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Oncolytic viruses (OVs) are engineered and/or evolved to propagate selectively in cancerous
tissues. They have a dual mechanism of action; direct killing of infected cancer cells cross-
primes anticancer immunity to boost the killing of uninfected cancer cells. The goal of the
field is to develop OVs that are easily manufactured, efficiently delivered to disseminated
sites of cancer growth, undergo rapid intratumoral spread, selectively kill tumor cells, cause
no collateral damage and pose no risk of transmission in the population. Here we discuss the
many virus engineering strategies that are being pursued to optimize delivery, intratumoral
spread and safety of OVs derived from different virus families. With continued progress, OVs
have the potential to transform the paradigm of cancer care.
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Viruses as anticancer drugs

Oncolytic viruses (OVs), evolved and engineered for cancer specificity, are gaining momentum
as a new drug class in the fight against cancer. Besides, causing the death of virus-infected cancer
cells, the spreading intratumoral (IT) infection can also boost the anticancer immune response,
leading to immune destruction of uninfected cancer cells. The paradigm of OVs has been reviewed
extensively [1-7].

The key desirable characteristics of any OV are specificity, potency and safety; specificity for the
targeted cancer, potency to kill infected cells and cross-prime antitumor immunity, and safety to
avoid adverse reactions and pathogenic reversion.

It is well established in several rodent cancer models that a single dose of an effective OV can
completely cure disease [8.9]. This has been shown for DNA and RNA viruses in diverse tumor
models. However, while the single shot cure is an exciting prospect for cancer therapy, to date clinical
outcomes have typically fallen short of this, and repeat I'T virus administration has proven to be a
more reliable approach [6,10]. But there are a number of anecdotal case reports that give credence to
the idea that a single shot OV cure may be achievable in clinical practice [4.11] suggesting that OVs
have the potential to transform the practice of oncology.

In light of recent clinical progress, interest in the approach is burgeoning. One critical milestone
was the 2015 marketing approval granted in Europe and the USA for talimogene laherparepvec
(T-Vec, Imlygic™), an engineered HSV encoding GM-CSF. This virus, administered intracumor-
ally every 2 weeks for malignant melanoma, led to complete resolution in 47% of injected tumors
and boosted systemic antitumor immunity leading to resolution of 9% of distant uninfected visceral
tumors [12]. Subsequent clinical studies have shown that responses are more frequent and more dura-
ble when T-Vec (and other OVs such as coxsackievirus A21) is combined with immune checkpoint
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inhibitor antibody therapy [13]. Another signifi-
cant milestone was the demonstration that a sys-
temically administered oncolytic measles virus
can target and destroy disseminated cancer in a
human subject [11].

Based on these clinical advances, development
of OVs is rapidly accelerating. The purpose of
this review is to discuss the virus engineering
approaches and OV performance optimiza-
tion strategies that are being pursued in the
field, and to point out some of the challenges
that remain. We believe this perspective will be
particularly valuable to virologists entering the
field. We apologize to the numerous investiga-
tors whose work has not been acknowledged;
we are well aware of these omissions but due to
space constraints our approach has been choos-
ing illustrative examples that demonstrate the
key principles. The review is divided into five
main sections: (i) an introduction to viruses and
virus engineering, (ii) delivery, (iii) spread, (iv)
arming and (v) safety. All five topics are highly
interdependent.

Engineering viruses: a diversity of
platforms
In nature, viruses are continuously evolving
and adapting to occupy almost every imagi-
nable biological niche. Viruses infect bacterial,
archaea, protist, fungal, plant and animal cells.
Their genomes are composed of DNA or RNA,
which may be single or double stranded, posi-
tive or negative sense, ranging in size from 2
to 300 kb, in complexity from 1 to 300 genes
and in capacity for foreign genetic material from
a few hundred bases to several kilobases. The
particles of viruses from different families also
vary enormously in size and structure, rang-
ing from 20 to 1000 nm, from icosahedral to
helical symmetry, with or without lipid enve-
lope, integument or matrix and with variable
susceptibility to physical disruption. Naturally
occurring viruses also offer a vast diversity of
virus life cycles, cell entry and replication mech-
anisms, cell and species tropisms, cycle times,
burst sizes, innate immune evasion, apoptosis,
antiviral state prevention and immune combat
strategies, modes of transmission and pathogenic
mechanisms. The diversity of viruses that have
been investigated as oncolytic platforms and the
different strategies used to improve their efficacy
continue to be expanded (Table 1).

Aside from their differences, viruses share fun-
damental similarities including their dependence
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on the host cell to provide a suitable environment
for genome amplification, gene expression and
progeny virus production and their adaptation to
a specific set of host cell conditions and factors
such that propagation is precluded in cells that fail
to provide the necessary environment. These char-
acteristics allow viruses to be targeted to cancer
cells as a self-replicating antineoplastic therapy.

As might be expected, proponents of a given
OV are typically able to advance strong argu-
ments to support their choice of platform,
emphasizing unique features such as replication
kinetics, genome plasticity, targetability, sero-
prevalence and stability that may lead to superior
oncolysis. However, it is too early to determine
which unique viral characteristics will be the
critical drivers of clinical success for a given
cancer type.

¢ Designing & engineering viruses for
cancer therapy

Reverse genetics systems are available for virtu-
ally all virus families, and the rules of engage-
ment for new virus creation are well estab-
lished. In general, the most effective strategy
is to combine rational design with evolution,
allowing each engineered virus to mutate and
fully adapt to its intended target cells after it has
been rescued. Biosafety oversight is in place at all
academic centers responsibly engaging in virus
engineering activities, and it is now a relatively
straightforward matter to generate and test new
virus configurations using what now amounts
to the world’s best lego set. Viral gene and non-
coding sequences can be modified in a variety
of ways to add or eliminate functions and non-
viral genes or noncoding regulatory elements,
whether synthetic or naturally occurring, can
be added into viral genomes to confer additional
desirable properties.

¢ The goals of virus engineering

The overarching engineering goal for the onco-
lytic virotherapy field is to generate viruses that
can be efficiently delivered to disseminated
tumors in the body where they will spread and
selectively kill both infected and uninfected
tumor cells, without causing collateral dam-
age and posing no risk of transmission to the
population.

