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Over the past twenty years, advances in translational medicine have
resulted in new and exciting treatments in the area of oncology.
New modalities have arisen out of the need to address existing
limitations in conventional treatments such as chemotherapy
and radiotherapy. What started out as an outrageous idea in
the 20" century to use potentially dangerous infectious agents
such as viruses to kill cancer cells has gradually evolved into a
maturing field, which has the promising potential to incorporate
conventional and immunological aspects of treatment within a
microbial-based system. Finally, in 2006, the introduction of the
world’s first approved oncolytic virus by China heralded a milestone
in the clinical application of this approach. This article will examine
use of oncolytic viruses in cancer treatment with emphasis on its
current status and strategies, possible immune mechanism and
future considerations.

Introduction

Oncolytic viruses are self-replicating viruses which can target and lyse
cancer cells specifically. [1] Since the early 1900s, it was recognised that
natural viral infections in cancer patients are sometimes associated
with tumour regression. Indeed, case reports noted instances where
influenza or measles infections in leukemia patients resulted in
remissions. [2] Interest in utilising these ‘cancer-killing’ viruses peaked
in the 1950-60s but the rise of chemotherapy and radiotherapy meant
that progress in this field stagnated until the 1990s, when genetic
engineering and better understanding of viruses and tumours revived
the development of oncolytic viruses. [3] A breakthrough in the clinical
translation of oncolytic viruses finally came in 2006 with the world’s
first approved oncolytic virus- H101 (a genetically modified adenovirus)
for head and neck cancers. [4]

Why oncolytic virotherapy?

Conventional treatments such as chemotherapy and radiotherapy
have been the cornerstone of oncological management for many years.
While we have achieved a considerable amount of success in many
cancers, there are often criticisms against conventional treatments
in terms of their limitations (e.g. transient effects against metastasis)
and flaws (e.g. poor toxicity profile). [5] In recent years, gene therapy
and immunotherapy have emerged as alternatives but results have
been mixed. In 2002, the development of leukaemia in x-linked severe
combined immunodeficiency (X-SCID) patients due to insertional
mutagenesishas severely affected public confidence in gene therapy.
[6] While immunotherapy remains promising, the current emphasis on
specific targeting neglects the ability of tumour cells to mutate and
change antigen profiles, resulting in variable clinical outcomes. [7]

In view of these insufficiencies, there has been renewed interest
in oncolytic virotherapy, an interesting cross-disciplinary approach
to treatment based virology, genetic engineering and immunology.
The initial thinking behind this approach was simple- certain viruses
exhibit tropism for cancer cells, which either express specific receptors
for viral entry or lack anti-viral mechanisms that are normally intact
in normal cells. [8] Once viral entry is achieved, replication of viruses
continues until cell lysis occurs; allowing their progeny to infect other
cancer cells. If viral spread is homogenous, the oncolytic effect can be
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amplified many times and this effectively destroys the whole tumour.
[8] As therapeutic genes encoding pro-apoptotic and immune effectors
can be incorporated into the viral genome, an effective anti-tumour
response may be initiated and magnified with each replication. [9] The
ingenuity of this idea is that it exploits the infectious nature of viruses
and uses it as a carrier and amplifier of other therapeutic agents.
The latter may be crucial in exploiting synergistic anti-tumour effects
between distinct treatment modalities.

Current status of oncolytic virotherapy

A variety of natural occurring and genetically modified viruses have
been tested in clinical trials (Table 1).

Table 1. Summary of major oncolytic viruses in clinical trials.

