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Abstract.
Metastatic renal cell carcinoma (RCC) is an incurable disease resistant to both
radiation and cytotoxic chemotherapy. Although new molecularly targeted agents have
increased the therapeutic options for patients with this disease, 5-year overall survival
rates remain below 10%. The aim of this thesis was to determine the preclinical efficacy
of reovirus as a monotherapy and in combination with sunitinib, a first line mRCC agent
and multi-tyrosine kinase inhibitor, for the treatment of RCC. To assess this, studies
employing a panel of RCC cell lines, as well as a syngeneic immunocompetent murine
model of RCC were utilized. Collectively, these studies demonstrate that reovirus is both
a novel oncolytic and immunotherapeutic agent against RCC. Furthermore, our results
provide the first evidence that sunitinib augments the anti-tumour immune response
generated by an oncolytic virus. As such, this novel treatment paradigm has immediate
clinical applicability for use against multiple tumour histologies, particularly RCC.
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Chapter 1.
Oncolytic virotherapy for renal cell carcinoma: A novel therapeutic paradigm?
Excerpts from this Chapter were published as a review in July 2012 in the Journal Expert
Opinion on Biological Therapy. K. Lawson and D. Morris (2012). &quot;Oncolytic Virotherapy
for Renal Cell Carcinoma: A Novel Treatment Paradigm?&quot; Expert Opin Biol Ther
2012;12(7):891-903.
2
1.1 Renal cell carcinoma epidemiology and background.
Renal cell carcinoma (RCC) is the most common malignancy occurring in the
kidney, accounting globally for an estimated 209,000 new cases and 102,000 deaths in
2009 [1]. RCC originates in the renal cortex and can be sub-classified based on histology,
with the vast majority of cases being of clear-cell (ccRCC) origin [2-3]. Localized RCC is
almost exclusively treated by surgical resection and the 5-year survival rate for T1 lesions
is estimated to be greater than 97% [4-6]. However, a significant number of patients
present with metastatic disease (upwards of 15%) or subsequently develop metastatic
recurrence [7-8]. Historically, the treatment of metastatic RCC (mRCC) has been a story
of limited success as the disease is highly resistant to both radiation and cytotoxic
chemotherapy. While the precise mechanisms of this resistance are still under
investigation, it is thought that the high expression of glutathione-redox enzymes and drug
efflux pumps (MDR-1) are responsible [9-10]. Because of this and coupled with reports of
spontaneous regressions thought to be immune mediated, mRCC has been treated
successfully in a minority of cases with immunotherapy (IL-2, IFN-α) [11-12]. Over the
last decade however, a better understanding of the molecular biology of mRCC has lead
to the development of targeted therapies for this disease. These drugs have revolutionized
the management of mRCC and have resulted in a significant increase in the number of
therapeutic options available to patients as well as improved clinical outcomes. Since
2007, six targeted therapies have entered onto the market for mRCC. These include the
tyrosine kinase inhibitors (sunitinib, sorafenib, pazopanib), mammalian target of
rapamycin (mTOR) inhibitors (everolimus, temsirolimus) and anti-vascular endothelial
growth factor (VGEF) monoclonal antibodies (bevacizumab) [7]. Despite the
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improvements in progression free survival (PFS) and median overall survival (mOS)
provided with these therapies, mRCC is still felt to be incurable and the 5-year overall
survival rate associated with the disease has not changed significantly, being estimated as
less than 10% [7, 13]. As such, a significant research focus remains on the development of
novel therapeutics and therapeutic strategies to improve upon the poor outcomes currently
associated with this disease.
1.2 Oncolytic virus background.
Oncolytic viruses (OV) are novel therapeutics that are capable of usurping
common molecular signalling aberrations present in transformed cells to initiate viral lytic
activity [14]. The use of viruses capable of selectively replicating in and destroying
transformed cells was described over a century ago. Since this time, a number of OVs
have been discovered and our increased knowledge of their mechanisms of action, basis
for selectivity and interactions with the host immune system have resulted in significant
advances in bringing these agents into clinical use. A diverse range of OVs are currently
being developed on both the clinical and preclinical levels for use against a variety of
malignancies and include both naturally occurring viruses (ex. encephalomyocarditis
virus, reovirus), as well as viruses harbouring genetic modifications facilitating their
selectively for transformed cells (ex. adenoviruses). Common genetic modifications to
viruses include the insertion of transgenes to “arm” OV for enhanced therapeutic efficacy,
as well as the introduction of tissue specific promoters (transcriptional targeting) and/or
capsid modifications (transductional targeting) to increase cancer cell selectively.
Additionally, OV have also been shown to generate robust intratumoural inflammatory
responses allowing for the elimination of bystander cancer cells within the tumour
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microenvironment [15]. Moreover, as this activity has recently been demonstrated to
prime both innate and adaptive anti-tumour immune responses, OV are now being
considered a novel class of potential immunotherapeutics [16].
Given the need for novel therapeutics for use against RCC and the emerging
evidence highlighting the safety and efficacy of OV, the literature was reviewed to
determine the potential of utilizing these agents against this disease. In the subsequent
sections of this thesis the current status of oncolytic virotherapy for RCC will be
addressed with emphasis on the molecular and immunological hallmarks of the disease
that make it an ideal tumour site for application of these biologic agents.
1.3 Molecular aberrations in RCC: A candidate malignancy for oncolytic virotherapy.
RCC, like many malignancies, is characterized by several oncogenic signalling
aberrations that have been demonstrated to be critical in permitting oncolytic virus
replication. The association between loss of the tumour suppressor gene Von Hippel
Lindau (VHL) with the development of familial and sporadic ccRCC [17-19] is certainly
the most extensively studied aberration in RCC molecular biology as nearly all cases of
familial ccRCC and upwards of 70% of sporadic ccRCC cases involve inactivation of the
VHL locus [20-21]. The VHL gene product, protein VHL (pVHL), plays an integral role
in the cellular response to hypoxia by coupling cellular oxygen status with gene
transcription. It mediates this activity by serving as the substrate recognition unit of an E3
ligase complex that ubiquitinates and targets members of the hypoxia inducible factor
(HIF) family of transcription factors for proteasomal degradation [20, 22]. Because of this
role, loss of pVHL through inactivation leads to a decrease in the proteasomal degradation
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of HIFs, allowing them to accumulate in the nucleus and drive the expression of genes
encoding hypoxia response elements (HRE) in their promoter regions. Additionally, as
reviewed by Baldewijns et al. [23], oncogenic signalling (i.e., PI3K/Akt/mTOR), tumour
hypoxia and constitutive activation (i.e., loss of tuberous sclerosis complex 2) also
contribute to HIF upregulation in RCC. Once accumulated in the nucleus, HIF binds DNA
as a heterodimer and that consists of an alpha (α) and beta (β) subunit, [23]. Unlike the β
subunit (HIF-1β/ARNT), which is constitutively expressed, three α subunit isoforms exist
(HIF-1α, HIF-2α, HIF-3α) and their levels are regulated by the proteasome.
To date, the expression of over 200 genes have been shown to be modulated by
HIF activation and interestingly a significant number of these genes can be linked to
oncolytic virus sensitivity [20, 24]. Included in this are the vascular endothelial growth
factor (VEGFR) and platelet derived growth factor (PDGFR) receptors which act to drive
RAS/MEK/ERK and PI3K/Akt/mTOR signalling, both of which are known regulators of
OV replication. Upregulated ras signalling, for example, is one of the most extensively
studied pathways implicated in the selective cancer cell replication of reoviruses,
poxviruses as well as herpes viruses [27-29]. Interestingly, utilizing a dominant negative
ras mutant (N116Y), Shinohara et al. demonstrated the dependence of RCC cell lines on
activated ras signalling, highlighting the attractiveness of exploiting this pathway with the
aforementioned OVs for this disease [30]. Moreover, active PI3K/Akt signalling has been
demonstrated to determine the sensitivity of multiple human malignancies, including
RCC, to myxoma virus [31]. As mentioned, this pathway is activated by HIF and involved
in the carcinogenesis of RCC as demonstrated by the dependence of RCC growth on Akt
signalling both in vitro and in vivo [32]. Hence, HIF mediated PI3K/Akt activation
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represents yet another exploitable pathway that facilitates OV sensitivity in RCC.
Furthermore, the loss of VHL in RCC also results in the augmentation of nuclear factor
kappa beta (NF-κβ) activity, a pathway implicated in the selective replication of
encephalomyocarditis virus [33]. Thus, the loss of VHL is a molecular hallmark that is
unique to RCC, which not only acts to orchestrate a series of signalling events that
regulate RCC carcinogenesis, but also allows for the upregulation of those pathways
essential for OV replication.
RCC is characterized by a number of molecular aberrations that extend beyond
the HIF axis. These include the hepatocyte growth factor/c-MET, Wnt/β-catenin and Ecadherin pathways, all of which have a growing body of literature to support their role in
RCC carcinogenesis [20]. In the context of OV sensitivity, this extensive array of aberrant
signalling not only contributes to the natural cancer cell selective replication of OV, but
also in the design of genetically engineered viruses, which through transcriptional and/or
translational targeting, can be utilized as potent tumouricidal agents. Demonstrating this is
the work of Kurida et al. who generated a herpes simplex virus that selectively replicates
in cells with strong Wnt/β-catenin signalling activity [34]. This virus not only produced
robust cytopathic responses in vitro but also, facilitated the regression of high β-catenin
expressing SW480 xenograft tumours. Hence, beyond the VHL/HIF axis it is clear that
other known RCC pathways, such as Wnt/β-catenin activation, are capable of being
targeted and exploited by OVs.
Increasingly, through the use of high-throughput biological approaches and
systems biology, it is becoming evident that the complexity of RCC is only beginning to
be understood. Highlighting this, is a recent study employing fluorescence two7
dimensional gel electrophoresis (2D-DIGE) to characterize the stage related alterations
occurring at the protein level in RCC [35]. These authors identified a total of 94 novel
proteins associated with RCC development and through protein network analysis
demonstrated an abundance of alterations in proteins known to mediate cytoskeletal
remodelling, mitochondrial dysfunction and lipid metabolism. Beyond this, large scale
exome sequencing studies performed on RCC cell lines and tissues have also identified
aberrations in histone modifying pathways, which act to regulate gene transcription [36].
The most recent of these reports was conducted by Varela et al. who employed an exome
sequencing method to identify that 41% of ccRCCs are characterized by truncating
mutations of the SWI/SNF chromatin remodelling complex gene PBRM1 [37]. Taken
together, the aforementioned studies not only depict RCC as a disease of many signalling
aberrations, but also one of significant genetic heterogeneity. Undoubtedly, as this
understanding increases, the number of OV exploitable pathways will also increase.
1.4 Immunological responsiveness of RCC: a candidate malignancy for oncolytic
virotherapy.