Delivery of OVs
Viral infections are well understood but for OV
applications must be viewed as drugs obeying
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pharmacological principles. A drug is typically

Ref.
[55,56]
[57]

administered to a patient in an extremely con-
trolled way to produce a reliable, consistent and
predictable pharmacokinetic profile (absorption,
biodistribution, metabolism and excretion) and
bioavailability. Natural viral infections do not
obey these rules since the inoculum is of vari-

targeted

able size; host resistance varies from person to
person; and the kinetics of the adaptive immune

response differ greatly between individuals.
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Thus, the outcomes of natural infections with

a given pathogenic virus range from asympto-
matic seroconversion to full blown disease. The
primary virus inoculum must contain sufficient
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advantages and limitations, to deliver a sufficient
quantity of virus to sites of tumor growth to seed
a productive, tumor destructive infection. The
ability to effectively and uniformly deliver the
OVs to sites of tumor growth probably trumps
all engineering strategies since even the most
efficient, tumor-specific targeted virus will not
achieve meaningful oncolysis if it does not reach
the tumor cells. A single-shot cure can probably
only be achieved if the viral infection is widely
dispersed throughout all sites of tumor growth.
A mathematical model developed by Bailey ez a/.
to optimize oncolytic virotherapy indicated that
maximizing delivery, so more tumor cells are
infected, has a profound impact on the degree
to which the virus must propagate from each
infected cell for curative therapy [60]. The higher
the number and the more random the disper-
sion of infectious centers established in a tumor
after delivery of virus, the more effective the
virus will be, although these parameters must
be optimized for each virus and model [61].

IV and IT administrations of OVs are com-
mon delivery methods that introduce large
amounts of virus into one compartment in a very
short time. This rapid delivery of a massive virus
inoculum does not parallel what typically occurs
in a natural infection and potentially allows the
IT spread of the OV infection to outpace host
defenses. Successful delivery in the context of
an OV infection requires that a critical viral
concentration is achieved within the tumor to
allow for sufficient oncolysis and systemic spread
of the virus to all sites of disease in a safe and
reproducible pattern.

e |V delivery

IV delivery of an OV seems advantageous in
the setting of metastatic disease, allowing the
virus to potentially access all sites of disease via
the circulation soon after infusion. In a clini-
cal setting, systemic delivery may be preferred
since it is more broadly applicable than IT inoc-
ulation, regardless of tumor location and total
tumor burden. Yet, attempts at systemic delivery
have shown limited success; the administered
virus is immediately diluted in the circulating
blood volume (~5 1), so extremely high doses are
needed to achieve meaningful circulating titers.
A clinical trial using an oncolytic poxvirus,
JX-594, demonstrated that virus could only be
detected in tumors of patients that received at
least 10° p.fu. per IV dose without any virus
being detected in tumors of the lower dose
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cohorts of patients [62]. Because of this important
dilution effect, doses required for IV therapy
may have to be up to 1000-fold higher than for
IT administration, which results in significant
manufacturing challenges as well as a unique set
of toxicities [2]. Administration of high titers of
virus intravenously can lead to hepatotoxicity,
thrombocytopenia and lymphopenia [33,63].

Following the path of an OV from the IV
line to the tumor will quickly illustrate some of
the challenges for IV delivery. First, the virus is
rapidly diluted in the circulation, where its infec-
tivity is neutralized by serum proteins including
antibodies and complement, and a large propor-
tion is sequestered by reticuloendothelial phago-
cytes in the spleen and liver. Any virus particles
that reach the tumor vasculature without first
being neutralized must then extravasate through
fenestrations, and pores between the vascular
endothelial cells of the tumor capillaries, and
once in the interstitial space of the tumor, must
negotiate the extracellular matrix (ECM) to
reach and infect the resident cancer cell [¢4].

Tumor vasculature can both aid and limit
viral access. Tumors typically have an unor-
ganized growth pattern, producing vasculature
that is tumultuous and insufficient resulting in
heterogeneous perfusion throughout the paren-
chyma [65]. Decreased perfusion limits the for-
mation of infectious centers evenly throughout
a tumor. Manipulating physiological parameters
such as blood pressure and systemic vascular
resistance can preferentially increase tumor
perfusion and promote better delivery of viral
vectors [66]. Once in a tumor vessel, the virus
must move from the intravascular compartment
into the interstitium by crossing the vascular
endothelium to continue its journey through
the interstitial space until finally reaching a
permissive tumor cell.

At least in theory, viruses can cross the
endothelial lining of tumor neovessels by dif-
fusion, active infection, or by trafficking inside
of or on the surface of marrow-derived cells
that are capable of diapedesis. Tumors gener-
ally have poor lymphatic drainage and can
have leaky blood vessels with a wide range of
pore sizes which helps to explain the phenom-
enon of enhanced permeability and retention
of nanoparticles such as OVs in the tumor
parenchyma [67]. In some tumors, the pores and
fenestrations in tumor capillaries may be large
enough to permit passive diffusion of viruses
(depending on their size) but in many tumors

www.futuremedicine.com

Oncolytic viruses

REVIEW

197



REVIEW Maroun, Mufioz-Alia, Ammayappan, Schulze, Peng & Russell

198

the endothelium is sufficiently organized that
this type of extravasation is simply not possible.

Clearly, the ability to infect the activated
endothelial cells of tumor neovessels would
be an attractive targeting property for OVs to
enhance entry into the tumor parenchyma by
releasing viral progeny on the ablumenal side
of the blood vessel. Intravascular coagulation in
the capillary could also be provoked by virus-
infected endothelial cells reacting with clotting
and inflammatory factors. Virus engineering
strategies have been pursued to achieve this goal,
for example, by displaying polypeptide ligands
echistatin and urokinase plasminogen activator
on the surface of measles virus to target inte-
grin VB3 and UPaR endothelial cell surface
receptors, respectively [68,69]. Also, at least one
OV (vesicular stomatitis virus VSV) has been
shown naturally capable of infecting neovessel
endothelium in implanted mouse tumors, but
the study did highlight the potential toxicity of
the approach, namely intravascular coagulation
requiring heparin therapy for its prevention [70].

Another approach to help OVs® extravasate
is by temporally creating pores throughout the
tumor microvasculature to enhance transport of
the virus into tumor interstitium. This can be
done through application of focused ultrasound
in the presence of a contrast agent or a polymer.
The microbubbles or polymers are injected intra-
venously and can freely circulate without harm-
ing tissues, but when they are exposed to ultra-
sound waves they can oscillate and induce pore
formation or cavitation in the surrounding tis-
sue. The ultrasound can be focused on a tumor
just after the infusion of the virus to increase
viral extravasation. This has been shown to
enhance vaccinia virus delivery to tumor xeno-
grafts and can increase viral transgene expression
by more than a 1000-fold in the tumor [71.72].
Many strategies are being developed to enhance

OV 1V delivery.

e IT delivery

IT administration directly delivers a high con-
centration of the OV into the parenchyma of
the injected tumor but may not result in spread
of the virus to distant sites of metastasis. T-Vec
is administered by IT injection to accessible
skin tumors of patients with metastatic malig-
nant melanoma. The injection is repeated
every 2 weeks until lesions have resolved or
failed to respond [12,73]. Interestingly, viremia
was not documented in patients, suggesting

Future Virol. (2017) 12(4)

that the regression of noninjected lesions was
likely immune-mediated and not due to direct
oncolysis [74].