Naturally occuring oncolytic
viruses

Genetically-modified oncolytic
viruses

Vesicular stomatitis virus (VSV) Adenovirus (Ad)

Reovirus Herpes simplex virus (HSV)

Newcastle Disease virus (NDV) Vaccinia virus (VV)

Myxoma virus Measles virus

Natural occurring oncolytic viruses are chosen for their low
pathogenicity and inherent specificity for tumour cells. [10] Conversely,
genetically modified viruses are those that are modified to promote
tumour specificity, for example through use of tumour-specific
promoters and gene deletions, or reduce pathogenicity by serial
passage through cell culture. [8] Based on clinical data, it has been
shown that virotherapy has a favourable toxicity and safety profile as
compared to conventional treatment; the most common side effects
being fever,flu-like symptoms and safety issues mainly concerning viral
shedding and mutation-induced pathogenesis. [1,11] For the latter,
dosing limitations and use of pro-drug activating suicide genes have
addressed many of these issues. [1,6]

A straightforward dose-response relationship is not often observed as
viral replication occurs in a heterogeneous tumour microenvironment
and depends on factors such as availability of cell surface receptors

Australian Medical Student Journal



A‘}M

Shd

and anti-viral responses. [12] Efficacy varies between different viruses
but is reasonable at this early stage of development. The clinical
trial for H101 reported complete remissions and partial responses in
three and eleven out of forty-six patients respectively while another
modified adenovirus- ONYX-15 was also used in head and neck cancer
trials and achieved tumour growth stabilisation in eight out of twenty-
two patients and tumour necrosis in five out of twenty-two patients.
[11,13]

It appears that limitations in efficacy were due to certain barriers.
Firstly, viruses are not adept at surviving in the circulation. They are
subjected to neutralising antibodies, complement and sequestration
by the reticuloendothelial system. [8] In some cases, previous viral
exposure may result in pre-existing anti-viral antibodies. For example,
almost all individuals have antibodies to measles while reovirus
infections are prevalent in about half the population. [14,15] Potent
anti-viral responses such as type 1 interferons (IFNs) may also inhibit
viral replication within the tumour. [8] Secondly, viruses have to endure
acidotic and hypoxic conditions,transverse necrotic tumour regions and
areas of poor vasculature in order to survive and infect tumour cells.
[1] Thereafter, the availability of cell receptors may become a limiting
factor in viral entry. [8] These obstacles are expected as viruses are
foreign but this does not mean they are unsuitable therapeutic agents.
On the contrary, viruses have the advantage of alerting the immune
system to attack their infected target(s).

Enhancing oncolytic virotherapy via protective strategies

Protective strategies are aimed at improving delivery of viruses
and avoiding viral clearance. The systemic delivery of viruses can
be improved by preventing uptake of viruses by liver Kupffer cells
(specialised macrophage cells). In mouse studies, viral delivery can
be enhanced by clodronate-containing liposomes. [1] Clodronate is
a selective macrophage-depleting agent that can temporarily inhibit
viral uptake by Kuppfer cells, thereby allowing more virus particles to
reach the tumour site. [1] Recent interest is focused on cell-carrier
based delivery of oncolytic viruses, which aims to protect viruses
from systemic and intra-tumoural barriers by packaging within a cell
carrier that supports viral replication and targets tumour cells, its
microenvironment or the tissue/organ in which the tumour resides.
[16]

Cell-carriers targeting tumour cells include tumour-infiltrating
lymphocytes (TILs) and cytokine-induced killer (CIK) cells. [16] TILs are
T cells which accumulate in tumours and possess T cell receptors (TCRs)
that recognise tumour-associated antigens (TAAs) in the context of
major histocompatibility complex (MHC). [17] Since TILs are inherently
cytotoxic to T cells, using such a carrier synergistically enhances the
anti-tumour effects of oncolytic viruses. Highly-specific TAAs are rare
and use of less-specific TAAs may lead to non-specific targeting of
normal cells. [18] Production of TlLs against TAAs is also an expensive
and tedious process, which argues against its widespread clinical
application. [16] Conversely, although cytotoxic lymphocytes like CIKs
have a lower tumour-specificity, these cells are non-MHC dependent
and can proliferate ex vivo without antigen stimulation. [18] Thorne
et al. injected vaccinia virus-containing CIKs into nude mice and found
that the VV/CIK combination was able to accurately target tumour
cells and also improved the survival rate of mice as compared to VV
administration alone. [19] To improve specificity, Yoon et al. engineered
Her-2/neu expressing CIKs which can target ovarian cancer cells in nude
mice with high affinity. Results suggest that this approach was more
effective in killing cancer cells than administering Herceptin alone. [20]
Nonetheless, mechanisms underlying the tumour-specificity of CIKs
remain unclear and should be studied further.