Prior to the introduction of the anti-angiogenic targeted therapies, mRCC was
treated with recombinant cytokines, including both IFN-α and IL-2 [11]. Given the antitumour immune responses occasionally seen following administration of IFN-α and IL-2
in the form of durable complete responses, RCC is thought to be a prototypical
immunotherapy-responsive malignancy [11-12]. Consequently, a significant amount of
preclinical research has focused on developing novel immunotherapeutic strategies for
this disease. This has included the use of genetically modified T cells, infusion of tumour
infiltrating lymphocytes and lymphokine gene-transfected tumour cells, allogeneic stem
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cell transplantation, cytokines and dendritic cell (DC) tumour vaccination [11, 38-42].
Interestingly, a recent systematic review and meta-analysis of DC based tumour vaccine
therapy revealed an improvement in the combined objective response and stable disease
rates (clinical benefit rate of 48%) in patients with mRCC [43]. As such, novel therapeutic
strategies incorporating immunotherapy hold promise for use in this disease. OVs should
be considered in this regard as these agents are able to release sequestered tumour
associated antigens (TAA) in the context of pathogen associated molecular patterns (viral
antigens) and danger signals, allowing for the effective priming of DCs and subsequent
generation of anti-tumour immunity [16]. Beyond this, OV have also been demonstrated
to facilitate cross-presentation of TAAs, stimulate the production of pro-inflammatory
cytokines and chemokines and enhance tumoural migration of innate immune effectors,
further portraying their immunotherapeutic potential [16, 44] (Figure. 1).
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Figure 1. Mechanisms of reovirus anti-tumor therapeutic effects. Reovirus infection
of cancer cells results in direct cytopathic effects through cell lysis, apoptosis and
autophagy. This is known as the direct oncolytic effects of reovirus. This process results
in the release of tumor associated antigens (TAA), viral antigens, and danger associated
molecular proteins (DAMPs) in the context of pro-inflammatory cytokines/chemokines
resulting in the priming of innate and adaptive anti-tumor immune responses. Figure
adapted from Prestwich RJ et. al. Expert Rev Anticancer Ther 2008;8(10):1581-8.
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1.5 Current Evidence for the use of OVs in RCC.
To date, seven OVs have been demonstrated to display therapeutic efficacy against
RCC and in the subsequent sections of this review the available preclinical and clinical
data highlighting the application of these agents against this disease will be discussed
(summarized in Table 1).
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Table 1. Oncolytic viruses investigated for use against renal cell carcinoma (RCC)
and their properties. dsDNA: double strand DNA, nsRNA: negative strand RNA,
psRNA: positive strand RNA. *RENCA model: A syngeneic immunocompetent murine
model of RCC. Figure adapted from: Lawson KA et. al. Expert Opin Biol Ther
2012;12(7):891-903.
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1.5.1 Adenovirus.
Adenoviruses are non-enveloped dsDNA viruses that have been shown to have
oncolytic activity against a wide range of malignancies [45]. The adenoviral genome can
be modified with relative ease allowing for the insertion of therapeutic transgenes as well
as allow transcriptional and transductional targeting of these agents. Conditionally
replicating adenoviruses (CRAds) have also be generated by introducing loss of function
mutations into the viral genome. Most often, this involves mutations in the adenoviral
E1A and E1B genes as these proteins act to facilitate the transcription of viral gene
products through inactivation of the tumour suppressors pRB and p53, respectively [45].
Inactivation of pRB and p53, which are present in the majority of cancers, compensates
for the loss of adenoviral E1A/E1B, allowing viral replication to proceed in such cells. In
normal cells, which express both pRB and p53, this compensation does not occur and
viral replication is inhibited. Adenoviruses further display selective tropism for cancer
cells as a result of the interaction between their viral capsid knob and the tumour
expressed coxsackie- and adenovirus receptor (CAR) as well as αvβ5 and αvβ3 integrins
[45].
Interestingly, the use of genetically modified adenoviruses has been widely
studied for use against RCC. By utilizing a promoter containing nine tandem repeats of
the HRE to control adenoviral E1A expression, Cuveus et al. demonstrated the feasibility
of utilizing transcriptional targeting of oncolytic adenoviruses against RCC [46]. Of note,
the oncolytic activity of this virus was significantly diminished upon infection of VHL+/+
cells, highlighting the specificity of this virus for cells with aberrantly overexpressed HIF.
In addition, a recent report of a HIF dependent transcriptionally targeted adenovirus
14
expressing luciferase displayed a significant replication advantage over non-HIF targeted
viruses in RCC xenografts [47]. Transcriptional targeting of RCC has also been
demonstrated through the use of a telomerase-specific targeted adenovirus (OBP-301)
which was shown to have potent anti-tumour activity in the RENCA syngeneic
immunocompetent murine model of RCC [48].
Adenoviruses genetically modified to harbour loss of function mutations for
conditional replication have also been described for use in RCC. Moreover, a number of
these viruses have been armed to express therapeutic transgenes to enhance their oncolytic
efficacy. Highlighting this are studies utilizing ZD55, an adenoviruses deficient in E1A as
a result of a 55 kDa deletion that also contains a Bgl II cloning site that allows for
insertion of transgenes [49]. In RCC xenografts, intratumoural administration of ZD55
armed to express interleukin-18 as well as short hairpin RNA (shRNA) against Ki-67 and
hTERT resulted in the regression of RCC xenograft tumours [50-52]. A similar result was
also demonstrated utilizing an infectivity enhanced, dual-targeted adenovirus armed with
the VEGFR-1 (Ad5/3-9HIF-Delta24-VEGF-1-Ig) [47]. Treatment of mice with this virus
not only lead a marked decrease in tumour volume but also in blood vessel density,
highlighting the ability of Ad5/3-9HIF-Delta24-VEGF-1-Ig to function as both an
oncolytic as well as anti-angiogenic therapeutic against RCC.
The introduction of genetic modifications to the adenovirus capsid is also an
effective strategy for enhancing adenoviral transduction and oncolytic activity against
RCC. Guse et al. compared the oncolytic efficacy of five capsid modified adenoviruses to
wildtype adenovirus and found that the use of an adenovirus expressing a chimeric
serotype 5 capsid, containing a fiber knob domain from a serotype 3 adenovirus (Ad5/3),
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resulted in the most robust cytotoxic response in vitro [53]. Moreover, subsequent RCC
xenograft studies demonstrated a significant survival benefit for many of these capsid
modified viruses, including Ad5/3.
In order to achieve the maximum therapeutic benefit of oncolytic virotherapy in
RCC the anti-tumour immune response must be considered. Interestingly, a number of
genetically modified adenoviruses have been generated to produce anti-tumour immune
responses against RCC. In an immunocompetent murine model of RCC (RENCA), the
use of an adenovirus expressing IL-18 resulted in enhanced anti-tumour activity via the
recruitment of cytotoxic T lymphocytes and increased activation of NK cells [54]. Arming
of adenoviruses with P16/GM-CSF also results in a similar anti-tumour immune response
in the murine RENCA model and the mechanism of this has been demonstrated to be
mediated in part by enhanced expression of MHC-1 (H-2Kd) on infected tumour cells
[55]. In more recent work, the use of adenoviruses expressing pathogen-associated
molecular patterns (PAMPs) has proven to be beneficial in breaking RCC induced
tolerance, highlighting the ability to utilize such agents as immunoadjuvants in this
disease [56]. In addition to immunostimulatory effects, adenoviruses have also been
utilized to reverse the tumour induced immunosuppressive microenvironment, a known
barrier to oncolytic virotherapy generated immune responses. This is highlighted by the
enhanced anti-tumour immune response that is generated following treatment of RENCA
cell line bearing mice with a DC vaccine combined with an adenovirus expressing the
TGF-βR to neutralize this immunosuppressive cytokine [57].
To date, a number of armed and unarmed adenoviruses administered intravenously
or intratumourally as either monotherapies or in combination with chemotherapy and/or
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radiation therapy are in current clinical trials in other histologies [45]. Despite this
increasing body of evidence highlighting the efficacy of adenoviruses against RCC at the
preclinical level, no clinical trials have been initiated to date. As such, it remains to be
determined whether the use of adenoviruses will provide benefit to patients suffering from
mRCC.
1.5.2 Vaccinia virus.
Vaccinia virus (VV) is an enveloped dsDNA virus belonging to the poxvirus
family. VV has been utilized as an anti-tumour agent due to its ability to serve as a vector
for gene therapy, as well as its direct oncolytic properties [58]. VV oncolytic capacity is a
result of the virus’s ability to selectively and rapidly replicate in transformed cells leading
to the efficient cell-to-cell spread of the virus and production of a lytic infection. A
number of VV strains exist with the Wyeth, Lister, Copenhaghan and Western Reserve all
displaying oncolytic effects [58]. While naturally occurring VV displays a tumour specific
tropism, the deletion of both thymidine kinase (TK) and/or vaccinia growth factor (VGF)
have been extensively utilized to enhance the selectively of the virus for transformed cells
[59]. The VV genome is able to accommodate the insertion of DNA sequences of up to 25
kBPs in length allowing this virus to be “armed” with therapeutic transgenes in order to
enhance its anti-tumour efficacy [58]. The Wyeth strain VV, JX-594, which was shown to
selectively replicate and deliver the immunostimulatory cytokine GM-CSF to patients
with solid organ malignancies when administered intravenously, is a good example of this
[60].
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On a preclinical level, only one study has investigated the efficacy of oncolytic
VV for the treatment of renal cell carcinoma. Guse et al. generated a Western Reserve VV
strain that harboured mutations in TK and VGF that was armed with VEGFR and
demonstrated its potent oncolytic effects against both human (786-0, ACHN, 786-P) and
murine (RENCA) RCC cell lines as well as human umbilical vein endothelial cells
(HUVEC) in vitro [61]. Moreover, intratumoural and intravenous administration of the
virus to both xenograft and immunocompetent murine models of RCC resulted in a
significant decrease in tumour volume relative to inactivated virus (control). Of note, the
use of the VEGFR armed virus lead to a greater reduction in tumour vasculature and
volume relative to the unarmed control virus when administered intravenously in the
xenograft model, highlighting the value of this approach for RCC. Interestingly, a single
case report of a patient with metastatic renal cell carcinoma treated with an attenuated
strain of oncolytic VV has also been described [62]. This patient demonstrated a near
complete regression in his pulmonary and vertebral metastasis following repeated
intravenous injections of the virus. Taken together these studies demonstrate the potential
therapeutic efficacy of VV against RCC.