Immediately following IT delivery, small lev-
els of virus can be detected in the blood from
leakage through injured tumor vasculature [75],
but that small amount of virus is quickly cleared
from the system. Also, virus that has been
injected into a tumor is frequently extruded
immediately from the injection track once the
syringe is removed, especially in smaller higher
pressure tumors. However, systemic viral spread
can occur following I'T administration if the ini-
tially exposed tumor cells are capable of ampli-
fying the input virus and releasing progeny into
the bloodstream. Such secondary viremia may
not peak until several days after I'T virus deliv-
ery and, with currently used OVs, is often not
detected. Secondary viremia, when it occurs,
more closely mimics the natural propagation of
a viral infection from the site of inoculation to
more distant target organs.

Mouse models with implanted flank tumors
provide a convenient model for IT injection as
the tumor is superficial, but in human patients
with spontaneous malignancies tumors often
develop internally in visceral organs. Melanoma,
head and neck cancer, and lower gastrointesti-
nal malignancies may be better suited for IT
injections due to anatomical position, although
with advanced interventional radiology using
computed tomography or MRI image guidance
to place the needle many more tumors may be
accessible for IT virotherapy. One additional
advantage of IT injection over the IV route is
that the threshold concentration of input virus
required to initiate a spreading infection in the
tumor tissue can be more easily achieved.

¢ Other routes of delivery

Intraperitoneal virus administration is often
pursued in virotherapy studies aiming to
impact ovarian cancer and other disseminated
intraperitoneal malignancies, while intrapleural
administration is pursued for mesothelioma
therapy. Both of these approaches are similar to
IT administration in that the virus comes into
direct contact with tumor cells in the injected
cavity, although there is a greater risk that input
virus will be immediately neutralized by anti-
bodies and other proteins in ascites or pleural
fluid. Intravesical instillation of virus is the
favored route of administration for treatment of
early-stage bladder cancer, requiring only that

future science group



the input virus be stable in urine. Also, imme-
diately after brain cancer surgery, in an attempt
to control residual disease, virus is often instilled
directly into the resection cavity.

e Limiting viral neutralization & clearance
Perhaps the most significant barrier to wide-
spread OV delivery is rapid neutralization and
clearance of circulating virus particles. Antibod-
ies and complement proteins can coat the virus
blocking its ability to interact with its cellular
receptor and accelerate Fc receptor-mediated
clearance by splenic macrophages and hepatic
Kupffer cells.

Antibody neutralization has been shown to
reduce the efficacy of systemically administered
OVs such as measles, VSV and vaccinia in pre-
clinical models [76-78]. When previous exposure
has occurred, preformed antibody reduces the
effectiveness of the initial treatment. However,
the situation is typically far more problematic for
second and subsequent doses, even for low sero-
prevalence viruses, because the first dose induces
a powerful primary antiviral antibody response
or boosts the pre-existing response (79.80]. These
troublesome responses can be constrained by
coadministering immunosuppressive drugs
such as cyclophosphamide. Cyclophosphamide
administered concurrently with an OV has
been shown to suppress or delay the develop-
ment of humoral and cytotoxic antiviral T-cell
responses [81].

For high seroprevalence viruses, one approach
to circumvent viral neutralization by preformed
antibodies is to engineer or switch the viral coat
proteins. Some OVs (e.g., adenovirus) offer a
menu of different serotypes, providing a basis
for serotype switching between successive doses
of the therapy to avoid antibody neutralization,
although this does greatly complicate the prod-
uct development pathway since each serotype
is considered to be a distinct pharmaceutical
product [82]. For monotypic viruses such as
measles, serotype switching is not an option, but
antimeasles antibodies can be circumvented by
substituting the surface glycoproteins of mea-
sles with those of a related but noncross-reactive
morbillivirus such as canine distemper virus [83].
Alternatively, the immunodominant epitopes of
the measles surface glycoproteins can be modi-
fied by mutating key surface residues to eliminate
them, or by introducing glycosylation signals so
they are shielded by N-linked glycans (84]. It is
worth noting that all of these virus engineering
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strategies have the potential to alter viral receptor
usage and hence tumor cell tropism which may
limit their utility [83.85].

Mengovirus, VSV and Newcastle disease
virus are examples of animal pathogens being
developed as oncolytic agents. Their appeal as
oncolytic platforms is due to the coupling of
their ability to selectively propagate in human
tumors with their low seroprevalence in the
human population [77]. Unlike viruses such as
measles which have almost exclusively human
cell tropism, these zoonotic viruses are capable
of infecting both rodent and human tumor cells
allowing preclinical testing in more informative
immunocompetent mouse cancer models.

Another strategy for avoiding neutralization
is to block the reticuloendothelial system with
polyinosinic acid or with clodronate-loaded
liposomes which poison or deplete splenic mac-
rophages and Kupffer cells. This approach has
been shown to slow the clearance of circulat-
ing virus particles that have been coated with
antibodies or complement [36-88].

Virus-infected cell carriers can also be used to
transport viruses via the bloodstream to sites of
tumor growth. In part, this is possible because
there is an ‘eclipse period’ after the cell carriers
have been infected during which they do not
display viral proteins on their surface and are
therefore not bound by virus neutralizing anti-
body, but are still able to extravasate from tumor
neovessels and release infectious progeny into
the tumor parenchyma. Several cell carrier/ OV
combinations have been used including mesen-
chymal stem cells, dendritic cells, T cells and
endothelial progenitor cells [89-92]. Some carrier
cells are believed to home more efficiently to
tumors responding to chemotactic signals arising
from hypoxia or IT inflammation.

OV spread

Replication and amplification in the tumor is
the major feature that sets OVs apart from other
anticancer drugs. No traditional chemotherapy,
immunotherapy or small molecule inhibitor can
target tumor cells and then amplify at the site of
action and spread to other sites of tumor growth.
Specificity as well as speed and extent of I'T virus
replication are the key determinants of thera-
peutic index (efficacy/toxicity ratio) for an OV
therapeutic, and each of these parameters can be
modified by virus engineering. Additionally, the
kinetics of spread can be impacted by combining
the virus with immunomodulatory drugs.
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e Targeting virus tropism

The idea of a virus with selective tropism for
cancerous tissue has obvious appeal. Even for
naturally occurring viruses that have not been
tropism modified, a tumor offers a favorable
environment to support a productive infec-
tion, and this is borne out by case reports of
temporary remission or regression of different
cancers concurrent with viral infections [4,93].
There are several reasons why tumors are gen-
erally more susceptible than normal tissues to
virus attack; poorly developed lymphatics, high
nonsuppressible metabolic activity, resistance to
apoptosis, poor responsiveness to interferon and
intrinsic suppression of immune effector cells.
But as we move in the direction of intention-
ally using virus infections to mediate tumor
destruction, it is apparent that a targeted virus
with exquisite tumor specificity will be superior
to its nontargeted counterpart, allowing for the
administration of higher tumor destructive doses
without toxicity to normal tissues.