In comparison, cell carriers targeting the tumour microenvironment
have well-studied. Examples include mesenchymal stem cells
(MSCs) and tumour-associated macrophages (TAMs). [18] MSCs
are often attracted by inflammatory chemokines expressed in the
microenvironment while TAMs tend to accumulate in hypoxic areas

and regions of chronic inflammation in the tumour. [16] Mader et al.
reported that in mouse studies, intra-peritoneal injection of a measles
virus-MSC combination can prolong the survival period of mice with
ovarian cancer. [21] Similarly, a clinical study found that intravenous
injection of autologous MSCs carrying the modified adenovirus-ICOVIR
5 into four children with metastatic neuroblastoma was found to induce
a complete clinical response in one child who also achieved complete
remission within 3 years. [22] However, as MSCs are potentially
tumourigenic, there is a trade-off between exploiting its propensity for
tumour accumulation and the risk of enhancing tumour growth. The
main criticism against targeting the tumour microenvironment relates
to the inability of these cell carriers to deliver viruses directly into
tumour cells. However, modifying the microenvironment through the
engineering of viruses containing genes encoding pro-apoptotic and
pro-inflammatory cytokines may circumventthis limitation by disrupting
tumour-promoting interactions between the microenvironment and
cancer cells. [16] Furthermore, the administration of proteases such
as relaxin to degrade the extracellular matrix or fusogenic membrane
glycoproteins to promote cell-to-cell fusion before oncolytic therapy
may facilitate intratumoural spread of viruses. [23,34]

Lastly, the targeting of tumour-associated tissues and organs is also
achieved by carriers such as dendritic cells (DCs) and peripheral
blood lymphocytes (PBLs). [18] These carriers are attractive because
they circulate through lymphoid organs such as the lymph nodes and
spleen, which are sites of micrometastases and T-cell priming. [16] DC
or PBL mediated delivery of VSV and reoviruses have been shown to
purge metastases in lymphoid organs. Qiao et al. found that a VSV/
PBL combination partially purged B16 metastases in mice 2-3 days
after administration. [25] The oncolysis of metastatic cells by VSV
also primed anti-tumour T cell responses effectively and probably
contributed to fast purging. [16] Targeting of tissues/organs is the
least specific but this negates the requirement for highly-specific
tumour markers. In addition, the circulatory paths of these cell carriers
are well-characterised, allowing better prediction of their tumour
trafficking patterns. [18]

The mechanisms of viral loading, amplification and transfer are equally
important in enhancing cell-carrier based strategies. Willmon et al.
suggested that the loading of viruses depends on the multiplicity
of infection (MOI), which is the ratio of infectious agent to infection
target (i.e. cell carrier). [16] In high MOl loading, a higher viral loading
density may be achieved but many viral particles will be stuck to
the cell’s external surface and become susceptible to neutralising
antibodies. [26] Conversely, in low MOI loading, most viral particles
will be internalised although the viral loading density may be lower.
[26] This approach may help avoid neutralisation and is suitable for
individuals who have pre-existing antibodies against the oncolytic virus
(e.g. measles and reovirus).

The carrier’s ability to support viral replication determines the amount
of virus delivered. As viral replication can be affected by intact IFN
responses in normal cells and also requires synchronous timing with
carrier bursting, tumour cells have been implicated as possible carriers.
[27] A successful example has been shown in the use of VSV-infected
carcinoma cells to target lung metastases in mice but safety issues
concerning the tumourigenity of tumour cell-based carriers remain.
(28]

The transfer of virus from cell carrier to tumour cells is crucial as
exposed viral particles are susceptible to neutralisation. In some
viruses such human immunodeficiency virus (HIV), viral spread is
mediated by a virological synapse (a specialised form of immunological
synapse) between TCRs on T cells and MHC on adjacent cells. [29] By
identifying viruses which utilises a virological synapse, oncolytic viruses
can transfer safely between cells.