1.5.3 Herpes simplex virus.
Herpes simplex viruses (HSV) belong to the herpesviridae family and are large
enveloped dsDNA viruses. These viruses display selective replication in transformed cells
as a result of mutations to genes necessary for attenuation of the host PKR responses, as
well as viral replication [63]. Inactivation of γ134.5 and UL39 are the most extensively
employed and these genes encode a protein that recruits protein phosphatase 1, which is
required to inactivate the effect of PKR and a large subunit of ribonucleotide reductase
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that is vital for DNA metabolism, respectively [63]. Furthermore, the ability to modify the
HSV envelope allows for enhanced tumour selectivity through transductional targeting
and also facilitates the introduction of therapeutic transgenes allowing for the
enhancement of the direct oncolytic and immunotherapeutic effects of the virus [63].
The use of an oncolytic HSV for the treatment of RCC was first described by
Oyama et al. who characterized the in vitro and in vivo efficacy of the replication
competent virus, G207, which harbours mutations in both γ134.5 and UL39 [64]. These
authors demonstrated that RCC cell lines (ACHN, A498) following 48 hours infection
with G207 at 0.1 multiplicity of infection (MOI) facilitated the doubling of viral particles
and by one week were completely destroyed. Moreover, the administration of
intratumoural G207 significantly decreased tumour burden in RCC xenograft murine
models. More recently, two newly constructed HSV, Synco-2D and FusOn-H2, have also
demonstrated efficacy against RCC [65]. The Synco-2D construct, is a derivative of type
1 HSV and is engineered, via both random mutagenesis as well as the insertion of the
fusogenic gibbon ape leukemia virus glycoprotein, to induce cell membrane fusion upon
infection. This allows the virus to mediate cell death via both direct oncolysis as well as
synctia formation. The FusOn-H2 construct is a derivative of type 2 HSV and is
engineered to conditionally replicate in cells with activated ras signalling in addition to its
cell membrane fusion properties. Both Synco-2D and FusOn-H2 have been shown to
induce enhanced oncolysis in vitro and in vivo against RCC [65]. Despite significant
preclinical evidence to support the use of oncolytic HSVs against RCC, no clinical trial
evaluating the efficacy of these agents against this disease is ongoing.
1.5.4 Sendai virus.
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Sendai virus (SeV) is a member of the paramyxoviridae family and consists of a
non-segmented, linear, negative strand RNA genome encapsulated by a nucleoprotein
[66]. In susceptible cells the virus replicates entirely within the cytoplasm and because of
this poses minimal risk for genomic integration and subsequent mutagenesis [66]. Despite
the ubiquitous expression of its receptor (saliac acid), SeVs tissue tropism is quite limited
due to the required protease cleavage activation of its fusion glycoprotein (F) for host cell
penetration [66]. This so called “protease-dependent tropism” has been exploited in the
development of recombinant viral strains which display selective anti-tumour activity as a
result of mutations in the F gene that render it susceptible to cleavage by tumour produced
matrix metalloproteinases [66]. Unlike most OVs, SeV infection does not lead to the rapid
production of viral progeny. Instead, this virus facilitates cell-to-cell spread and cell death
via membrane fusion and the formation of synctia, which is accomplished through genetic
deletions of its envelope matrix protein (dMSeV) [67].
Kinoh et. al. were the first to test a recombinant Sendai virus against RCC. These
authors optimized their previously constructed dMSeV by replacing the MMP susceptible
cleavage site on the F gene with a urokinase (uPA)-sensitive sequence and tested this
newly constructed virus for anti-tumour activity in vitro and in vivo against a panel of
cancer cell lines [68]. The RCC cell line utilized in their experiments (Caki-1) displayed
high expression levels of uPA and low levels of MMP2 relative to the other cancer cell
lines tested and was sensitive to viral oncolysis in vitro and in vivo, as demonstrated by
the regression of Caki-1 subcutaneous tumours following intratumoural administration of
virus. As such, the use of urokinase targeted oncolytic Sendai virus vectors appears to
have activity in RCC tumours expressing this specific protease; however the number of
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RCC patients that this strategy may be applicable to is limited. Beyond this, utilizing the
RENCA immunocompetent murine model, Fujihara et al. demonstrated the ability to
generate potent anti-tumour immune responses through the intratumoural injection of SeV
particles against RCC, which was mediated through CXCL10 expression and NK cell
activation [69].
1.5.5 Measles virus.
Measles virus (MV) is negative strand RNA virus that belongs to the
paramyxoviridae family. This virus was first identified for its oncolytic properties
following the observation that patients with various haematological malignancies who
contracted MV infections displayed regression of their disease [70]. Most oncolytic MV
are derived from the Edmonston vaccine strain (MV-Edm), as wild-type virus has been
shown to have deleterious effects when administered to human patients [70]. Similar to
Sendai viruses, MVs contain fusion glycoproteins in their envelope allowing them to
propagate and induce cell death intratumourally via the formation of synctia. Selective
tumour replication of MV results from the enhanced tumour specific expression of its
receptor, CD46, relative to normal cells [70]. Moreover, the tumour selectivity and
oncolytic potency of MVs can be augmented through the use of reverse genetic
approaches, which allow for the insertion of therapeutic transgenes into the virus vector.
To date, MV have shown extensive efficacy against a variety of malignancies in
preclinical models including breast, hepatocellular, medulloblastoma, glioblastoma,
prostate, ovarian, lymphoma and multiple myeloma as reviewed by Galanis [70].
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Recently, the application of MV against RCC was demonstrated utilizing an
Edmonston strain (MV-NPL), which was reversed engineered to express the N, P and L
genes of the wild-type virus [71]. Meng et al. highlighted the robust cytopathic effects,
viral replication and apoptosis generated with this newly constructed virus against RCC
cell lines in vitro, by demonstrating its superiority over a MV expressing only the P gene
(MV-P), as well as the V gene deficient MV-Etag strain (MV-ETag). The potent
therapeutic efficacy of the MV-NPL strain was further demonstrated by the significant
regression in tumour volume seen following intratumoural administration of this virus in
an RCC xenograft murine model relative to MV-P and MV-Etag. Interestingly, the
expression of the wild-type MV genes lead to a protective effect against the host anti-viral
interferon response, highlighting the ability of this construct to facilitate viral propagation
through preventing immune clearance [71].
1.5.6 Vesicular stomatitis virus.
Vesicular stomatitis virus (VSV) is a negative strand RNA virus whose replication
cycle is exclusively cytosolic and is dependent on five proteins encoded in its genome
[72]. Ubiquitously expressed cell membrane phosphatidylserine residues facilitate VSV
virus spike G protein binding, thereby providing the virus with the ability to infect nearly
all animal cells [72]. The resistance of transformed cells to IFN produced during VSV
infection results in their selective destruction by allowing viral replication. While VSV
has been extensively utilized as both a vaccine vector and experimental agent for studying
innate anti-viral immune responses, a number of strains have been developed which
display oncolytic properties (reviewed in 72). Furthermore, the ability to utilize this virus
as a novel immunotherapeutic was recently demonstrated by Kottke et al. who
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administered an engineered VSV vector expressing a cDNA in a murine model of prostate
cancer to generate a robust anti-tumour immune response [73].
Interestingly, loss of VHL has been shown to mediate resistance to VSV infection
[74]. This was demonstrated by Hwang et al. to be dependent on HIF, as both a small
molecule inhibitor (chetomin) and siRNA against this transcription factor sensitized RCC
786-O VHL-/- cells to VSV. The ability of HIF upregulation to mediate RCC resistance to
VSV was subsequently determined to result from the enhanced anti-viral IFN response
following virus infection that was initiated in these cells. Thus, while the use of VSV for
RCC tumours with intact VHL is promising, strategies to circumvent the strong HIF
mediated IFN response in VHL deficient cells will need to be developed for application of
this virus to the majority of patients suffering from this disease. One such strategy is to
use chetomin, the small molecule HIF antagonist. Additionally, the use of a combined
oncolytic virus approach utilizing VSV with reovirus may also be beneficial in this
regard, based on a recent study highlighting the ability of reovirus to down-regulate HIF
in a RCC cell line [75].
1.5.7 Encephalomyocarditis virus.
Encephalomyocarditis virus (EMCV) is a positive strand RNA virus of the
picornavirus family. Interestingly, in various animal populations including mice, the virus
is known to cause diabetes and is highly lethal [76]. As infection with EMCV has never
been reported to result in deleterious health effects in humans, this virus has been
investigated as an oncolytic agent [33]. Notably, the integral role of NF-κβ mediated antiapoptotic signalling in facilitating the propagation and spread of EMCV was established
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through the observation that knockout of the p50 subunit of NF-κβ, which renders it
inactive, results in protection of mice from EMCV infection [77]. Roos et al. utilized this
virus to target RCC, which is known to display aberrant activation of NF-κβ survival
signalling as a result of VHL inactivation [33]. These authors demonstrated the ability
EMCV to infect RCC cell lines in an NF-κβ-VHL-HIF dependent manner and induce the
regression of established xenograft tumours relative to control (irradiated virus), thus
highlighting the potential therapeutic efficacy of targeting the NF-κβ pathway in RCC
with this virus.
1.6 In vivo barriers to oncolytic virotherapy: Role of the RCC tumour microenvironment
in mediating resistance to oncolytic viruses.
Effective oncolytic targeting and destruction of cancer cells by viruses relies on
both their ability to selectively replicate and induce cell death, as well as priming of an
anti-tumour immune response. However, the lack of success of OVs as cancer
monotherapies in early clinical trials suggests that immune clearance of virus, as well as
physiochemical tumour microenvironmental barriers to oncolytic virotherapy exist [78].
Interestingly, the RCC specific tumour microenvironment is characterized by OV
restrictive factors, which likely act to limit the therapeutic efficacy of these agents through
suppression of anti-tumour immunity and prevention of effective intratumoural viral
delivery (summarized in Table 2).
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Table 2. Rational combination approaches involving oncolytic viruses for use against
renal cell carcinoma (RCC). VEGFR: vascular endothelial growth factor receptor,
PDGFR: platelet derived growth factor receptor, c-kit: proto-oncogene c-Kit, flt3: fmslike tyrosine kinase 3, RET: rearranged during transfection proto-oncogene, CSF-1R:
colony stimulating factor-1 receptor. Figure adapted from: Lawson KA et. al. Expert Opin
Biol Ther 2012;12(7):891-903.
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1.6.1 Host immune response: viral immune clearance and the suppression of anti-tumour
immunity.