Virus tropism is determined by many factors,
most of which, if understood sufficiently, can be
manipulated to enhance tumor specificity. The
receptor tropisms of naturally occurring viruses
are rarely of interest for tumor targeting, but
this is not true for tissue-culture-adapted vaccine
lineage viruses, some of which have evolved in
the laboratory to use receptors more abundantly
expressed on cancer cells. Examples include the
CD46 receptor tropism of vaccine lineage mea-
sles virus and the heparan sulfate tropism of
laboratory-adapted Sindbis virus [94,95]. Where
greater specificity is desired, it may be possible
to engineer new receptor tropisms by modify-
ing the structure of a viral attachment protein,
for example, by displaying polypeptide ligands
at the extreme C-terminus of the measles H
glycoprotein [96,97]. However, for many viruses,
displaying a polypeptide ligand on the surface
does no more than redirect attachment and does
not confer a new receptor tropism (98-100]. This
remains an area of active investigation.

In addition to their dependence on specific
entry receptors, the surface glycoproteins of
many enveloped viruses (and sometimes other
critical viral proteins) must be proteolytically
activated before they are competent to mediate
virus entry [101]. By engineering the protease
target sequences in these viral glycoproteins it
is possible to generate viruses whose propaga-
tion is now dependent on exposure to a spe-
cific protease with high IT abundance, such
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as urokinase, matrix metalloproteinase 1 or
cathepsin D [102-104].

Beyond the step of cell entry, viruses are
exquisite sensors of intracellular processes and
can therefore be adapted or engineered in several
ways for intracellular targeting of cancer cells.
This is best understood by considering some fun-
damental aspects of the interplay between a virus
and an infected cell. The incoming virus aims to
usurp the cellular synthetic machinery for gen-
eration of progeny viruses. The cell resists this
takeover bid by rapidly detecting virus invasion,
then triggering a signaling cascade that leads to
establishment of an antiviral state and release
of interferon which induces an antiviral state in
adjacent cells [105,106]. The antiviral state is very
complex but suppression of protein translation
is a key component. Apoptosis is also triggered
by the virus detection machinery so that the
infected cell dies before it is able to manufacture
virus progeny [107].

For a virus to be ‘successful’” it must combat
these host cell responses, avoiding detection, as
long as possible, for suppressing the establish-
ment of an antiviral state and preventing apop-
tosis. Virtually all naturally occurring viruses
therefore encode proteins that inhibit apoptosis
and the antiviral state [108]. Removing these
accessory functions from the viral genome leads
to virus attenuation in normal tissues, but to a
much lesser degree in cancerous tissues. This is
because cancer cells are intrinsically resistant to
apoptosis and to the establishment of an antiviral
state, making them highly susceptible to attenu-
ated viruses that are no longer able to control
those processes. This has provided a mecha-
nistic basis for physiologic targeting of several
viruses; VSV by mutating the matrix gene
whose encoded protein blocks the interferon
response [109]; HSV by mutating both copies of
the y-34.5 gene which interferes with interferon-
mediated shutoff of host protein synthesis and
enhances neurovirulence [110,111]; adenovirus by
mutating the E1B protein, one of whose actions
is to inhibit the apoptotic activity of p53 [112].

Viruses can be further engineered to exclu-
sively replicate in tumor cells by combining
a virus’ needs with physiologic peculiari-
ties intrinsic in tumorigenesis. For example,
a virally encoded thymidine kinase (TK) is
required for HSV and vaccinia virus infection
to increase the supply of deoxynucleotide tri-
phosphates required for synthesis of progeny
virus genomes [113,114]. Elimination of the TK
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gene from the viral genome restricts viral replica-
tion to cancer cells where there is an upregula-
tion of human TK [115,116]. Another example of
a virus that exploits the high replication rate of
tumor cells is Toca-511, a replication competent
C-type retrovirus encoding the drug activating
enzyme cytosine deaminase (CD) [117]. Since
the integration of C-type retroviruses is S-phase
dependent [118], this virus is selectively amplified
in rapidly proliferating tumor tissue.

Engineering tumor specificity can also
be achieved by detargeting viruses to ablate
unwanted tropisms that can cause off target
pathology in normal tissues. MircroRNA tar-
geting is the best example of this approach. For
example, miRNA targeting was used to control
the tropism of an oncolytic coxsackievirus A21
virus which caused rapid tumor regression fol-
lowed by fatal myositis in murine models of
myeloma and melanoma [119]. Insertion of mus-
cle-specific miRNA targets into the viral genome
eliminated muscle toxicity but left the antitumor
potency of the virus intact. This was shown to
be due to miRNA-mediated recognition and
rapid destruction of the viral genome in muscle
cells. miRNA targeting has since been applied
to many OVs from diverse virus families and
provides a convenient and economical strategy
(using sequence insertions of only ~100 bases)
to control unwanted virus tropisms [25].

e Viral amplification & spread

After an appropriately targeted virus has infected
a tumor cell, it is the extent of its subsequent
propagation that becomes the key driver of
potency. Data-driven mathematical models of
systemic oncolytic virotherapy indicate that
tumor eradication is dependent on two major
parameters: the initial density and distribution
of infectious foci in the tumor; and the ultimate
size of the infectious centers arising from each
individual infected cell (i.e., virus spread) [120].
Viral spread may occur by various mechanisms.
Local spread may occur by intercellular fusion,
by direct transfer of virus from infected to adja-
cent cells, or by release and local migration of
progeny virions through the interstitial space.
Systemic spread as free virus particles or as virus-
infected migratory cells occurs via lymphatic
channels or via the bloodstream.

Direct cell-to-cell transfer of viruses has
the advantage of stealth as the virus cannot be
neutralized by antiviral antibodies in the inter-
stitial fluid [121]. Nonfusogenic viruses can be
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armed with fusogenic membrane glycoproteins
(FMGs) to enable stealthy spread through inter-
cellular fusion leading to the formation of large,
nonviable multinucleated syncytia which may
also serve as excellent antigen presenting cells
for amplification of the antitumor immune
response [122]. By way of example, VSV encod-
ing measles fusogenic glycoproteins and HSVs
encoding the fusogenic gibbon ape leukemia
virus glycoproteins have shown superior effi-
cacy when compared with their corresponding
parental viruses [123,124].

In the case of free virus particles, which are
susceptible to antibody neutralization, the stroma
of the tumor also has the potential to limit IT
diffusion and block systemic release. Fibroblasts,
endothelial cells, immune cells and the ECM
make up the tumor stroma, and the exact compo-
sition varies widely depending on tumor type [125].
The ECM is a collagenous matrix of protein fibrils,
adhesive proteins and proteoglycans that create a
web with pore sizes similar or slightly smaller than
virions [126]. Destruction of ECM components
can facilitate viral spread throughout the tumor
and can be achieved using conventional chemo-
radiotherapy or by delivering matrix-degrading
enzymes such as collagenase and hyaluroni-
dase [127]. An alternative approach is to encode a
matrix-degrading enzyme or inducer of matrix-
degrading enzymes in the viral genome. For exam-
ple, hyaluronidase and relaxin encoding oncolytic
adenoviruses have each been shown to spread more
efficiently in experimental tumors [128-130].

