana (VSIV) provides another excellent example of what
is possible with viral pseudotyping. The VSIV is a “bullet-shaped,” enveloped virus with a single-stranded neg-
ative-sense RNA genome of approximately 11 kb which contains only five genes [59]. In humans the VSIV
does not routinely cause serious disease, but it is responsible for some economically important diseases of ro-
dents and livestock, including horses, pigs and cattle [60] [61]. Replication of the VSIV in healthy human cells
is usually prevented by the cellular induction of interferon « and g (IFN a/f) and by IFN activation of the PKR
antiviral response [62]. Because this and other innate immune responses are often defective or absent in cancer-
ous cells [63], the VSIV (along with the reoviruses and the paramyxoviruses) are sometimes referred to as hav-
ing a “natural” or native oncolytic capacity [64]. This native oncolytic ability makes them potentially very useful
as RCOVs, but in the case of the VSIV that potential is undercut by a very broad host tropism [65]. The most
important determinant of host cell tropism in the VSIV is the VSIV glycoprotein G (VSV-G) [66]. Adsorption to
host cells in the VSIV occurs through binding of the trimeric VSIV-G to a widely expressed receptor of low
density lipids, accounting for the ability of VSIV to enter nearly all animal cells [67]. To narrow the host cell
tropism of the VSIV and target it to distinct cancer cell types, several groups have replaced the VSIV-G with
tropism determinant viral ligands native to other viruses. For example, Muik and colleagues [68] used a mutant
of the VSIV which was deleted for its native tropism determinant and provided a new tropism by transfer of the
lymphocytic choriomeningitis virus (LCMV) coat glycoprotein GP (LCMV-GP). Kretzschmar and colleagues
[66] have demonstrated the addition of the influenza virus tropism determining glycoproteins hemagglutinin
(HA) and neuraminidase (NA) to the VSIV. Ayala-Breton and colleagues [69] have shown that VSIV deleted
for the VSIV-G can be retargeted using measles virus HA and fusion proteins which contain short regions of
single-chain antibodies with specificities for the epidermal growth factor receptor (EGFR), prostate-specific an-
tigen (PSA), or the folate receptor. In each of these cases the retargeted VVSIV displayed improved specificity of
infection for cells bearing the cognate receptor in vitro and (where tested) in vivo.
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Figure 3. Pseudotyping. Virus A/A’ can be genetically pse-
udotyped to express a binding protein cognate to cancer-cell
specific antigen B’ (red wedge). Virus A/B’ has had its na-
tive tropism eliminated and is now retargeted towards cancer
cell-surface antigen B’. Because the change was made at the
genetic level, multi-round replication of the recombinant

A/B’ can occur.
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3.3. Bridging Viruses to Their Cellular Targets (Scaffolds and Adaptors)

Rather than changing a virus’s tropism by substituting one tropism determinant for another, it is possible to at-
tach the virus to the targeted cell type through molecules referred to as “adaptors”. Adaptors usually have two
binding specificities, one for the therapeutic virus and one for an antigen displayed on the targeted cell’s surface.
The two “arms” of the adaptor molecule form a *“bridge” connecting the virus and the targeted cell. Adaptor
binding brings the virus and the host cell into close proximity and causes the process of virus internalization to
commence. This approach and practice has benefitted enormously from advances in engineered antibodies and
antibody fragments, resulting in a truly amazing array of antibody-derived molecules that are now available
[70].

As the examples cited below illustrate, many types of molecules can be used as adaptors, and adaptors can be
either encoded into the viral genome for multi-round infections or added exogenously for single-round infec-
tions. For reasons of convenience it is sometimes desirable to keep one arm (i.e., one binding specificity) of an
adaptor constant. If the virus-binding arm of an adaptor is constant, merely changing the host cell-binding arm
will retarget the virus toward a different cell type. The constant virus-binding arm could be one-half of a
high-affinity binding system (e.g., streptavidin/biotin or protein A/immunoglobulin). In practice, a virus may be
“decorated” with (for example) avidin, and the adaptor in this case would have one arm composed of biotin,
which would result in very high-affinity binding of the adaptor molecule to the avidin-decorated virus. In this
example, the avidin is referred to as a “scaffold,” because avidin can be used to decorate different viruses to
achieve the same retargeting effect [71]. There are many examples of the successful use of adaptors to achieve
viral retargeting.