While the host immune response generated following OV administration allows
for protection against a systemic pathologic infection, it also limits tumour specific
systemic oncolysis by facilitating viral immune clearance. This is of particular relevance
to RCC as this disease is known to respond to immunotherapy (as discussed in section
2.2) yet is characterized by an endogenous immunosuppressive phenotype. Highlighting
this is the finding that CD4+ T cells isolated from mRCC patients display a blunted Th-1
cytokine response following stimulation with TAA [79]. This potential paradox of active
viral immune clearance in the setting of a tumour immune suppressive microenvironment
is perhaps why OV monotherapy has only been modestly successful to date. Further, both
the innate and adaptive immune responses following OV infection contribute to viral
clearance. The involvement of the innate immune response in mediating OV clearance
was clearly demonstrated by Fulci et al. who highlighted the ability of cyclophosphamide
to enhance the therapeutic efficacy of a HSV against a syngeneic rat glioma model
through inhibiting HSV mediated NK cell production of IFN-γ and tumour infiltration of
CD68+/CD163+ macrophages [80]. Moreover, depletion of complement has also been
demonstrated to enhance glioma virotherapy, further portraying the ability of innate
immune response to limit OV efficacy [81]. The involvement of the adaptive immune
system in limiting OV efficacy is evidenced by numerous clinical experiences with a
variety of OVs, including both reovirus and HSV, which have demonstrated the ability of
neutralizing antibodies to mediate viral immune clearance thereby restricting the
application of these agents as a monotherapy clinically [82-83].
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The host immune system also acts to suppress the therapeutic anti-tumour immune
response generated by oncolytic virotherapy by the induction of immunosuppressive
cytokines and regulatory cells [84-85]. The induction of anti-tumour “hyperactivated NK
cells” upon Treg depletion following treatment of C57Bl/6 mice bearing subcutaneous
B16 melanoma tumours with either reovirus or VSV highlights this as does the recent
demonstration that VSV induced myeloid derived suppressor cells (MDSC) mediate
antagonism between combined oncolytic virotherapy and cyclophosphamide through
suppressing antigen-specific T cell activation and NK dependent tumour destruction [84,
86-87]. Interestingly, blood samples from mRCC patients depleted for MDSC with a
CD11b+ antibody display a reactivation of CD8+ T cell proliferation, IFN-γ production
and CD3 expression upon antigenic stimulation, highlighting that MDSC regulate the
functionality of effector CD8+ T cells and contribute to the immunosuppressive phenotype
seen in mRCC [88]. Likewise, elevated levels of CD4+ CD25+ T regulatory cells (Treg)
have also been demonstrated to contribute to the immune suppression present in mRCC
patients receiving immunotherapy (IL-2) [89]. Moreover, RCC tumours are known to
produce immunosuppressive cytokines such as TGF-β which in further contribute to the
inhibition of anti-tumour immunity and generation of tumour induced immune tolerance
present in this disease [90]. Hence, MDSC, Tregs and immunosuppressive cytokines in
the RCC tumour microenvironment are potential barriers to the application of oncolytic
virotherapy.
1.6.2 Physical barriers to OV systemic delivery: aberrant tumour vasculature.
Effective treatment of metastatic tumours with OV requires their successful
systemic dissemination and penetration into these sites. Similar to treating metastatic
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disease with conventional chemotherapy, there are a number of physical barriers that may
limit the delivery of OV to tumours [78]. More recently, it is becoming evident that
central to this is the aberrant vasculature that characterizes nearly all tumours as a result
of neoangiogensis. This process does not result in functional mature blood vessels, but
rather, produces a vascular network that is tortuous, dilated, leaky and poorly supported
by pericytes [91]. Consequently, despite the relative increase in blood vessel density
compared to normal tissues, tumours are poorly perfused. RCC is no exception to this as
demonstrated by H215O and C15O positron emission tomography (PET) studies which
highlight the decreased perfusion characterizing these tumours [92]. Beyond poor
perfusion, high intratumoural interstitial fluid pressure resulting from aberrant neovascularization may also limit the physical delivery of OV to their target site; as
demonstrated by the finding that restoration of normal interstitial fluid pressure results in
improved penetration of topotecan into xenografted tumours [93]. Thus, in order to
maximize the systemic delivery of OV against RCC, the aberrant vasculature
characteristic of this disease must be normalized.
1.7 Conclusions drawn from literature review.
In summary, the treatment of mRCC remains a significant challenge due to the
lack of available therapeutic options that have meaningful impacts on overall survival.
With an increased knowledge of RCC carcinogenesis/progression it is becoming evident
that this disease is characterized by an extensive array of molecular signalling aberrations.
Because of this, the development of oncolytic virotherapy for RCC is particularly of
interest, as these biologics mediate their selective anti-tumour effects by exploiting the
distinct molecular features of transformed cells. Beyond this, OVs are ideal RCC
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therapeutics as these agents are capable of generating robust innate and adaptive antitumour immune responses, allowing them to be utilized as novel immunotherapeutics
against this disease. To date, seven OV have been tested for their therapeutic efficacy
against RCC with favourable results in vitro, as well as in xenograft and
immunocompetent murine models. However, the clinical utility of these agents is largely
unknown due to the lack of RCC specific clinical trials. Moreover, investigations with
those OVs which have been studied extensively in the clinical setting, namely reovirus,
are lacking, highlighting the need for both preclinical and clinical studies utilizing these
agents against RCC.
Based on the clinical experience with oncolytic virotherapy in other tumour sites
as well as a better understanding of the RCC specific tumour microenvironment it is also
apparent that many barriers to the application of these agents exist including viral
clearance, tumour induced immunosuppression and aberrant vasculature. As such, it is
likely that rationale combination therapies, which overcome these microenvironmental
barriers and augment the oncolytic and immunotherapeutic effects of these agents will
hold the greatest potential for future clinical use against RCC.
1.8 Project rationale.
To address the gaps in knowledge apparent in the literature a rational
combinatorial approach involving the use of oncolytic virus with a currently utilized
mRCC therapeutic was developed. The goal of this approach was to achieve direct
oncolysis while concomitantly generating an OV mediated anti-tumour immune response
augmented through exploiting the well established immune modulatory effects of mRCC
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targeted therapies. Theoretically, this approach would allow for the multi-mechanistic
targeting of RCC.
In addition to its novel application against RCC, reovirus was chosen as the OV to
include in our combination regimen as it is the most clinically studied OV, demonstrating
efficacy in phase II clinical trials in combination with platinum based chemotherapy
across multiple solid malignancies [94]. Of the over 600 patients treated thus far with this
agent, no maximum tolerated dose has been reported, highlighting its tolerability and
safety. Beyond this, reovirus was chosen due its reported widespread efficacy in
preclinical murine models of cancer which allows for the generalization of our proposed
combination study results to tumour sites beyond renal.
Furthermore, in experimental murine models, reovirus administration is capable of
priming innate and adaptive anti-tumour immune responses [16, 44]. This anti-tumour
immunity not only contributes to reovirus’ therapeutic efficacy, but has also been
demonstrated to result in the generation of long term tumour immunosurveillance [95,
96]. Hence, in addition to its direct oncolytic effects, reovirus is also a potent
immunotherapeutic, satisfying our goal of utilizing an OV to generate a therapeutic
immune response against RCC. The biology of this virus will be covered further in detail
throughout Chapters 2 and 3.
Among the targeted therapies utilized in the management of mRCC, sunitinib was
chosen in our investigations as it is currently approved for first line therapy. To date,
extensive research has demonstrated the anti-angiogenic effects sunitinib has and recently
this activity has been shown to mediate the majority of its clinical activity [97].
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Interestingly, as highlighted above, sunitinib also acts as a potent immune modulatory
agent resulting from its ability to target immune suppressor cells (MDSC, Treg) and
reverse the Th-2 bias present in mRCC patients [98]. As this immune modulatory effect of
sunitinib was discovered through studying mRCC patients clinically (unlike the mTORi)
we believe the use of this agent in our proposed combination approach should give our
results more applicability to the clinical scenario. This, together with the increasing
evidence that OV are novel immunotherapies, in addition to direct oncolytic agents lead
us to focus our investigations on determining whether sunitinib would be able to augment
reovirus mediated anti-tumour immunity (Figure. 2).
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Figure 2. Rationale for augmenting reovirus mediated anti-tumor immunity with
sunitinib. RCC patients are characterized by an increased number of immune suppressor
cells within their tumor microenvironments such as T-regulatory (Treg) cells and myeloid
derived suppressor cells (MDSC), which act to limit the efficacy of immunotherapies,
including reovirus. Sunitinib, a multi-tyrosine kinase inhibitor, is capable of
downregulating these cell populations. As such, we hypothesis the use of this agent to
augment reovirus mediated anti-tumor immunity. Figure adapted from Prestwich RJ et. al.
Expert Rev Anticancer Ther 2008;8(10):1581-8.
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Thus, we propose the use of reovirus in combination sunitinib for the treatment of
RCC as a novel therapeutic paradigm that incorporates multiple mechanisms including
direct viral oncolysis, anti-tumour immune targeting and anti-angiogenesis. Again our
selection of these agents is based on both preclinical and clinical literature that suggests
our findings should have immediate translation potential in the form of a clinical trial for
patients with mRCC. Our study is novel to the field of OVs in that reovirus has not been
investigated as a therapeutic against RCC to date. Beyond this, the use of sunitinib to
augment the anti-tumour oncolytic and immunotherapeutic effects of an OV has yet to be
reported. In the described work of this thesis, we employ the use of human and murine
RCC cell lines as well as a syngeneic immunocompetent murine model of RCC (RENCA
model) to determine the oncolytic and immunotherapeutic effects of reovirus as both a
monotherapy and in combination with sunitinib against this disease.
1.9 Objectives

Determine the ability of reovirus to initiate an oncolytic response against RCC in
vitro.

Determine the ability of sunitinib to augment reovirus mediated oncolysis in vitro.

Characterization of reovirus and combination therapy effect on tumour burden and
overall survival in the RENCA syngeneic immunocompetent murine model.

Characterization of reovirus and combination therapy effect on anti-tumour
adaptive immune response and splenic myeloid derived suppressor cells in the
RENCA model.

Determine the ability of reovirus and combination therapy to prime protective
immunity in the RENCA model.
34
1.10 Hypothesis.
That the combination of reovirus with sunitinib will result in an augmented antitumour immune response in addition to the direct oncolytic and anti-angiogenic effects of
these
agents
for
enhanced
renal
cell
carcinoma
tumour
regression
and
immunosurveillance.
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Chapter 2.
In vitro evidence for the use of reovirus as a monotherapy and in combination with
sunitinib for the treatment of renal cell carcinoma.
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2.1 Introduction.
Reovirus is a common environmental virus and member of the Reoviridae family,
which also includes the rotavirus and Colorado-tick fever virus. Unlike the latter two
viruses, reovirus infection results in minimal toxic effects in humans, displaying a natural
tropism for the respiratory and enteric organs which can result in flu-like symptoms. As
such, reovirus is an orphan virus in that it is not historically associated with human
disease. The name REO-virus denotes these aforementioned properties: respiratory,
enteric, orphan. Three serotypes of reovirus exist including the type 1 Lang, type 2 Jones
and type 3 Dearing, being differentiated based on their hemagglutination inhibition
activity [99]. The type 3 Dearing strain has been studied most extensively as an oncolytic
agent. The reovirus genome consists of 10 dsRNA segments ranging from 1.2 to 3.9
kilobases in length and is surrounded by two isosahedral shaped protein shells which
include its outer capsid and inner core. Both the outer capsid and inner core are composed
of reovirus proteins which are named after their respective encoding gene segments:
lambda (λ), mu (μ), sigma (σ) [100].