Another factor that significantly impacts the
kinetics of virus spread is the burst size, or the
number of progeny viruses released by a pro-
ductively infected cell, which varies widely
between viral families. Picornaviruses, VSV and
vaccinia virus can release up to 10,000 prog-
eny from a single infected cell after a delay of
only 6-18 h [131-133]. In addition to innate anti-
viral immunity, adaptive cell-mediated immune
responses are typically required for the com-
plete elimination of a viral infection and act by
eliminating infected cells before progeny can be
released. Oncolytic virotherapy can therefore be
viewed as a race between the spreading virus and
the responding immune system. For this reason,
faster moving viral infections are often consid-
ered capable of inflicting greater damage to an
infected tumor before they can be contained by
the immune system [134]. However, in defense
of the viruses with smaller burst sizes, or which
release progeny by budding, they tend to be less
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rapidly controlled both by the innate and adap-
tive host immune responses [135]. Therefore, as
with the classic race between the hare and the
tortoise, it is very difficult to predict whether a
fast or slow replicating virus will show superior
efficacy in a given preclinical cancer model.

Arming OVs: extending the range

No matter how extensively an OV infection
spreads through a tumor, a sizable percentage
of the cancer cells will escape infection [61]. Kill-
ing of these uninfected (bystander) cancer cells
is therefore critical if oncolytic virotherapy is to
become a curative, as opposed to just a tumor
debulking strategy. Bystander killing can be
achieved, both locally at the site of a spreading
infection and systemically at uninfected tumor
sites, by genetically arming the virus using one
of several possible approaches. For example, an
OV can be engineered to encode a secreted pro-
tein that selectively mediates the destruction of
neighboring and/or distant cancer cells. Alter-
natively, it can be armed with a ‘suicide gene’
or prodrug convertase whose encoded protein
converts a harmless prodrug to a diffusible anti-
cancer drug. In a third approach, the OV can be
armed with a ‘radioconcentrator gene’ so that
infected tumor cells are able to concentrate a
B-emitting radioisotope whose emitted electrons
damage adjacent uninfected tumor cells. Fourth,
it can be engineered to fuse infected tumor cells
with uninfected neighboring cells. And last,
but by no means least, it can be engineered to
express one or more genes capable of amplifying
immune-mediated killing of uninfected tumor
cells. Each of these approaches is discussed below
using specific examples to illustrate the concepts.

¢ Secreted toxins

As a general rule, if a virus is to be armed with a
gene encoding a secreted toxin, that toxin should
be targeted so that it can kill only cancer cells.
In the absence of such targeting, there would
be little prospect of avoiding off-target toxici-
ties. Immunotoxins are bifunctional proteins
in which plant or bacterial toxins (typically
ribosomal inhibitors) are fused to a single chain
antibody or other polypeptide domain to tar-
get endocytosis in cancer cells [136]. In theory,
such molecules that have been extensively inves-
tigated and advanced to human clinical trials
particularly for the treatment of B-cell and T-cell
malignancies [137], could be expressed from an
engineered OV genome.
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¢ Prodrug convertases
Unlike secreted toxins, prodrug convertases
do not pose a risk of increasing OV virulence
because their toxic potential is manifest only in
the presence of an exogenously added prodrug.
For this reason, the approach has been exten-
sively studied. Perhaps the most well-known
convertase—prodrug combination is HSV TK,
used with ganciclovir. TK converts ganciclovir
to ganciclovir monophosphate which is further
processed intracellularly to ganciclovir triphos-
phate, a DNA synthesis chain terminator that
kills dividing cells as they enter S phase [138].
A major weakness of the TK—ganciclovir sys-
tem, aside from its inability to kill nondividing
tumor cells, is that it has very limited bystander
killing potential. This is because ganciclovir
monophosphate is not released from the cell in
which it is generated, so does not impact unin-
fected tumor cells unless they are connected to
the infected cell via gap junctions through which
it can pass [139]. Encoding connexin, a gap junc-
tion protein, in the OV genome can enhance the
bystander killing effect of TK, but attention is
shifting to other convertases, most notably CD.
CD converts 5-flurocytosine (5-FC), an
inert small molecule that is administered intra-
venously, to 5-flurouracil (5-FU), an antimetab-
olite that irreversibly inhibits thymidylate syn-
thase and is an approved chemotherapeutic agent
for a variety of cancers (anal, breast, colorectal,
esophageal, stomach, pancreatic and skin) [29].
The argument supporting the CD/5-FC sys-
tem is that local production of 5-FU in the
OV-infected tumor will create a 5-FU concen-
tration gradient that will expose tumor cells to
a higher concentration of the drug compared
with distant tissues, thereby ameliorating toxic-
ity and enhancing the therapeutic index of the
drug. However, 5-FU is freely diffusible so local
production of the drug in a CD-positive tumor
exposed to high concentrations of 5-FC can lead
to systemic toxicity [140]. The dose of 5-FC must
therefore be adjusted accordingly. CD has been
incorporated into several OVs including adeno-
viruses, paramyxoviruses and poxviruses, but
the one that has advanced ahead of all others in
clinical testing is a C-type retrovirus, Toca-511,
which is currently being evaluated in a Phase III
clinical trial for the treatment of patients with
malignant glioma [141-143]. Besides the TK
and CD prodrug convertase systems, there
are reports of OVs engineered to express the
cyclophosphamide-activating protein CYP2BI1,
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the CPT11-activating secreted human intesti-
nal carboxylesterase (shiCE) and the fludara-
bine phosphate activating purine nucleotide
phosphorylase [144,145].