Besides cell-carrier based strategies, immunosuppression has been
considered as a means of inhibiting anti-viral immunity. In rat glioma



models, cyclophosphamide and cyclosporin A (CPA) have been shown
to enhance HSV-mediated oncolysis by inhibiting tumour-mediated
phagocyte infiltration. [30] However, recent studies suggest that such
agents can be immunostimulatory and there is increasing recognition
that anti-viral immunity also contribute to effective anti-tumour
responses; implying that immune mechanisms of oncolytic virotherapy
may need to be examined further. [31]

Immune mechanisms of oncolytic virotherapy

The direct oncolytic effects of oncolytic virotherapy are well
appreciated. Successful infection and efficient spread of oncolytic
viruses determine the extent of tumour lysis; leading to emphasis
on developing viruses that replicated robustly and extensively. [31]
However, the lack of a straightforward dose-response relationship
suggests that other oncolytic mechanisms are present. The immune
system may play paradoxical roles in enhancing or impeding anti-
tumour responses mediated by oncolytic viruses. [32]

Innate immune responses have been shown to inhibit viral replication
in rat glioma models as indicated by rapid decrease in HSV/VV titers
with concomitant increase in natural killer (NK) cell infiltration following
oncolytic virotherapy. [30,33] However, viral-mediated recruitment of
NK cells is advantageous as NK cells are cytotoxic and associated with
tumour regression. NK cells and DCs are also involved in reciprocal
interactions. [31] In vitro experiments involving Mel888 melanoma
cell lines showed that reovirus-infected DCs induced IFN-B production,
which in turn activated NK cells. [34] Activation of NK cells resulted
in cytotoxic effects against Mel888 cells and reciprocal maturation
of DCs. [34] As DCs are involved in antigen presentation to T cells,
DC maturation may also promote adaptive anti-tumour responses.
However, DC functions are virus-dependent as studies showed that
wild-type measles and adenoviruses are inhibitory and neutral
respectively. [31] It appears that the timing of viral clearance is crucial
and prolonging this therapeutic window by immunosuppression may
be beneficial. This is because some immunosuppressive agents may
suppress anti-viral responses while stimulating anti-tumour responses.
For example, similar to HSV, rat glioma studies indicate that CPA
may promote VV replication while inducing a cytokine storm, which
enhances activity of tumour-associated cytotoxic lymphocytes. [35]

Adaptive anti-tumour responses may be shaped by two models of
immune activation: the infectious non-self (INS) and ‘danger’ models.
[31] The former refers to the provision of pathogen-associated
molecular patterns (PAMPs) such as viral nucleic acids to pattern-
recognition receptors (e.g. toll-like receptors) on antigen-presenting
cells (APCs) while the latter refers to the release of endogenous
‘danger’ signals such TAAs to APCs. [31] In the INS model, the presence
of viral PAMPs induces activation and proliferation of antibodies and T
cells upon antigen presentation. Infection of tumour cells is therefore
not a pre-requisite for anti-tumour responses, which may instead be
due to bystander effects of anti-viral responses. This was illustrated
by Breitbach et al. in a murine colorectal cancer model whereby
administration of HSV and VV infected only a small number of cancer
cells but triggered massive destruction of non-infected cancer cells.
[36] Conversely, the ‘danger’ model is more in line with oncolysis of
tumour cells. Greiner et al. showed that an attenuated VV was capable
of lysing human melanoma cells with subsequent development of an
anti-TAA response. [37] These two models are not mutually exclusive,
suggesting that the actual anti-tumour effect may be mediated by both,
with their relative contributions dependent on the immunogenicity of
the oncolytic virus or the tumour. [31] It is therefore apparent from
an immunological perspective that effective oncolyic virotherapy may
capitalise on the use of highly immunogenic viruses in a bystander
effect or alternatively, promoting efficient anti-TAA responses via
engineering of TAA-expressing viral vectors in poorly immunogenic
viruses. [31,38]

The mechanisms involved in oncolytic virotherapy are summarised in
Figure 1.