The σ-1 protein of the reovirus outer capsid is responsible for cell-surface binding
through interactions with sialiac acid on the cell membrane [100]. Alternatively, reovirus
σ-1 protein also mediates cell attachment by binding JAM-A receptors, which are
members of the immunoglobulin superfamily [101]. Once engaged on the cell membrane,
reovirus is internalized through a clathrin-dependent receptor mediated endocytosis
mechanism [102]. Within the endocytic compartment its viral capsid undergoes aciddependent proteolysis to form the disassembly intermediate infectious subviral particle
(ISVP). This particle is characterized by the loss of the σ-3 protein and cleavage of the
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μ1c protein into its associated delta and circle fragments [100]. Through a series of further
conformational changes the ISVP becomes the ISVP* hallmarked by the exposure of
hydrophobic residues within the μ-1 fragments and loss of the σ-1 protein [100]. The μ-1
fragment conformational changes results in the rupturing of the endosomal membrane
allowing for the release of the reovirus core particles into the cytoplasm where they are
transcriptionally active [100]. Importantly, the μ-1 cleavage fragments have also been
demonstrated to activate NF-κβ resulting in the initiation of innate immune and apoptosis
[103, 104].
Interestingly, efficient reovirus mediated innate immune signalling and apoptosis
not only requires NF-κβ, but also relies on activation of the IRF-3 transcription factor.
Unlike, NF-κβ however, IRF-3 is not activated by viral protein alone as demonstrated by
the finding that reovirus particles lacking genetic material can stimulate the activation of
NF-κβ but not IRF-3 [100, 105, 106]. Instead, IRF-3 is activated by a number of dsRNA
cytoplasmic binding proteins including RIG-I, RLHs, and Mda5 [107]. These proteins
recognize reovirus dsRNA and activate IPS-1 which subsequently results in activation of
multiple transcription factors including IRF-3, through the engagement of IKK-α [107].
Once in the nucleus, IRF-3 and NF-κβ act to coordinate the expression of proteins
involved in innate anti-viral immunity and apoptosis, however, the newly synthesized
proteins resulting from this activity which are vital to the induction of apoptosis remain
unknown. Shedding light on this is a recent report by Knowlton et al. who determined the
levels of the pro-apoptotic protein NOXA rise by 36 fold during a reovirus infection, and
that apoptosis induction is significantly diminished in cells lacking this protein [107].
Furthermore, many reports have highlighted the involvement of extrinsic apoptotic
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signalling in facilitating reovirus mediated apoptosis such as the engagement of TNF-α
and death receptor/TRAIL signalling pathways [108]. As such, the infection of a cell by
reovirus results in a coordinated induction of both innate immunity and apoptosis in
addition to cell lysis, following viral particle re-assembly, enabling this virus to mediate
direct cytotoxicity. This is known as the direct oncolytic effects of a reovirus infection.
Importantly, this direct cytotoxicity acts to prime an adaptive immune response which
further contributes to the viruses pathogenic effects. The exploitation of this response as a
form of cancer immunotherapy will be detailed in Chapter 3.
The ability of reovirus to replicate selectively in transformed cells was first
described by Hashiro et. al. in 1977 [109]. Subsequently, the work of Dr. Patrick Lee’s
group at the University of Calgary, shed light on the molecular mechanisms responsible
for this selectivity and lead to the discovery of reovirus’ oncolytic abilities. In a seminal
paper, the established ability of reovirus to replicate in cells with activated ras was
exploited to treat cultured glioblastoma cells as well as tumour bearing immunecompromised and -competent mice, highlighting a role for utilizing reovirus as a novel
anti-cancer therapeutic for ras activated tumours [110]. In following studies, ras activation
was found to negatively regulate the activity of the double stranded RNA-activated
protein kinase PKR, an enzyme known to phosphorylate eIF-2 resulting in the inhibition
of viral transcripts [111]. Hence, a paradigm was developed in which cancer cells driven
by the ras oncogene supported reovirus replication due to inactive PKR [99]. Since this
time, the involvement of ras signalling in mediating host cell susceptibility to oncolysis
has expanded and a role for this signalling axis has been described for reovirus uncoating,
infectivity, and apoptosis [112]. With this however, conflicting reports have also been
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published wherein ras signalling status does not predict sensitivity to reovirus oncolysis.
Indeed, a recent study in which ras signalling was perturbed by both upstream and
downstream inhibitors failed to uncover a correlation between ras signalling and
squamous cell head and neck cancer cell lines [113]. As such, despite the well
characterized role for ras and intracellular tyrosine kinase signalling in mediating reovirus
oncolysis, the precise mechanisms responsible for the selective destruction of cancer cells
remain unknown.
Since its initial description as an oncolytic agent, significant progress in
establishing reovirus as an anti-cancer therapeutic has been made. Indeed the virus has
been demonstrated to replicate and induce a lytic infection in a myriad of cancer cell lines
and murine tumour models including breast, ovarian, non-small cell lung, bladder,
multiple myeloma, lymphoid, prostate, melanoma, sarcoma and colon cancer [114-123].
Based on the success of this agent preclinically, numerous clinical trials (over 30) have
also been initiated with the virus, lead by collaborations with university investigators and
the biotech company Oncolytics Biotech Inc. (Calgary, Alberta), which produces and
markets reovirus under the trade name Reolysin™. In early phase I and II trials the virus
has demonstrated an excellent safety and tolerability profile when administered both
intralesionally and intratumourally, with no maximum tolerated dose being reached in the
over 600 patients treated to date. The most common side effects reported include local
erythema at virus injection sites and self-limiting flu like symptoms [124]. Additionally,
as reovirus is genomically stable, the risk of pathogenic mutations occurring once utilized
on a widespread basis clinically is minimal. Despite the significant evidence highlighting
the safety of reovirus, the efficacy of this agent as an anti-tumour monotherapy is limited
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with no durable complete responses being reported. As mentioned above, many barriers to
the use of oncolytic viruses exist and these most certainly apply to reovirus. To address
these, multiple trials are now investigating the use of combination therapy approaches
involving reovirus to overcome such barriers.
To date, no group has studied the use of reovirus as a monotherapy or in a
combination regimen for the treatment of renal cell carcinoma. As such in our first line of
investigation we sought to characterize the response of RCC to reovirus as a monotherapy
and in combination with sunitinib, a first line mRCC therapeutic. This in vitro cell culture
line of experimentation allows for observations between the interactions of these two
agents on RCC cytotoxicity in the absence to the tumour microenvironment to be made.
Comparisons of this data to that generated in our in vivo model (Chapter 3) will aid in
determining the relative contribution of the tumour microenvironment in facilitating the
therapeutic interaction between these two agents.
2.2 Methods
2.2.1 Cell lines and virus.
ACHN, A498, 786-0, L-929, and RENCA cell lines were obtained from the
American Type Culture Collection (ATCC). ACHN, A498, 786-0 are human clear cell
RCC cell lines, RENCA is a murine cortical adenocarcinoma RCC cell line and L-929 is a
fibroblast cell line. ACHN and A498 were cultured in minimum essential medium
(MEM); 786-0 was cultured in Roswell Park Memorial Institute medium (RPMI); L-929
was cultured in Dulbecco’s modified eagle medium (DMEM); and RENCA was cultured
in RPMI. All media was supplemented with 10% heat-inactivated fetal calf serum (FBS).
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Reovirus serotype 3 (RV) was grown in L-929 cells then purified and titered as per
standard lab protocol. Aliquots of reovirus were UV-irradiated to produce non-replicating
dead virus (DV) controls. Sunitinib was purchased from Selleck&reg; chemicals (Houston,
TX) and dissolved in 1% dimethyl sulfoxide (DMSO).
2.2.2 Cell viability (WST-1) assay.
Cells were seeded at a density of 3000 (A498, 786-0) or 8000 (ACHN, RENCA)
cells/well into 96-well micro-titre plates and incubated for 24 hours in 200 &micro;l of 10% FBS
containing media. A hemocytometer and typan blue viability dye were utilized to
quantitate the number of viable cells to ensure accurate cell density during seeding. DV,
DMSO, RV, sunitinib or a combination of these agents were then added to each well for
48 hours at predetermined concentrations in fresh 10% FBS containing media. Specific to
DV and RV infection, aliquoted virus was added to wells in 50 &micro;l of media without FBS
for 45 minutes, after which 150 &micro;l of FBS containing media was added (final media
contained 10% FBS). Following the 48 hour treatment period, drug containing media was
replaced
with
media
containing
(2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium sodium salt (WST-1) (Roche, Basel, Switzerland) diluted
10:1 and absorbance (450 nm) was quantified utilizing a Bio-rad&reg; plate reader. Percent
viability was calculated as the absorbance ratio of treated/untreated cells multiplied by
100.
2.2.3 Viral progeny assay.
ACHN, 786-0, A498 and RENCA cells were treated with RV plus or minus
sunitinib in 6-well plates in their respective media for 48 hours. RV infection was
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conducted as described for the cell viability assay. The cultures were then freeze-thawed 3
times and supernatants were harvested for plaque titration on L-929 cells in semi-solid
medium for 72 hours. Briefly, L-929 cells were cultured in 6-well plates (4.0 x 105
cells/well) and incubated for 24 hours at 37&ordm;C. 100 &micro;l of serial diluted (10-7, 10-6, 10-5, 104
, 10-3, 10-2) supernatants from freeze-thawed RV infected RCC cell lines were then used
to infect L-929 cells at 4&ordm;C for 45 minutes. Following this, 25 ml of 2X DMEM
containing 10% FBS was mixed with 25 ml of 2% bacto-agar (heated to 46&ordm;C in a water
bath) and added in aliquots of 3ml to each well of the 6-well plate and allowed to solidify
at room temperature. Plates were then placed upside down and incubated in moisture
containers at 37&ordm;C for 3 days. After the 3 day incubation period, 25 ml of 2X DMEM
containing 10% FBS and 4% neutral red solution was mixed with 25 ml of 2% bacto-agar
(heated to 46&ordm;C in a water bath) and added in aliquots of 3 ml to each well of the 6-well
plate and allowed to solidify at room temperature. After a 24 incubation period at 37&ordm;C
visible plaques from each well were counted to allow for virus titre calculation. Technical
assistance was provided by Zhong Qiao Shi.
2.2.4 Luminex&reg; assay.
RENCA cells were seeded in 6-well plates and treated with RV as per the cell
viability assay for 48 hours after which supernatants were collected and centrifuged to
remove cells. To quantify levels of RANTES, MIP-1α, IP-10, MCP-1, KC, and MIG, a
Mouse Chemokine Multiplex Kit (Invitrogen, Carlsbad, CA) was utilized as per
manufacturer’s protocol. Briefly, capture analyte (chemokine) beads were added to 96well plates as per manufacturer’s protocol after which 50 &micro;l of kit standards or
aforementioned supernatant samples diluted in 50 &micro;l of assay diluent were added to wells.