¢ Sodium iodide symporter
(radioconcentrator)

Iodide is a critical component of thyroxine and
is concentrated in thyroid follicular cells by the
thyroidal sodium iodine symporter (NIS), a cell
surface glycoprotein with 13 transmembrane
domains [146]. Radioiodine is therefore used
routinely in the clinic for thyroid imaging and
for ablation of overactive thyroid tissue, includ-
ing metastatic thyroid cancer. This is facili-
tated by the ready availability of several iodine
radioisotopes, most notably '%I" for y camera
and single-photon emission computed tomog-
raphy imaging,'** for PET imaging and "', a
B-emitting isotope, for thyroid ablation. Besides
radioiodine, NIS can concentrate several related
anions, of equal or greater value for single-pho-
ton emission computed tomography (**TcO,,
pertechnetate), PET (B*F,, tetrafluoroborate)
and tissue ablation (*"'Ar, astatide, '**ReO, per-
rhenate) [147]. The B emissions of 'I" have an
average path length of approximately 1.8 mm
in tissue and can therefore inflict significant
damage on cells adjacent to an ¥'I"-loaded NIS
expressing cell. For "**ReO, the B emission path
length is longer such that NIS negative tumor
cells are even more likely to be damaged in the
B particle crossfire when this radioisotope is
used. Unsurprisingly, therefore, the NIS gene
has been engineered into several OVs whose IT
spread has been elegantly mapped and moni-
tored in tumor-bearing mice by serial radiotracer
imaging, and whose potency has been substan-
tially boosted by appropriately timed adminis-
tration of 'I [148]. At least two NIS-expressing
OVs, a prostate-targeted oncolytic adenovirus
and a CD46-targeted measles virus, have been
advanced to human clinical trials with positive
imaging data reported [11.149].

¢ Fusogenic membrane glycoproteins

Fusion of the lipid envelope of an incoming virus
with the limiting membrane of its target cell is
a necessary step in the life cycle of an enveloped
virus, to deliver the encapsidated viral genome
into the target cell cytoplasm. This virus-to-cell
fusion reaction is mediated by FMGs embedded
in the envelope of the virus, and may occur at
the cell surface at neutral pH, or in the endo-
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somal compartment at acidic pH [150]. Neutral
pH fusion is triggered by receptor attachment.
Cells expressing certain virally encoded, neutral
pH-active FMGs on their surface may fuse with
neighboring receptor positive cells (cell-to-cell
fusion), giving rise to multinucleated syncytia,
the hallmark cytopathic signature of a fusogenic
virus (e.g., measles) [151]. But more often the
FMG is activated only after its incorporation into
abudding virus particle, so cannot cause cell-to-
cell fusion, and must be modified, for example,
by cytoplasmic tail truncation, to render it con-
stitutively fusogenic. Either way, FMG-driven
fusion of OV-infected cells with uninfected
neighboring cells leads to increased bystander
killing because multinucleated syncytia are non-
viable as well as being highly immunogenic [152].
Based on these observations, nonfusogenic OVs
have been armed with FMGs thereby confer-
ring superior oncolytic potency [(123,153]. In one
example, an oncolytic herpes virus was rendered
highly fusogenic when engineered to encode a
cytoplasmically truncated gibbon ape leukemia
virus envelope glycoprotein [154-156] while in
another study, an oncolytic VSV was rendered
highly fusogenic by replacing its surface glyco-
protein (G) with the hemagglutinin and fusion
glycoproteins of measles virus.

¢ Arming OVs to amplify antitumor
immunity

Tumor cells are intrinsically immunogenic
because of their mutational burden. ‘Driver’
mutations disrupt their ability to respond to
normal growth regulatory signals whereas ‘pas-
senger’ mutations occur at random throughout
the genome and are unique to a given tumor.
Some of these mutations change the coding
sequence of an expressed protein, resulting in
the generation of nonself-peptides that can be
presented at the cell surface as neoantigenic
MHC-peptide complexes or neoepitopes [157].
In order to avoid immune detection and destruc-
tion, cancers must therefore evade the immune
system, which they do very effectively. Thus,
tumors lack lymphatic channels and sustain
high interstitial pressures, impeding leucocyte
extravasation. They release immunosuppressive
substances such as prostaglandin E2 and TGFf
and reprogram macrophages from M1 to M2
phenotypes, destroying their ability to process
and present tumor antigens. They may even lose
the ability to present MHC—peptide complexes
on the tumor cell surface [158]. Many tumor

www.futuremedicine.com

Oncolytic viruses

REVIEW

203



REVIEW Maroun, Mufioz-Alia, Ammayappan, Schulze, Peng & Russell

204

cells also overexpress PD-L1 and B7.1 receptors
on their surface as a last line of defense against
attacking T lymphocytes. These checkpoint
receptors interact with PD-1 or CTLA4 on the
surface of approaching T cells, leading to T-cell
anergy. Checkpoint inhibitor antibodies, which
are currently transforming the field of immuno-
oncology, block these PD-1/PD-L1 and/or
CTLAA4/B7 interactions thereby ‘unveiling’ the
cancer and rendering it susceptible to T-cell-
mediated killing [159]. Because of their ability
to amplify immune-mediated killing of unin-
fected tumor cells, OVs may be ideal partners for
checkpoint inhibitor antibody therapy and can
be engineered in various ways to maximize their
immune enhancing properties [13,160].

Immediately following OV infection, tumor
cells release type I interferons, driving innate
and inflammatory immune responses [161].
Subsequently, they undergo necrosis releasing
tumor antigens into the interstitial space where
they are phagocytosed by inflammatory effector
cells and transported to regional lymph nodes for
cross-presentation to helper and effector T cells
which proliferate, re-enter the bloodstream, traf-
fic back to the tumor, extravasate from tumor
neovessels, engage the neoantigenic MHC—pep-
tide complexes on uninfected tumor cells and
kill them [162-164].

Each step of the above process can be impacted
by virus engineering. Not only can the kinetics
and mode of cell killing be manipulated (see
the previous section on virus spread), but also
the OVs can be armed with a wide variety of
immunoregulatory genes whose products will
be secreted into the interstitial fluid space. Thus,
OVs have been engineered to express the follow-
ing: high levels of type I interferons to better
drive the early innate/inflammatory response;
GM-CSF to stimulate the phagocytic activ-
ity and lymph node trafficking of professional
antigen presenting cells; chemokines to enhance
the IT recruitment of immune and inflamma-
tory effector cells, especially cytotoxic T cells;
cytokines to drive the activation and prolifera-
tion of tumor-resident cytotoxic T cells; bispe-
cific T-cell engagers to enable tumor cell kill-
ing by T cells not recognizing tumor antigens;
checkpoint inhibitor antibodies to block the pro-
tective PD-L1/B7.1 shield that protects tumor
cells from T-cell attack; cytokines to increase
MHC-peptide neoantigen expression on unin-
fected tumor cells; or cloned tumor antigens to
further amplify tumor-specific immunity [165].
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While each of these approaches has proven
beneficial in selected preclinical animal mod-
els where immune destruction of the tumor is
the dominant OV effect, they are equally likely
to decrease potency by speeding virus elimina-
tion in situations where the spread of the virus
is dominant.

Safety

Engineering viruses for increased stealth, greater
specificity, faster spread and enhanced potency
is not without risk. As OVs gain new properties,
checks and balances must be applied to assure
that they do not readily evolve into pathogens,
let alone transmissible pathogens that could
pose a risk not only to immediate contacts
of the treated patient, but also to the greater
population.