Pereboeva and colleagues [72] have engineered a recombinant Ad5 which they retargeted to cells which ex-
press the epidermal growth factor receptor (EGFR). The recombinant Ad5 contained a wild-type L5 gene (which
encodes the fiber and its tropism determinants) in tandem with an engineered L5 sequence which encoded a
short biotin acceptor peptide (BAP) sequence inserted within the L5 gene. The resulting recombinant chimeric
adenovirus expressed both wild type fibers and recombinant fibers in which the BAP was biotinylated by a cel-
lular biotin ligase, resulting in an Ad5 recombinant with a biotin “scaffold” exposed upon its exterior. The au-
thors then added an epidermal growth factor (EGF) peptide conjugated to avidin, which bound to both the bioti-
nylated virus (at the avidin) and the EGFR-expressing target cells (at the EGF) [72]. A generic example of the
scaffolding approach is shown in Figure 4.

The scaffold approach to viral retargeting is convenient because it allows any biotinylated virus to be retar-
geted towards any cell type for which the experimenter can adduct avidin to some ligand whose receptor is dis-
played by the target cell population. It is also convenient in that the recombinant Ad5 carries all the information
necessary to reproduce itself within its genome with no further input from the experimenter. However, the func-
tionalized adaptor molecule (the EGF-avidin in this example) must be continually supplied for the tropism to-
ward EGFR-expressing cells to be maintained.

The alphaherpesvirus HSV-1 is an important human pathogen, and it has been extensively utilized for the cre-
ation of RCOVs [73]. Because the entry requirements of HSV-1 have been well-characterized [74] it is an at-
tractive candidate for rational retargeting approaches. The alphaherpesviruses encode four envelope glycoprote-
ins necessary and sufficient for virion binding and entry into a host cell, of which the glycoprotein D (gD) is the
major determinant of HSV tropism [75] [76]. The most important cognate binding partners for the HSV-1 gD
are nectins 1 and 2, both of which are immunoglobulin-like cell-cell adhesion proteins [74] [77]. Because nec-
tins are present on many cell types, including and especially peripheral neurons [78], the alphaherpesviruses
display a very broad host tropism and a pronounced neurotropism [77] [78].

Nakano and colleagues were the first to demonstrate HSV-1 retargeting through the use of a soluble adapter
molecule. The adaptor they used had two binding specificities (a “bi-specific” adaptor), separated by a short
peptide spacer. One arm of the adaptor was a single-chain antibody (scFv) which bound the EGFR, while the
other arm contained the native binding site of the HSV-1 gD, the variable domain of the nectin-1 peptide. The
authors demonstrated that in the presence of the adaptor, HSV-1 infection of cells expressing the EGFR was
nearly as efficient as infection of nectin-1-expressing cells in the absence of the adaptor [79].

Unlike the scaffold approach to viral retargeting, the use of bi-specific adaptor molecules requires no detailed
knowledge of the ligands at the viral surface since they can be treated as any other epitope(s) against which

monoclonal antibodies can be easily raised.
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Figure 4. Scaffolding. A virus with its native receptor binding li-
gands (pink) is retargeted to cells with a cancer-specific cell-surface
receptor (red with red pie-shaped antigen). The virus is first deco-
rated with a scaffold molecule (green triangle). This decoration can
be through either chemical or genetic means (see text). The scaf-
folded virus now interacts with an adaptor molecule which has one
binding specificity for the scaffold and the other for the can-
cer-specific cell surface receptor. Any virus may be retargeted to-
ward the cancer-specific cell surface receptor without changing the
scaffold molecule.

4. Transcriptional Restriction

Rather than restricting the entry of a therapeutic virus to only certain cell types, it is possible to restrict the rep-
lication of a virus to a specific, targeted cell type by placing a viral gene product which is essential for viral rep-
lication under the control of a tissue-specific promoter. This approach is known as “transcriptional restriction”
or “transcription targeting,” and it relies upon promoters which occur only in certain tissues or which occur only
in cancerous cells. The former are referred to as “tissue-specific” promoters, while the latter are referred to as
“cancer-specific” or “pan-cancer” promoters.