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After a 2 hour incubation period at 37&ordm;C supernatants were removed and 100 &micro;l of 1X
biotinylated detection antibody was added to each well. After a 1 hour incubation time at
37&ordm;C antibody was removed, plates were washed and 100 &micro;l of 1X streptavidin-RPE was
added to each well for 30 minutes. Plates were then washed and subsequently read on a
Luminex&reg; 200 instrument (Austin, TX). Technical assistance was provided by Jason
Spurrell.
2.2.5 In vitro synergy assay.
Dose response curves for all cell lines treated with RV or sunitinib were generated
as per the cell viability assay. Calcusyn&reg; software (Great Shelford, Cambridge, UK) was
utilized to generate effect dose for 50 percent cytotoxicity (ED50) values for each cell line
to reovirus and sunitinib from the dose response data. Additionally, ED50 values were
calculated based on the log plot of the dose response data generated for each cell line with
the cell viability assay with an R-value of &gt; 0.95 being considered as acceptable. This
data was utilized to verify correct calculation of ED50 values generated by calcusyn&reg;
software. Cell lines were then seeded into 96-well plates as per the cell viability assay and
treated with escalating doses of RV and sunitinib concurrently at a fixed ratio of
ED50:ED50. Cell viability was quantified as per the cell viability assay and combination
index values were generated from this data using calcusyn&reg; software. For data analysis, a
CI value &lt; 1 denoted a synergistic response, &gt; 1 denoted an antagonistic response and = 1
denoted an additive response.
2.2.6 In vitro migration assay
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Supernatants were harvested from ACHN cells cultured in RPMI media containing
2% FBS for 48 hours in the presence of DV [1 MOI] or RV [ED50 or 1 MOI]. PBMCs
were isolated from blood of healthy human subjects by venipuncture with sterile
technique followed by centrifugation over a ficoll-hypaque gradient (GE Healthcare,
Uppsala, Sweden). PBMCs were cultured in RPMI media with 10% FBS for 48 hours
prior to assay to remove adherent PBMC population. 600 &micro;l of supernatants were then
placed in bottom chamber of 24 well plates (Invitrogen, Carlsbad, CA) and 1.5 x 106
PBMCs suspended in 100 &micro;l of RPMI media (2% FBS) were placed in upper chamber
inserts. Plates were incubated at 37&ordm;C and after 6 hours, upper chamber inserts were
removed and migratory CD8+ and CD56+ cells were counted via flow cytometry. For flow
analysis, migrated PBMCs from bottom chambers were stained with FITC-labeled mouse
anti-human CD8 (BD, Franklin Lakes, NJ) or PE-labeled mouse anti-human CD56 (BD,
Franklin Lakes, NJ) and re-suspended in 500 &micro;l after which total CD8+ or CD56+ PBMCs
were counted utilizing an Attune&reg; flow cytometer.
2.2.7 TUNEL apoptosis assay
ACHN cells (5.0 x 105) were seeded into 6-well plates in MEM media containing
10% FBS and incubated at 37&ordm;C for 24 hours. Culture media was then removed and cells
were treated with RV [ED50 or 100 MOI], sunitinib [ED50] or their combination
(concomitantly) for 48 as described for the in vitro synergy assay. Cells treated with
DMSO [1% in PBS] and DV [100 MOI] or their combination were used as controls for
sunitinib and RV, respectively. Apoptosis was subsequently assessed via the APOBrdU™ TUNEL Assay Kit (Invitrogen, Carlsbad, CA) utilizing flow cytometry. Briefly,
supernatants from treated cells were collected and pooled with adherent cells removed
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from each well by trypsin digestion. Cells were then washed and fixed with PBS and 1%
paraformaldehyde, respectively, followed by re-suspension in 70% ethanol and stored in a
-20C freezer. Prior to flow cytometric analysis cells were treated with a BrdU DNAlabeling solution followed by incubation with Alexa Fluor 488 labelled anti-BrdU
antibody as per the Invitrogen protocol. Positive and negative controls were provided with
Invitrogen APO-BrdU™ TUNEL Assay Kit to serve as relative markers of apoptosis.
2.2.8 Statistics.
Statistical analysis was performed utilizing unpaired two-tailed t-tests. Statistical
significance was defined as p-values being &lt; 0.05 unless otherwise stated.
2.3 Results.
2.3.1 Reovirus replicates in human and murine renal cell carcinoma cell lines resulting in
oncolysis and chemokine production.
Reovirus is a non-enveloped dsRNA virus that has demonstrated oncolytic activity
against a wide variety of malignancies in both preclinical and clinical studies. As this
virus has not been investigated to date against RCC our first objective was to determine
its oncolytic activity in a panel of human RCC cell lines. Treatment of 786-O, ACHN and
A498 cell lines with reovirus resulted in a dose dependent decrease in cell viability as
determined by WST-1 assay (Figure. 3A). As reovirus oncolysis is dependent on viral
replication we also conducted plaque titration assays following reovirus infection of the
786-0, ACHN and A498. These experiments demonstrated a rise in viral titre over 72
hours of reovirus infection, highlighting a direct oncolytic effect of the virus against RCC
(Figure. 3B). Light microscopy of all cell lines exposed to virus for 48 hours at 40 MOI
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confirmed a cytopathic effect, highlighted by plasma membrane blebbing, cell surface
detachment and rounding of RCC cells (Figure. 4).
Reovirus has been demonstrated to initiate innate immune responses characterized
by the production of pro-inflammatory cytokines including RANTES, MIP-1-α, MCP-1,
KC, IP-10 and MIG across a variety of melanoma and prostate cancer cell lines in
addition to its direct oncolytic effects [96, 125]. Based on these findings we characterized
the ability of reovirus to stimulate production of these chemokines during infection of the
RENCA murine cell line. This cell line was studied to provide proof-of-principle of
inflammatory response generation in vitro for our subsequent in vivo experiments. Similar
to the human RCC cell lines, infection of RENCA cells with reovirus resulted in viral
replication and cytotoxicity (Figure. 5A-C). Furthermore, following 48 hours of reovirus
infection at a concentration of both 0.007 MOI (ED50) and 1 MOI increased chemokine
expression was observed as determined by luminex assay, highlighting its ability to
generate an inflammatory oncolytic response against RCC (Figure. 6).
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Figure 3. Reovirus has direct oncolytic effects against human RCC. A) Cell viability
of RCC cell lines (786-O, ACHN, A498) treated with escalating doses of RV for 48 hours
determined by WST-1 assay. DV at 100 MOI used as control. B) RV titre determined by
plaque titration assay over 72 hours following infection of RCC cell lines (786-O, ACHN,
A498) with RV at 40 MOI. DV not included as no productive titre. Error bars = SEM of at
least three independent experiments.
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Figure 4. Cytopathic changes in reovirus infected human RCC cells. Pictures of RCC
cells (786-O, ACHN, A498) infected with 40 MOI of DV or RV for 48 hours, taken by
light microscopy with a ZEISS&reg; Axiovent 200M camera at 10X zoom. Technical
assistance was provided by Zhong Qiao Shi.
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Figure 5. Reovirus induces a cytotoxic response in RENCA cells. A) Cell viability of
RENCA cell line treated with escalating doses of RV for 48 hours determined by WST-1
assay. DV at 100 MOI used as a control. B) RV titre determined by plaque titration assay
over 72 hours following infection of RENCA cells with RV at 40 MOI. C) Pictures of
RENCA cells infected with 40 MOI of DV or RV for 48 hours, taken by light microscopy
with a ZEISS&reg; Axiovent 200M camera at 10X zoom.
50
51
Figure 6. Chemokine expression in reovirus infected RENCA cells. Chemokine levels
in supernatants from RENCA cells infected with DV [1 MOI] or RV [ED50 or 1 MOI] for
48 hours determined by luminex analysis. * = P &lt; 0.05 by t-test relative to DV control.
Error bars = SEM of three independent experiments. Technical assistance was provided
by Jason Spurrell.
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2.3.2 Combination reovirus with sunitinib therapy mediates synergistic cytotoxic
responses against RCC in a dose variable replication independent manner.
To assess in vitro synergy between reovirus and sunitinib we determined
combination index values as determined by the Chou and Talalay method [126]. WST-1
viability assays were conducted in our panel of RCC cell lines treated with escalating
doses of sunitinib (0.94-60 &micro;M), demonstrating a dose dependent response for all cell
lines (Figure. 7A). Utilizing calcusyn&reg; software, the dose response data for reovirus and
sunitinib on RCC cells was used to calculate ED50 values (Figure. 7B-C). Cells were then
treated simultaneously with sunitinib and reovirus for 48 hours at increasing doses of
these agents held at a fixed ratio of ED50:ED50 and cell viability was determined via the
WST-1 assay (Figure. 8A). Combination index (CI) values calculated with this data
revealed a synergistic cytotoxic response (CI &lt; 1) for both the ACHN and A498 cell lines
across all doses studied (Figure. 8B). Interestingly, both the RENCA and 786-O cells
lines also demonstrated synergistic cytotoxic responses to combination reovirus-sunitinib
therapy, however, these effects were dose variable (Figure. 8B). To determine whether
sunitinib augmented reovirus replication to mediate the aforementioned effects, plaque
titration assays were conducted on the RENCA, 786-O and ACHN cell lines following
treatment with both reovirus and sunitinib. No statistically significant (P&lt;0.05) change in
reovirus titre was observed following these experiments as determined by students t-test,
highlighting a viral replication independent mechanism underlying these results (Figure.
9).
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Figure 7. Sunitinib dose response studies and ED50 calculation. A) Cell viability of
RCC cell lines treated with escalating doses of sunitinib determined by WST-1 assay. 1%
DMSO used as vehicle control. B) Representative log plot used for manual calculation of
ED50 for 786-0 cell line for validation of ED50 value calculated by calcusyn&reg; software. C)
Summary of sunitinib and reovirus ED50 doses for all RCC cell lines calculated by
calcusyn&reg; software. Error bars = SEM of at least three independent experiments.
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Figure 8. Reovirus and sunitinib combination therapy elicits a synergistic cytotoxic
response against RCC cell lines. A) Representative WST-1 assay of ACHN cells treated
with RV, sunitinib or their combination at fixed ratios (ED50:ED50). DV [100 MOI], 1%
DMSO or their combination were used as controls. RV and sunitinib at ED50 values used
as controls to validate ED50. Group 1-6 indicate escalating RV:sunitinib doses by a factor
of 2x starting with ED50/16. B) Summary of combination index values (+/- SEM) for RCC
cell lines (786-O, ACHN, A498) treated with sunitinib and RV at a fixed ratio of
ED50:ED50 as depicted in panel A (groups 2-6) calculated by calcusyn&reg; software. Error
bars = SEM of at least three independent experiments.