So far OVs have an exceptional safety record
in the clinic with few serious adverse events
and minimal mortality reported from human
trials [166,167]. However, since efficacy has also
been limited, it remains possible that toxic-
ity profiles may appear less favorable as doses
are increased and as newer OVs or virus-drug
combinations are advanced to clinical testing.
Currently, there are over 40 active clinical tri-
als ongoing using OVs alone or in combination
with other therapies [168]. As the number of
patients participating in trials grows so will the
insight into rare adverse effects. The most com-
mon adverse effects reported in recent OV trials
are fever and flu-like symptoms [169]. However,
the potential for severe adverse reactions was
much more clearly demonstrated in the earliest
virotherapy trials undertaken in the 1950s and
1960s when deaths and severe adverse reactions
were not infrequently recorded due to presumed
OV replication in normal tissues, notably the
brain, especially in immunocompromised cancer
patients [4,170,171].

e Limiting pathogenicity

Viral cytotoxicity is the basis of tumor cell
death necessary for oncolytic activity. Off-target
infection and killing of normal cells by poorly
targeted OVs or by OVs that have evolved new
tropisms in a treated patient can cause unwanted
normal tissue pathology. OVs are therefore deli-
cately balanced between retaining enough viru-
lence to substantially decrease tumor burden
versus being sufficiently targeted (or attenuated)
to not cause a new disease in the patient. Can-
cer-specific targeting is the most critical safety
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feature, but viruses evolve and viral populations
are dynamic [172]. Evolution is a constant accom-
paniment of a spreading virus infection, whether
or not the virus is oncolytic; 77 vivo progeny of
the therapeutic OV differs on average by a single
-point mutation per genome from the input
virus 173]. Hence, as the input virus is amplified,
it generates a swarm of quasispecies viruses, each
one a slightly imperfect replica of the input virus.
This swarm of progeny viruses is subjected to
selective pressure as it encounters new biological
niches in the treated cancer patient. Thus, if it
so happens that a member of the swarm is capa-
ble of infecting a normal host tissue, the virus
may have gained a new foothold from which to
further evolve. Gaining new cell tropisms or los-
ing restriction factors is therefore a significant
theoretical concern in oncolytic infections, but
has not yet been documented in human trials,
nor in preclinical models. However, given the
importance of this particular scenario, a great
deal of attention is paid to the problem not just
by investigators, but also by regulatory agencies.

Understanding the selective pressures that
operate within the tumor and the host, as well
as the role of viral quasispecies in treatment
outcomes is an active area of research. RNA
and DNA viruses exist as a population of quasi-
species or collections of related viral genomes
undergoing variation and selective pressure [174].
Generation of quasispecies occurs when viral
genomes are copied during the replication cycle.
Viral polymerases typically have an error rate
that introduces an average of one or more base
mutations per progeny genome [175]. In general,
the larger the virus genome, the lower the poly-
merase error rate. Picornaviruses are among the
smallest viruses being developed for oncolytic
therapy with positive sense RNA genomes rang-
ing from 7 to 9 kb in length, and their RNA pol-
ymerases have a correspondingly high intrinsic
error rate. Production of a virus for clinical appli-
cation is a highly regulated process and involves
multiple rounds of replication to achieve enough
virus for patients. The viral product is therefore
already a swarm of quasispecies at the time it is
administered to the patient and mutates further
as it undergoes additional rounds of replication
in vivo. Studies of the mutation rates of viral
polymerases, the generation of quasispecies, the
evolution of viral populations and the evolution
between dominant subspecies within a virus
population are therefore of great interest and

relevance to the OV field.

future science group

Although it will be interesting to determine
whether OVs encoding modified polymerases
with higher fidelity will exhibit an improved
safety profile [176], it should be noted that OV
reversion to a more pathogenic state has not yet
been observed clinically. This is also true of many
time-honored viral vaccines. For example, in
50 years of widespread measles vaccination using
attenuated Edmonston lineage substrains, there
has never been a documented reversion back to a
wild-type phenotype, even after IV doses as high
as 10" TCID, were administered to immuno-
suppressed, measles antibody negative myeloma
patients in an oncolytic virotherapy study [177).

Polymerase infidelity is not the sole driver of
virus genome diversification and evolution. For
many viruses, recombination between homo-
logous viral genomes can occur when two related
viruses infect the same cell (178]. This type of
recombination is not a feature of negative strand
RNA virus evolution because the nascent pro-
geny viral genomes are cotranscriptionally incor-
porated into a helical ribonucleocapsid structure
which prevents recombination. However, for
positive sense RNA picornaviruses, and DNA
viruses such as adenovirus, HSV and vaccinia,
it is important to consider the possibility that
the input virus may encounter and recombine
with a homologous ‘wild-type’ virus in a treated
patient. While such recombination has never
been documented in OV trials, there are well
described examples in the field of vaccinology,
such as the re-emergence of pathogenic polio-
viruses through the recombination of vaccine
genomes and naturally circulating picornavirus
genomes [179]. In view of these risks, it is gener-
ally considered inadvisable to arm viruses with
therapeutic transgenes that have theoretical
potential to increase pathogenicity if transferred
to a related naturally circulating virus. Genes
encoding immunosuppressive, antiapoptotic or
directly cytotoxic proteins are on this list.

Certain viruses with segmented genomes,
most notably the orthomyxoviruses (e.g., influ-
enza), are capable of rapid evolution by genome
fragment reassortment in multiple infected
cells. Reassortment of genome fragments in
virus-infected birds and pigs is considered to
be a key driver of the antigenic shifts that occur
during evolution of new pathogenic influenza
virus strains [180]. This important safety concern
may explain why oncolytic influenza viruses
have not yet been advanced to human clinical
trials [181].
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Because of the toxicity risks associated with
the proliferative and evolutionary capacity of
OVs, there is considerable interest in contingency
plans to terminate the spread and/or transmis-
sion of an OV infection. Reliable antiviral medi-
cations are available for TK-expressing herpes
viruses, but this is not the case for the majority of
viruses being developed as OV platforms [182.183].
Attention has therefore been directed to the
development of safety switches that can be engi-
neered into the OV genome and triggered on
demand to terminate 77 vivo replication.

Two so-called suicide genes, TK and inducible
caspase 9, are of interest in this regard. Both of
these genes have been used as a safety switches to
eliminate genetically modified T cells that were
causing graft versus host disease in human clini-
cal trials 184-186]. Viruses engineered to encode
TK have also been controlled with ganciclovir
therapy (187], but this cannot be considered a
reliable safety switch because of the ever-present
risk of the emergence of viral quasispecies with
TK inactivating mutations. The development
of a universal and highly reliable safety switch
remains one of the significant research challenges
facing the field of oncolytic virotherapy.