Oncolytic virotherapy Non-infected

tumour cells

Infected
tumour cells

Dependent on viral Direct Bystander
replicationand  oncolysis effect
spread
Innate immune Dependent on DC-
mechanisms NK cross talk
- Interactions
Release of TAAs Adaptive immune X
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and priming of mechanisms PAMPs and
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Figure 1. Anti-tumour effects of oncolytic virotherapy. Oncolytic virotherapy
results in direct and bystander effects depending on infection state. Direct
oncolysis requires efficient viral replication and spread while bystander effects
are not infection-dependent. Innate immune mechanisms are mediated via
cross-talk between DCs and NK cells. Depending on the danger or INS model,
release of TAAs or viral PAMP-PRR interactions may contribute to the viral-
mediated anti-tumour response differentially.

Future work

The current development of oncolytic virotherapy is based on rational
designing but this approach may not always lead to the most selective
and potent viruses. Buazon and Hermiston suggested that directed
evolution might help researchers identify viruses with these desired
characteristics. This involves growing diverse viruses in conditions that
enhance diversity and passaging them through conditions mimicking
the tumour microenvironment. [39] Application of directed evolution
to colon cancer cell lines resulted in the adenovirus ColoAd1, which
was 2-3 logs more potent than the advanced ONYX-15 and also had
a therapeutic window 3-4 logs greater than the standard Ad5. [4,40]
Furthermore, ColoAd1 is more sensitive to the anti-viral cidofovir (CDV)
than either of its parents (Ad11p and Ad3) and this was due to directed
evolution. [41] Thus, such an approach has a promising safety profile.

Integrating oncolyic virotherapy with existing treatments must be
considered. Current studies have indicated promising results with
radiotherapy and chemotherapy. A combination of modified HSV
and radiotherapy have shown additive cell-killing effects in colorectal
cancer assays and increased tumour regression in human glioma
xenograft models. [42,43] It was suggested that radiotherapy could
have improved viral replication and spread through irradiation-
induced cellular changes. Similarly, pre-clinical studies have indicated
that combination of ONXY-15 with cisplatin and 5-flurouracil in
oesophageal cancers had a 39% increase in response rate as compared
to chemotherapy alone (79% versus 40%). [44] Although both
radiotherapy and chemotherapy are immunosuppressive to some
extent, synergistic effects can be achieved by selecting the right virus
and radiation/drug dosage. Combination of immunotherapy and
virotherapy is at an early stage but success has been seen with VSV
therapy combined with IL-2 and regulatory T cell (Treg) depletion in
terms of enhanced NK cell activity and increased viral delivery. [45]

In the short term, the conflict between intra-tumoural and intravenous/
intra-peritoneal administration of oncolytic viruses needs to be
resolved. Mastrangelo et al showed that intra-tumoural injection of
a GM-CSF-modified VV was able to induce regression in distant non-
injected metastatic sites in melanoma patients but systemic effects
were absent in intra-tumoural injections of ONYX-15 or reovirus. [46]
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Intravenous administration of the latter viruses was efficacious but
resulted in thrombocytopenia and transaminitis respectively. [47]
Therefore, when deciding the route of administration, a clear clinical
endpoint must be established (targeting primary tumour or metastatic

sites) and this will guide the type of virus used and effects (beneficial
and detrimental) observed, and eventually how the patient is managed.

To conclude, oncolytic virotherapy has its antecedent in early
observations and experiments detailing viral-mediated tumour
regressions. Despite being neglected for decades, its resurgence
reflects a current trend towards exploring new oncological treatments
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