Promoters are specific and continuous DNA sequences which bind transcription factors and other proteins
necessary for transcription [25]. Promoter DNA segments can be used to engineer selectivity into RCOVs, a
practice known as “transcriptional targeting,” “transcriptional restriction” or “transcriptional control.” Genes
critical for viral replication are placed under the control of tissue- or cancer-specific promoter sequences, limit-
ing replication of a therapeutic virus to cases in which that one critical component is successfully expressed. It is
important to note that this particular strategy has been demonstrated only in viruses where the viral genome is
replicated within the host cell nucleus. Viruses which replicate within the cytoplasmic compartment encode their
own transcription factors and in any case would not come into contact with host transcription factors [80].

The existence of tissue-specific transcription control elements was originally exploited to provide transcrip-
tional selectivity to viral vectors used for gene therapy [81]-[83], but many RCOVs with replication-critical
genes driven by tissue-specific or cancer-specific promoters have been demonstrated [84]-[87].

The adenoviruses are by far the most often-modified virus type for transcriptional targeting. This is in part
because the adenovirus genome is well-characterized and easy to manipulate. The adenovirus E1A gene acts to
permit transcription of early genes within the host cell environment, and as such expression of this gene is ne-
cessary for efficient viral replication [88]. Placing the E1A gene under the regulation of various non-viral tissue-
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or tumor-specific promoters to limit its replication to a desired tissue or cell type is by now a common strategy
[88] [89]. The advantage of this approach is obvious—besides the added selectivity provided by the tissue- or
cancer-specific promoter, one need only change the promoter to change the cellular/tissue replication profile of
the oncolytic adenovirus. Other non-adenovirus OVs have also been transcriptionally-regulated using tissue- or
tumor-specific promoters with some success, including the herpesviruses [90] [91], and the retroviruses [92].

The first transcriptionally-regulated RCOV was an adenovirus genetically engineered such that portions of the
androgen-responsive prostate-specific antigen (PSA) promoter were used to drive expression of the adenovirus
E1A gene [85]. The PSA is expressed in detectable amounts usually only in non-cancerous epithelial cells of the
prostate [93], but is often expressed in prostate tumors arising from the same tissue [94]. The recombinant virus
(an adenovirus serotype 5 designated CN706 and later known variously as CV706 and CG7060) used a pros-
tate-specific enhancer/promoter sequence combination to drive expression of the replication-critical ELA gene,
thereby limiting viral replication to cells containing the PSA transcription control elements. It has been demon-
strated that LNCaP cells (which express PSA) produced a CN706 titer much higher than prostate-derived cells
which do not express PSA [85]. This virus has progressed to phase I/11 clinical trials in humans against metas-
tatic prostate cancer [95].

Promoters can also be cancer-specific (sometimes referred to as “pan-cancer” promoters). An example of a
pan-cancer promoter is the human telomerase reverse transcriptase (nTERT) promoter, which drives expression
of the catalytic subunit of the eukaryotic telomerase enzyme [25] [96] [97]. See the discussion of the hTERT in
CRC and CRC-derived cell lines (below).

5. Translational Restriction

Cancerous cells differ from normal adult somatic cells in that they often inappropriately express (or overexpress)
telomerase, vascular endothelial growth factor (VEGF), growth factors such as epidermal growth factor (EGF)
and fibroblast growth factor (FGF), matrix metalloproteinases and other peptides which increase their potential
for dysregulated growth, allow them to avoid apoptosis, and push the system toward neoplastic transformation
[23]. One way in which cancerous cells accomplish this is through the overexpression of the eukaryotic initia-
tion factor subunit 4E (elF-4E or elF4E) [98] [99]. The initiation of MRNA translation in eukaryotes is a com-
plex process [100]. For the present it is sufficient to identify the elF-4F subunit as one member of a larger mo-
lecular complex known as elF-4F whose purpose is to position the ribosome on the mRNA for the first phase of
translation, and is a necessary component of the 43S translation pre-initiation complex [101]. A critical point is
that the binding of the elF-4E subunit to the pre-initiation complex is the rate-limiting step of translation initia-
tion [102]. When elF-4F is present in limiting quantities, mRNAs with very long 5’-UTRs or 5’-UTRs with
CG-rich, complex two-dimensional structures will be translated with a lower efficiency (and result in less ex-
pressed protein product) than will transcripts with short 5’-UTRs [98] [101]. When the elF-4E is overexpressed,
even those mRNA transcripts with long or complex 5’-UTRs will be translated at a rate comparable to the simp-
ler transcripts. This is significant because many of the gene products associated with the cancerous or trans-
formed phenotype are encoded with long, GC-rich 5’-UTRs which tend to form complex secondary structures
[101]. Many transformed cells and cancers, including CRC, overexpress elF-4E [98] [99] [103]. Overexpression
of elF-4E is by itself sufficient to induce a transformed phenotype in many cell types, and for this reason it is
properly described as a proto-oncogene [104]. Taken together, the tendency of cancer cells to overexpress
elF-4E and their resulting ability to efficiently translate transformation-associated proteins with long or complex
5’-UTRs form the basis of a kind of translational control which can be utilized to restrict the expression of rep-
lication-critical viral mMRNAs to cells which overexpress the elF-4E. While not nearly as utilized as transcrip-
tional restriction of oncolytic viral replication, the strategy of limiting the expression of proteins critical for viral
replication through the use of complex 5’-UTRs has been utilized with some success in several different RCOV
types.