Limiting the pathogenic potential of OVs
can also be accomplished by enhancing the
host innate immune response. VSV has been
engineered to express IFN-f, which induces an
antiviral state and reduces proliferation of cells.
Cells capable of responding to interferon sig-
naling will limit viral replication in response to
the virally produced interferon, further restrict-
ing viral replication to tumors with defective
innate responses [188]. The expression of IFN-f3
from infected tumor cells can also prevent
off-target infection of nearby tissue through
paracrine signaling. Another way to achieve a
similar effect is mutating the VSV matrix pro-
tein, which is responsible for limiting cellular
production of type I interferons [189]. This, and
similar approaches, to inactivate viral genes that
combat innate immunity has been extensively
utilized in the OV field, across a broad range
of viral families. Sensitization of OVs to innate
immune responses can limit off-target infec-
tions and enhance tumor-specific tropism while
increasing the therapeutic index.

¢ Limiting transmissibility

For obvious reasons OV transmission from a
treated patient to a caregiver, family member,
coworker, pet or other species is highly undesir-
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able. Infectious virus particles may be present in
the blood of a treated patient, and may be shed
into the environment in urine, feces, saliva and
other bodily secretions. Contact with the body
fluids of an OV-treated patient therefore may
have the potential to spread an infection to new
hosts [190].

Because the risks of OV transmission are typi-
cally unknown when first-in-human Phase I tri-
als are initiated, it is usual to implement stand-
ard infection containment measures throughout
these studies and to carefully monitor body
fluids for the appearance and disappearance of
viral genomes and infectious virus progeny [191].
For certain viruses, containment may be con-
sidered unnecessary, particularly when there is
already widespread population immunity to the
OV in question (e.g., measles) or when there has
been extensive human experience of exposure to
a related virus in the form of a live viral vaccine
(e.g., vaccinia). Contingency plans may also be
required calling for quarantine of OV-treated
patients if treatment toxicity is associated with
a longer period of shedding. In reality, to date
there has been no instance in which transmission
of an OV from a patient to a caregiver or other
contact has been demonstrated, and there are
no examples of long-term virus persistence or
shedding in a treated patient.

In light of the inconvenience and undesir-
ability of OV shedding, there is interest in engi-
neering strategies that may selectively interfere
with the process. As one example, wild-type
measles virus is a highly transmissible airborne
virus that uses the nectin-4 receptor to enter into
airway epithelial cells from whence its progeny
are shed into respiratory secretions [192,193].
Eliminating the nectin-4 tropism by strategically
mutating key surface residues in the hemagglu-
tinin attachment protein results in a virus that
still causes measles in nonhuman primates, but
which is no longer shed into respiratory secre-
tions or urine [194]. Measles virus RNA (but not
infectious virus) was detected in the blood, urine
and saliva of myeloma patients up to 3 weeks
after IV administration of an oncolytic measles
virus, especially at higher dose levels, and it is
possible that this shedding might be eliminated
by using a nectin-4 blind version of the virus [195].
Virus shedding has also been detected in human
clinical trials of HSV, reovirus, vaccinia, reo-
virus and adenovirus oncolytics, but was less
readily detected following IT therapy with
oncolytic VSV and polioviruses [167]. However,
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it should be noted that while genome sequences
have been detected in shed material, infectious
virus particles have not been recovered.

In an OV-treated patient pre-existing antiviral
immunity can be a formidable barrier to efficacy,
particularly if the virus is administered intra-
venously. However, pre-existing antiviral immu-
nity in caregivers and patient contacts provides
reassuring protection against virus transmission.
Conversely, when this particular efficacy bar-
rier is circumvented by using OVs engineered

for antibody evasion or selected for low sero-
prevalence, the risk of epidemic spread in the
human population, unchecked by pre-existing
herd immunity, looms larger.

An alternative strategy often used to side step
antibody neutralization, at least of the first dose
of virus administered, is to use OVs derived from
zoonotic animal viruses such as New Castle dis-
ease virus (chicken), VSV (cattle), myxomavirus
(rabbit), Seneca Valley virus (pig) or mengovirus
(e.g., mouse and monkey). Additional regulatory

REVIEW

Oncolytic viruses

EXECUTIVE SUMMARY

Viruses as anticancer drugs

e Viruses naturally possess many properties that favor infection of cancer cells. Enhancing these natural properties and
adding new properties through directed evolution and genetic engineering are used to create oncolytic viruses (OVs),
which are emerging as a new anticancer drug class.

e  QVs target tumor tissues, kill tumor cells directly, amplify antitumor immunity and must be safe for the patient and

healthcare workers.

e The diversity of virus families and engineering techniques allows for the creation of OVs with a wide range of
properties that can be tailored for each type of cancer.

Delivery of OVs

e OVs do not obey conventional pharmacological principles due to their ability to be biologically amplified after

administration.

e Intravenous delivery allows a virus to reach distant sites of metastasis via the circulation, but extravasation into the

tumor parenchyma is inefficient.

e Intratumoral injection can concentrate virus at a site of tumor growth, but regression of distant tumors requires that
the virus spread systemically or induce a systemic antitumor immune response.

e Neutralizing antibodies, hepatosplenic sequestration of the virus by macrophages and dilution of the virus in blood or
tissue may limit the effectiveness of treatment.

Viral spread

e Targeting viral spread to tumor cells can be accomplished by transductional targeting (modifying receptor tropism),
transcriptional targeting (controlling virus gene expression with tumor-specific promoters), physiologic targeting
(disrupting viral immune combat proteins), apoptosis targeting (disrupting viral antiapoptotic proteins) or miRNA

targeting.

e Viral replication in the tumor and subsequent spread from infected to uninfected cells is critical for tumor eradication.

Arming viruses with transgenes

e The addition of transgenes allows tumor cells that escape viral infection to be killed by bystander effects or be better

targeted by the immune system.

e Secreted toxins, prodrug convertases and immunostimulatory proteins have been incorporated into OVs to increase

treatment efficacy.

Safety

e Careful steps must be taken to avoid the creation of OVs that might evolve to become serious pathogens.

e Contingency plans to terminate the spread and/or transmission of an infection can increase clinical confidence in viral

therapy.

e Ideally, OVs should be nontransmissible.
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scrutiny is generally required for these viruses
(e.g., from the US Department of Agriculture)
to address the additional risks of environmental
release and epidemic spread in domestic ani-
mals, particularly as they relate to agricultural
livestock.

Conclusion & future perspective

Viruses are at last being harnessed for the ben-
efit of cancer patients. The OV field has moved
well beyond proof of principle in human stud-
ies, and virus engineering will be the key to its
continued advancement in the coming years.
Virtually every component of every naturally
occurring or laboratory-adapted virus can be
engineered and/or evolved to enhance its suit-
ability for cancer therapy and we are currently
witnessing unstoppable creative activity in this
area. Safety is obviously of paramount impor-
tance in this relatively new field, and is therefore
closely regulated from the design stage to clinical
implementation. Considering the current trajec-
tory of OV research, there can be little doubt

that viruses are on their way to becoming one
of the foundational modalities of future cancer
treatment regimens.
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