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Figure 9. Sunitinib does not effect reovirus replication. RV titre determined by plaque
titration assay following treatment of RCC cell lines (RENCA, 786-O, ACHN) with RV,
sunitinib (S) or their combination. 1% DMSO was used as vehicle control for sunitinib.
NB: no statistically significant change in viral titre demonstrated (P &gt; 0.05 by t-test).
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2.4 Discussion.
Metastatic renal cell carcinoma is an incurable disease resistant to both radiation
and conventional cytotoxic chemotherapy. Despite the revolutionary progress made in the
management of this disease with targeted agents, patients invariably progress on therapy
and the 5-year overall survival rate remains less than 10% [7, 13]. As such, novel
therapeutics are greatly needed. In the current line of experimentation we sought to
determine the direct oncolytic effects of reovirus for use against RCC. Furthermore, the
ability of sunitinib to augment this activity was determined.
Our in vitro studies indeed demonstrate the ability of reovirus to induce oncolysis
against RCC as has been described for multiple tumour histologies (Figures. 3-5). This
activity was observed across all cell lines tested including three human and one murine,
highlighting the plausibility of utilizing reovirus to initiate direct oncolysis against RCC
clinically. Unfortunately, our experiments employing ex vivo RCC tissue specimens did
not result in valid data due to technical problems with establishing cell lines. While other
groups have established cultured cells for in vitro analysis from RCC tumour specimens,
this line of experimentation was abandoned due to the considerable time needed for
optimization. Nevertheless, such experiments are of great significance to understanding
the translational potential of our results as purchased human cell lines have been proven to
not be representative of clinical grade specimens [127]. Future work should therefore
involve further optimization of protocols to culture RCC cells in vitro to study reovirus
replication and oncolytic susceptibility.
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Interestingly, the ED50 values determined for each human cell line was within
one log of each other whereas the ED50 value for the murine cell line RENCA was 4 log
lower, indicating a significantly increased sensitivity to reovirus oncolysis. This cell line
also facilitated a more rapid replication of the reovirus, with viral titre reaching plateau at
12 hours post infection as opposed to 24 hours in the human lines, despite peak levels of
reovirus titre being similar. Hence, the signalling mechanisms responsible for this rapid
reovirus replication may also result in a susceptibility to reovirus mediated cell death. As
such, microarray experiments investigating protein expression levels within proliferation
and apoptotic pathways between the human and murine cell lines are warranted to identify
regulators of our observed differential reovirus sensitivity. Beyond this, baseline
characterization of these cell lines with respect to well established reovirus sensitivity
pathways (ras, JAM-A status, etc.) may also provide insight into the cellular mechanisms
underlying our observed differential sensitivity. This would be accomplished through
western blot experiments.
In addition to mediating oncolytic effects against our RCC cell line panel,
reovirus infection in RENCA cells also resulted in the production of pro-inflammatory
cytokines. In our study the RANTES, MIP-1α, MCP-1, KC, IP-10 and MIG chemokines
were chosen to be quantified by luminex analysis as these have all been demonstrated to
be upregulated during reovirus infection of prostate cancer and melanoma cell lines and
importantly are known mediators of chemotaxis and innate immunity [96, 125]. (Figure.
6). As we also observed the upregulation of these chemokines, our results suggest that
similar to infection of melanoma and prostate cancer cells, reovirus replication induces an
inflammatory cell death response against RCC. Interestingly, pro-inflammatory
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chemokine and cytokine production following reovirus infection of melanoma cells has
been linked to NF-κβ and PKR activity, suggesting that similar pathways may also be
involved our observed findings in RCC. As such, a natural extension of our work would
be to determine this, which could be accomplished through siRNA and pharmacological
NF-κβ inhibitors. Beyond this, the reovirus induced chemokine/cytokine repertoire has
also been demonstrated to mediate NK and DC chemotaxis as well as adaptive immunity.
Indeed, we also observed that supernatants from RCC cells infected with reovirus initiated
CD8+ splenocyte and NK cell migration in transwell plates supporting that these
chemokines may similarity facilitate innate and adaptive immunity in RCC (Figure. 10);
however, these results were not replicated nor were in vitro cytolysis assays for adaptive
immunity conducted. Hence, additional studies are therefore needed to confirm our initial
observations but also to determine the precise chemokines/cytokines supporting both
innate and adaptive immune responses against RCC. This is of particular importance as
such knowledge would allow for strategies to target or utilize these chemokines to
augment the anti-tumour reovirus mediated immune response; and likewise damped the
anti-viral immune response. Studies employing anti-chemokine/cytokine antibodies would
accomplish this.
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Figure 10. Supernatant from ACHN cells infected with reovirus for 48 hours induce
chemotaxis of CD8+ and CD56+ peripheral blood mononuclear cells across a 3&micro;m
transwell membrane. Supernatants were harvested from ACHN cells cultured for 48
hours in the presence of DV [1 MOI] or RV [ED50 or 1 MOI]. PBMCs were harvested
from healthy human subjects and cultured for 2 days. For transwell experiments, 600 &micro;l of
supernatants were placed in bottom chamber of 24 well plates and 1.5x106 PBMCs were
placed in upper chamber inserts. After 6 hours, inserts were removed and migratory CD8+
(panel A) and CD56+ (panel B) cells were counted via flow cytometry. N = 1.
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To better understand the direct cytotoxic effects of reovirus-sunitinib combination
therapy against RCC we utilized the Chou and Talalay method, a widely employed
method for assessing synergy [126]. In our studies, we found that in all cell lines a
synergistic cytotoxic response was achieved (combination index &lt; 1), however, this was
dose dependent (Figure. 8B). Given the widespread activity of sunitinib against multiple
tyrosine kinases, it is likely that our differential results are secondary to complex
signalling interactions dependent on the baseline pathway activation status of each cell
line. Likely contributing pathways include those which sunitinib predominantly acts upon
including the VEGF and PDGF pathways, which depending on their activation status,
may sensitize cells to reovirus oncolysis [128]. From a translational perspective,
understanding the molecular biology dictating our observations is crucial as novel
biomarkers to predict which tumours would produce this synergistic response would be
necessary. Moreover, these details would provide insight into the molecular mechanisms
dictating reovirus sensitivity allowing for the development of strategies to circumvent
resistance. While such molecular studies were not completed, plaque titration assays
following combination treatment of our RCC cell lines demonstrated that sunitinib did not
modulate reovirus titer during, suggesting this direct activity is independent of viral
replication (Figure. 9). As reovirus mediated apoptosis has previously been well
characterized in other cancer cell lines [111, 114, 120], we hypothesize this synergy may
reside in sunitinib’s ability to enhance reovirus induced apoptosis and current
experimentation in our laboratory is exploring this as the potential mechanism underlying
these findings. Indeed preliminary results support this hypothesis as demonstrated in
figure 11.
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Figure 11. Sunitinib augments reovirus mediated apoptosis in the ACHN RCC cell
line. A) ACHN cells were treated concomitantly with RV [ED50 or 100 MOI], sunitinib
[ED50] or there combination for 48 hours and assessed for apoptosis via TUNEL assay
utilizing flow cytometry. DV [100 MOI], 1% DMSO or their combination were used as
controls. Positive and negative controls were provided with Invitrogen&reg; TUNEL assay kit
to serve as relative markers of apoptosis. N = 1.
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Collectively, our in vitro results highlight the ability to target RCC with reovirus
for direct oncolysis. Moreover, our findings suggest that sunitinib can augment reovirus
oncolysis against RCC in a dose and cell line dependent manner. These studies represent
the first pieces of evidence to support the clinical use of reovirus against RCC; however,
many questions remain unanswered with respect to the mechanisms underlying our
observations. Hence, continued work in our laboratory will focus on addressing the
aforementioned proposed experiments.
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Chapter 3.
In vivo evidence for the use of reovirus as a monotherapy and in combination with
sunitinib for the treatment of renal cell carcinoma.
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3.1 Introduction.
As highlighted in Chapter 1, many RCC tumour microenviromental factors exist
which act to limit the efficacy of OV, including reovirus. Moreover, with an increasing
knowledge that oncolytic viruses act to initiate therapeutic anti-tumour immune responses
the study of reovirus interaction with the tumour microenvironment is of great
significance. Hence, while our in vitro results highlight reovirus as a promising therapy
for RCC, in vivo studies validating these results are necessary.
Many murine tumour model studies have demonstrated the ability of reovirus to
reduce tumour burden and improve overall survival when administered either
intratumourally or intravenously. Recently, studies employing immunocompetent murine
models have demonstrated the importance of virus mediated innate and adaptive antitumour immune responses in facilitating reovirus therapeutic efficacy, which has resulted
in a paradigm shift in the field of oncolytic viruses to utilizing these agents as novel
immunotherapeutics [15, 16]. Interestingly, the generation of anti-tumour immunity
during reovirus administration has also been demonstrated clinically in a phase I trial of a
single intra-prostatic injection of reovirus that involved 6 patients with localized prostate
cancer [115]. In this study, despite the robust anti-viral neutralizing antibody response that
was seen, a significant number of intra-prostatic CD8+ T-cell infiltrates were present
following reovirus injection. Moreover, in a phase I clinical trial of intravenous reovirus
administration to patients who previously received myelotoxic chemotherapy and
radiotherapy, an increase in the CD8+ T- and NK-cell population in the peripheral blood
was seen [129]. Hence, evidence exists to support the feasibility of achieving reovirus
mediated immune targeting of solid malignancies clinically, which is of particular
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importance in RCC given the immunological responsiveness of this malignancy as
outlined in Chapter 1.
To
date,
little
work
has
investigated
mechanisms
to
enhance
the
immunotherapeutic efficacy of reovirus. Instead, novel combination approaches have
focused on enhancing reovirus direct oncolysis or systemic delivery through downregulating neutralizing antibodies as has been achieved with both cyclophosphamide and
cisplatin [130, 131]. Hence, novel strategies to augment reovirus mediated innate and
adaptive immunity are needed. Interestingly, sunitinib, a multi-tyrosine kinase inhibitor
targeting VEGF, PDGFR, C-KIT, RET, CSF-1R and FLT-3 and first line therapy for
mRCC, has been demonstrated to augment the adaptive anti-tumour immune response
generated by immunotherapies offering promise in this regard [132]. While this drug has
traditionally been considered a potent anti-angiogenic agent, recent clinical studies have
highlighted its profound immune modulatory effects. Indeed following two 28 day cycles
of oral sunitinib therapy at 50 mg, mRCC patients display an increase in the percentage of
IFN-γ producing T-cells relative to treatment naive patients [98]. Moreover, the immune
suppressive type-2 T-cell cytokine response and accumulation Tregs that is characteristic
of mRCC patients is reversed following sunitinib therapy [98]. Interestingly, this reversal
of immune suppression correlates with sunitinib’s ability to downregulate MDSC, which
are also characteristically upregulated in mRCC [133]. Accordingly, this evidence has
generated significant interest in targeting myeloid derived suppressor cells with this agent
to reverse the mRCC induced immunosuppressive microenvironment to enhance the antitumour immune response generated by immunotherapeutics [132]. The feasibility of this
combination approach has been demonstrated in an immunocompetent murine model of
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RCC (RENCA) in which sunitinib down regulation of MDSC and Treg enhanced
intratumoural infiltration and activation of adoptively transferred CD8+ T-cells, leading to
a decrease in tumour burden [134]. Furthermore, sunitinib has also been demonstrated to
reduce tumour burden and improve overall survival in mouse models of melanoma,
hepatocellular carcinoma and colorectal metastasis following immunotherapeutic
administration, highlighting the efficacy and widespread utility of this approach [132,
135-136]. Based on this work, the hypothesis that sunitinib enhances the
immunotherapeutic efficacy of reovirus was developed.