A recent example provided by Lee and colleagues [105] not only demonstrates successful translational regu-
lation in a RCOV but also shows how regulatory regimes can be designed which interact synergistically and
produce greater oncolytic selectivity than would be possible with just a single regulatory constraint. The HSV-1
gene ICP27 is essential for viral replication [106]. Lee and colleagues [105] have engineered a recombinant
HSV-1 in which the ICP27 gene was placed under both transcriptional and translational control. A modified
promoter (designated ARR2PB) for the prostate-specific protein probasin [107] was used to drive expression of
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ICP27 in the recombinant HSV-1. The ICP27 gene construct was further modified by the insertion of the fi-
broblast growth factor-2 (FGF-2) 5’-UTR upstream of the ICP27 ORF. The FGF-2 gene is encoded with a UTR
which is long, structurally complex and GC-rich, and the resulting secondary structure can only be unwound ef-
ficiently in the presence of large amounts of the elF-4E/elF-4F complex [101] [108]. To further restrict viral
replication, the entire promoter-5’UTR construct was inserted into the position within the HSV-1 genome
usually occupied by the viral TK gene, thereby deleting it. The resulting recombinant virus, designated
ARR2PB-ICP27, showed reduced toxicity in vivo and significantly greater oncolytic activity than either the wild
type virus or the virus in which the ICP27 gene was under transcriptional regulation only [105].

6. Pan-Cancer Biomarkers Can Be Used to Enhance Oncoselectivity in RCOVs

We will briefly review the expression of two pan-cancer biomarkers, both of which are frequently expressed as
part of a tumor cell’s proliferation strategy: hTERT, the enzymatic subunit of the telomerase, and survivin, an
anti-apoptotic protein. Both are widely expressed at high levels in many malignancies, both have become im-
portant therapeutic targets, and both have been successfully exploited for transcriptional regulation of RCOVs.

6.1. Survivin and Its Promoter

Survivin is a 142-amino acid (16.5 kDa) protein, the smallest and simplest member of the inhibitor of apoptosis
(1AP) family of proteins [109] [110]. In humans, survivin is encoded by the BIRC5 (baculoviral inhibitor of
apoptosis repeat-containing 5) gene, and is highly expressed in most human cancers but also in fetal tissues and
tissues with very high mitotic indices [111]-[113]. The expression of survivin by tumor cells is also associated
with poorer prognosis and shorter survival times in CRC patients [114]-[116]. Indeed, a meta-analysis of 11
clinical trials involving CRC patients has established a significant correlation between tumor survivin expression
and lymph node metastasis, blood vessel invasion, and generally poorer prognosis [115].

Survivin expression may be exploited to endow RCOVs with a degree of oncoselectivity. A previously-cha-
racterized truncated survivin promoter [117] was employed by Kamizono and co-workers to regulate the expres-
sion of the adenovirus replication-essential E1A gene [118]. The resulting recombinant adenovirus showed im-
proved selectivity for cancer cells in vitro and statistically significant inhibition of xenograft-derived tumors in a
nude mouse model when compared to an adenovirus which was merely deleted for the E1A region [118]. Many
other examples exist in which the survivin promoter has been used to enhance the oncoselectivity of adenovi-
ruses [119]-[121]. To our knowledge no examples presently exist in which the survivin promoter has been used
to improve oncoselectivity through transcriptional targeting in any RCOVs except the adenoviruses.

6.2. The hTERT Promoter

Cancerous cells are immortal in part because of the inappropriate expression of human telomerase, an enzyme
which adds short tandem DNA repeats to the 3’ end of eukaryotic chromosomes, thereby overcoming the
“end-replication problem” on the lagging strand [122]. The hTERT is the catalytic subunit of the telomerase ri-
bonucleoprotein [123]. Because the hTERT is not usually expressed in significant amounts in normal, post-mi-
totic, non-stem adult cells but is highly expressed in nearly all cancerous cells hnTERT activity is an important
pan-cancer marker and therapeutic target [97] [124]-[126]. In cancer cells in general, and in CRC in particular,
hTERT expression is thought to be essential for disease progression and levels of hTERT expression have been
observed to rise with tumor maturation [126] [127].

Transcription of hTERT is driven by the hTERT promoter, which is highly complex and not completely cha-
racterized [123] [127]. The promoter core is approximately 250 bp in length and contains binding sites for both
stimulatory and inhibitory transcription factors. Activators of transcription (directly by promoter binding or in-
directly) include Cyclins D and E, members of the c-MYC family, the EGF (via the RassMEK/ERK pathway),
Specificity Protein 1 (Spl), Activating Enhancer-binding Protein-2 (AP-2), estrogen, and others [128]-[131].

The hTERT promoter has been used extensively as a cancer-specific transcriptional regulator of viral replica-
tion in oncolytic virus design [25]. One such example is a recombinant adenovirus designated Adv-TERTp-E1A
described by Huang and co-workers [132]. The recombinant Adv-TERTp-E1A used a 454-bp region of the
hTERT promoter to drive expression of the adenovirus E1A gene. The authors demonstrated that this construct
replicated at nearly wild-type levels in hTERT-positive cell lines such as A549 and Hep3b, but replicated ap-



S.]. Conrad, K. Essani

proximately 200-fold less efficiently in hTERT-negative cell lines. When tested in a nude mouse xenograft
model using tumors produced by subcutaneous injection of Heb3b cells, the Adv-TERTp-E1A virus replicated
to high titers within the tumor mass and caused tumor necrosis and mass reduction when compared to the con-
trols [132]. Another example of the successful use of the hTERT promoter to engineer RCOV oncoselectivity is
the adenovirus designated OBP-301, commercialized by Oncolys BioPharma under the name Telomelysin.
OBP-301 is a adenovirus (serotype 5) in which expression of both the ELA and E1B genes was put under the
control of the hTERT promoter [133] [134]. After demonstrating significant reductions in tumors developed in
nude mice xenografted with a human lung tumor cell line, phase | trials showed some durable tumor reductions
in approximately half of treated patients [135]. Many other examples of this strategy exist [25].

7. CRC Specific Biomarkers Can Also Be Used to Enhance Oncoselectivity in RCOVs

There are a number of biomarkers which are somewhat specific for hCRC, and have obvious utility in the design
of virotherapeutic agents targeted specifically to CRC. Some of the most promising are detailed below.

7.1. Activating Mutations in K-ras

The KRAS gene encodes the KRAS GTPase, (also known as Kirsten-ras, Ki-ras and C-KI-RAS2), a small,
membrane-bound G-protein and proto-oncogene which is part of the epidermal growth factor receptor (EGFR)
transduction cascade [136] [137]. KRAS is activated when bound to GTP, which is (under normal conditions)
converted to GDP by the removal of the y (terminal) phosphate, returning the KRAS GTPase to its inactive state
[138]. KRAS mutants can be constitutively active, resulting in continuous signal transduction through its down-
stream effector components and, ultimately, cellular survival, growth and proliferation uncoupled from EGFR
activation [138]-[140]. The KRAS gene is mutated in approximately 40% of CRC lesions [141]-[143]. Although
KRAS mutations can also occur in other cancer types (e.g., lung adenocarcinomas) [144], they have been stu-
died most frequently in the context of CRC.

Reoviruses are among the viral families sometimes referred to as “naturally oncolytic” [145] [146]. Although
the reoviruses do not usually cause clinically significant human disease, these viruses are able to replicate in
human cells which exhibit constitutive activation of the RAS pathway. This is because RAS (and KRAS) over-
expression prevents the phosphorylation of the protein kinase R (PKR) cellular defense kinase, which in turn
prevents cytoplasmic degradation of the reovirus double-stranded RNA [147] [148]. Reolysin (Oncolytics Bio-
tech), a wild-type, replication-competent reovirus [149] has been tested in clinical trials against metastatic me-
lanoma in a phase 1l clinical trial [150] with follow-on trials against metastatic CRC currently in the recruitment
stage (trials NCT01274624 and NCT01622543, www.ClinicalTrials.gov).

7.2. Wnt Signaling Dysregulation, Adenomatous Polyposis Coli (APC) Mutation, and
S-Catenin Accumulation

Dysregulation of the Wnt signaling cascade is one of the defining characteristics of CRC [151], and perhaps 90%
of colorectal carcinomas exhibit inappropriate Wnt/s-catenin pathway activation [152]. The canonical Wnt on-
cogene signaling pathway and its importance in CRC has been extensively reviewed [153]-[155]. In normal so-
matic cells, the phosphorylation of g-catenin by the serine/threonine kinases casein kinase 1 (CK1) and glycogen
synthase kinase 38 (GSK 3p) trigger its ubiquitination and subsequent destruction in the proteasome [156].
Phosphorylation of s-catenin occurs when the molecule is complexed with the adenomatous polyposis coli (AP-
C)/axinl “destruction complex” [155] [157] [158]. In many CRC tumor cells dysregulated Wnt signaling arising
from mutations or truncations in APC results in the inhibition of phosphorylation and subsequent destruction of
[-catenin, which contributes to the cytoplasmic accumulation of g-catenin in a “stabilized” state [159]. Stabi-
lized p-catenin is imported into the nucleus where it binds to members of the Tcf/Lef family of transcription
factors, changing them from transcriptional repressors to transcriptional activators which bind to Tcf/Lef target
gene Wnt response elements (WRES) [160] and begin an inappropriate and oncogenic program of transcription
[161]. The precise contribution of APC to this process is not yet completely understood [156], but the impor-
tance of defective APC to the development of CRC is demonstrated by the observation that individuals harbor-
ing mutations in the APC gene almost always exhibit some form of the familial adenomatous polyposis (FAP)
phenotype [162] [163]. Dysregulated Wnt signaling provides an opportunity to increase oncoselectivity in
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RCOVs, and has been heavily exploited in the adenoviruses, with additional work done in both the herpesvirus-
es and the parvoviruses.

Numerous examples exist in which the regulatory elements which drive the expression of the Tcf/Lef genes
(inappropriately activated in CRC and other cancers) have been used in recombinant adenoviruses to drive rep-
lication-critical genes and produce transcriptionally-targeted RCOVs which preferentially replicate in cells with
dysregulated Wnt signaling [164]-[166]. An example from Toth and colleagues [165] is illustrative. The recom-
binant adenovirus VRX-009 was made by replacement of the native Ad5 viral promoter driving expression of
the viral E4 gene with a synthetic promoter containing five Tcf binding sequences and a native TATA box se-
quence. It has been demonstrated that the resulting recombinant adenovirus expressed the Ad5 protein E4AORF3
(indicating successful replication) at levels which were in some cases nearly equal to wild-type adenoviruses in
the CRC cell lines SW480 and LS513 (with active Tcf/Lef promoters). In the non-CRC cell lines A549 and
DU145 (breast and prostate carcinomas, respectively, with inactive Tcf/Lef promoters) very little or no E4ORF3
expression was observed, indicating that the recombinant VRX-009 has achieved some degree of selectivity for
cells with strong S-catenin stabilization and activation of the Tcf/Lef transcriptional program [165].

Use of the Tcf/Lef promoter to achieve oncoselectivity has also been demonstrated in the herpesviruses (i.e.,
HSV-1) and the parvoviruses. Kuroda and colleagues [167] constructed several synthetic S-catenin-Tcf/Lef
promoters and tested their ability to drive expression of the HSV-1 ICP4 protein in cells with activated Wnt
pathways. They found that expression of the ICP4 gene was most efficiently driven by a synthetic promoter
composed of 12 Tcf-responsive element sequences augmented with a single transcription enhancer element (de-
rived from a human gene). The recombinant HSV-1 was able to selectively kill cells with strong g-catenin/Tcf
activation (SW480, HepG2 and LS1034 cells), but replicated poorly in cancerous cells devoid of S-catenin/Tcf
activation (LoVo, HT29 and A549 cells). In agreement with these data, the HSV-1 recombinant was able to
markedly regress tumor xenografts in nude mice when the tumors were derived from SW480, but had no signif-
icant effect upon tumors derived from A549 in the same system [167].

8. Conclusions and Future Challenges

A number of RCOVs have been used in human clinical trials, including viruses from the Adenoviridae, Herpes-
viridae, Parvoviridae, Poxviridae, Paramyxoviridae, Picornaviridae, Reoviridae and Rhabdoviridae families
[168]. Thus far, the adverse effects of RCOV administration seem to relatively mild and tolerable when com-
pared to the undesirable effects of cancer chemotherapy and radiotherapy. An example of a clinically-trialed
RCOV is SillaJen’s JX-594 (Pexa-Vec, originally developed by Jennerex Biotherapeutics), a VACV-based
RCOV which recently completed a phase 11 clinical study (30 patients) in patients with advanced hepatocellular
carcinoma. In this study a high-dose group was compared to a low-dose group. The high dose group exhibited a
significantly longer median survival time (14.1 months) than did the low-dose group (6.7 months) [169]. This
dramatic increase in median survival time qualifies JX-594 as one of the most successful RCOVs to date in the
clinic, and at the same time points out how much remains to be done.

This review has provided examples and explanations of some of the approaches used to improve or achieve
oncoselectivity in RCOVs. As the field matures RCOVs will continue to grow in importance as new strategies
for the enhancement of oncospecificity and oncolethality are developed. For example, the current drive to iden-
tify markers of cancer stem cells (CSCs) and tumor-initiating cells (TICs) [170] and improvements in our under-
standing of what constitutes stemness in CRC cells [171] [172] will ultimately lead to the identification of new
targets for oncoselectivity in RCOVs targeted against CRC, as it has in RCOVs targeted against the TIC marker
CD133" [173]. Advances in delivery technologies [174] may enable delivery of RCOVs targeted against CRC
directly to the mucinous environment of the colon, which has until this time presented a difficult barrier to deli-
very of therapeutic molecules. It should, however, also be emphasized that in the absence of virus-specific im-
mune tolerance, an antigenically distinct panel of oncolytic viruses will be needed to successfully treat a specific
cancer. A serial application of RCOVs could potentially eliminate residual tumors despite the virus-specific
immune response.

It is our hope that a brief explanation of what has been done will stimulate the reader to imagine what could
still be done using the same approaches in novel viruses, or what might be accomplished in CRCs using tech-
niques which have until now been applied only to a small subset of other cancer types. Progress in the creation
of new RCOVs will be evolutionary and revolutionary; both kinds will save lives and improve human health.
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List of Abbreviations Used

Ad35: adenovirus serotype 35

Ad5: adenovirus serotype 5

APC: adenomatous polyposis coli

BAP: biotin acceptor peptide

BIRCS5: baculoviral inhibitor of apoptosis repeat-containing 5
CAR: Coxsackievirus and adenovirus receptor

CRC: colorectal cancer

CSC: cancer stem cell

EGF: epidermal growth factor

EGFR: epidermal growth factor receptor

elF-4E: eukaryotic initiation factor 4E

FGF: fibroblast growth factor

FGFR: fibroblast growth factor receptor

GTPase: guanosine triphosphate hydrolase

HA: hemagglutinin

HSV: herpes simplex virus

HSV-1 gD: herpes simplex virus 1glycoprotein D
hTERT: human telomerase reverse transcriptase

IAP: inhibitor of apoptosis

IFN a/g: interferon alpha, interferon beta

KRAS: Kirsten-ras GTPase (also referred to as Ki-ras and C-KI-RAS2)
LCMV: lymphocytic choriomeningitis virus
LCMV-GP: lymphocytic choriomeningitis virus coat glycoprotein
NA: neuraminidase

PEG: polyethylene glycol

pHPMA: N-[2-hydroxypropyl] methacrylamide

PKR: protein kinase RNA-activated

PSA: prostate-specific antigen

RCOV: replication-competent oncolytic virus

Tcf/Lef: T cell factor/lymphoid enhancer binding factor
TIC: tumor-initiating cell

TK: thymidine kinase

UTR: untranslated region

VACV: vaccinia virus

VEGF: vascular endothelial growth factor

VSIV: vesicular stomatitis Indiana virus

Whnt: Wingless-related integration site
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