The studies outlined in this Chapter were preformed to provide preclinical
evidence that reovirus has therapeutic activity against RCC in vivo and is capable of
priming adaptive anti-tumour immune responses against this disease. Additionally, the
utility of combining reovirus with sunitinib in order to achieve decreased tumour burden,
improved overall survival and enhanced adaptive anti-tumour immunity in a syngeneic
immunocompetent murine model of RCC was assessed. Overall, this line of
experimentation was undertaken to provide proof-of-principle for the use of reovirus as
both a monotherapy and in combination with sunitinib given the known barriers present
within the in vivo RCC tumour microenvironment.
The RENCA model of renal cell carcinoma was chosen given its ability to
represent the immune microenvironment of RCC. This syngeneic immunocompetent
murine model is characterized by the subcutaneous implantation of the murine renal
adenocarcinoma cell line RENCA. This murine renal cell carcinoma experimental model
was first described in 1973 and is still considered to be the gold standard for studying
immunotherapeutics against RCC preclinically [137]. Importantly, the use of sunitinib to
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downregulate MDSC and reverse tumour induced immunosuppression has been
demonstrated in the RENCA model highlighting its appropriateness for our line of
experimentation [138].
3.2 Methods.
3.2.1 In vivo studies in a syngeneic immunocompetent murine mouse model.
All mice in these studies were housed in pathogen-free conditions with food and
water ad libitum and treated within procedural guidelines that were approved by the
University of Calgary Animal Care Committee. For all experiments, 2.5 x 106 RENCA
cells were implanted into the right hind-flank of Balb/c (Charles River, Montreal, QC)
mice on day 0. Once tumours were palpable (day 5), therapy was initiated. Mice were
grouped into cohorts of 3-6 and treated with PBS [i.p], DV [5 x 108 i.t or i.v], RV [5 x 108
PFU i.t or i.v], sunitinib [20-60 mg/kg i.p] or a combination of these agents as per each
the following experimental protocols (outlined in results section): sunitinib dose response
experiment, combination therapy experiment, adoptive transfer experiment. For all studies
bi-weekly caliper measurements were taken to monitor tumour burden and mouse weights
were recorded to monitor treatment toxicity.
For the sunitinib dose response experiment, mice were implanted with RENCA
bearing tumours as described above and treated daily for a total of 12 days with sunitinib
at doses of either 20, 40 or 60 mg/kg i.p (6 mice/group) and tumour size was followed.
Spleens were then harvested and analyzed for MDSC by flow cytometry as per protocol
described below (section 3.2.3). Technical assistance was provided by Zhong Qiao Shi.
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For the combination therapy experiment, cohorts of 6 Balb/c mice were implanted
with RENCA tumours and treated with PBS [i.p], sunitinib [40 mg/kg i.p], DV [5 x 108
pfu i.t or i.v], RV [5 x 108 pfu i.t or i.v], or a combination of these agents. Sunitinib was
given daily for 14 consecutive days starting on day 5 post RENCA implantation whereas
reovirus was administered on post RENCA implantation day 8, 11 and 15. On post
RENCA implantation day 18, 3 mice were sacrificed from each group for analysis of
CD8+ splenocyte IFN-γ production and MDSC quantification whereas 3 mice were
followed for overall survival. This experiment was conducted a second time with 5 mice
per group for additional overall survival analysis. Technical assistance was provided by
Zhong Qiao Shi.
For the adoptive transfer experiment, spleens were extracted 19 days after
RENCA implantation from mice treated with PBS, DV, RV or sunitinib as described for
the combination therapy experiment (3 mice/group). Pooled single cell suspensions of
mononuclear splenocytes were then generated by passing mechanically separated spleens
through 100 &micro;m cell strainers (BD, Franklin Lakes, NJ) followed by centrifugation over a
ficoll-hypaque gradient (GE Healthcare, Uppsala, Sweden). 1 x 107 mononuclear
splenocytes in 100 &micro;l PBS were then administered intravenously via tail-vein into
recipient Balb/c mice corresponding to each treatment group (5 mice per group). 4 days
later, all recipient mice were challenged with an implantation of 2.5 x 106 RENCA cells
into the right hind-flank and followed for tumour burden. A schema for this experiment is
outlined in figure 17A page 84. Technical assistance was provided by Zhong Qiao Shi
and Wenqian Chen.
3.2.2 CD8+ cell enrichment.
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Spleens were extracted 18 days after implantation from 3 mice in each treatment
group of the combination therapy experiment. Pooled single cell suspensions were
generated by passing mechanically separated spleens through 100 &micro;m cell strainers (BD,
Franklin Lakes, NJ). Splenocyte suspensions were then enriched for CD8+ cells using an
EasySep&reg; (Stem Cell Technologies, Vancouver BC) Mouse CD8+ Selection Kit via an
EasySep&reg; magnet as per manufacturer’s protocol. Briefly, splenocytes were incubated
with 50 &micro;l/ml of CD8 PE labelling solution for 15 minutes followed by an second 15
minute incubation period with 100 &micro;l/ml of EasySep&reg; PE selection cocktail. EasySep&reg;
magnetic nanoparticles at a concentration of 50 &micro;l/ml were then added to this suspension
and after 10 minutes of incubation cells were pelleted by centrifugation and placed in the
EasySep&reg; magnet for 5 minutes. After 3 cycles of re-suspension and magnetic separation,
the supernatant was discarded completing the isolation CD8+ selected splenocytes.
Technical assistance was provided by Jason Spurrell.
3.2.3 Flow cytometry for MDSC enumeration.
For MDSC analysis, spleens were extracted 18 days after implantation from 3
mice in each treatment group of the combination therapy experiment. Pooled single cell
suspensions were generated by passing mechanically separated spleens through 100 &micro;m
cell strainers. Following this, 1 x 106 splenocytes were stained with FITC-labelled rat antimouse CD11b and PE-labelled rat anti-mouse Gr-1 or FITC-labelled rat IgG2b and PElabelled rat IgG2b (BD, Franklin Lakes, NJ). Flow cytometric analysis was performed
after stained cells were washed twice with PBS. Two colour plot analysis on gated cells
was used to obtain the percentage of MDSC within the white blood cell population (%
MDSC).
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3.2.4 IFN-γ ELISA.
Spleens were extracted 18 days after implantation from 3 mice in each treatment
group of the combination therapy experiment. Pooled single cell suspensions were
generated by passing mechanically separated spleens through 100 &micro;m cell strainers and
CD8+ splenocytes were enriched as described above. Culture supernatants from CD8+
enriched splenoctyes incubated for 24 hours with RPMI media, RENCA cells or reovirusinfected RENCA cells were assayed for IFN-γ protein by ELISA as per manufacturer’s
protocol (R&amp;D, Minneapolis, MN) at room temperature. Briefly, 100 &micro;l of capture
antibody at 8 &micro;g/ml was added to wells in a 96-well plate. Following this, capture
antibody was washed out and kit standards and experimental samples were added to 96well plate in 100 &micro;l volumes and incubated for 2 hours. 0.8 &micro;g/ml of detection antibody
was then added to wells and plates were incubated for 2 hours after which supernatants
were replaced with 100 &micro;l of avidin peroxidise at 1.5 &micro;g/ml. After a 30 minute incubation
period, ABTS substrate was added to each well and a Bio-rad&reg; reader was utilized to
obtain absorbance (495 nm) values. The sensitivity of the assay was 31.25 pg/ml or
higher. Technical assistance was provided by Jason Spurrell.
3.2.5 Statistics.
Statistical analysis was performed utilizing unpaired two-tailed t-tests and
ANOVA analysis to determine significance between experimental groups. To determine
significant in vivo survival benefits log-rank and Kaplan-Meier analysis was preformed.
Statistical significance was defined as p-values being &lt; 0.05 unless otherwise stated. Dr.
Cay Egan conducted the ANOVA analysis.
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3.3 Results.
3.3.1 Reovirus demonstrates therapeutic efficacy as a monotherapy and in combination
with sunitinib against an immunocompetent translational model of RCC.
The subcutaneous implantation of murine RCC cells (RENCA cell line) into the
hind flank of Balb/c mice is a well described syngeneic immunocompetent model for
studying immunotherapies against RCC preclinically [137-138]. Utilizing this model we
investigated whether reovirus had therapeutic efficacy against RCC in vivo and
determined the ability of sunitinib to augment this activity. In order to assess the optimal
dose of sunitinib to administer during combination therapy with reovirus mice were
treated with escalating doses of sunitinib [20, 40 or 60 mg/kg] and tumour burden was
followed. This dose range was chosen as it is clinically relevant and has also been utilized
in the RENCA model [138]. A dose of 40 mg/kg of sunitinib significantly decreased
tumour burden did not eradicate tumours (Figure. 12A) and as such was chosen for
subsequent experiments. Importantly, this dose also downregulated tumour induced
splenic MDSC, highlighting its potential for augmenting reovirus generated immunity as
previously described in this model [138] (Figure. 12B).
Administration of sunitinib prior to immunotherapy has been demonstrated to be
superior in augmenting the anti-tumour immune response [139]. Hence, in our
combination therapy experiments we administered sunitinib prior to treatment of mice
with reovirus in order to achieve any potential immune modulatory effects previously
described with this agent. For these experiments, RENCA tumour bearing Balb/c mice
were treated with sunitinib [i.p], reovirus [i.t or i.v] or a combination of these agents. DV
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[i.t or i.v] was administered as a control. Sunitinib treatment was initiated once palpable
tumours were present (day 5) and continued for 14 days while reovirus treatment was
initiated three days following this and given a total of three times. Importantly, relative to
DV and PBS controls, reovirus given as a monotherapy significantly reduced tumour
burden when administered either i.t or i.v (P &lt; 0.05 by day 18 by t-test) (Figure. 13). This
effect was more robust with i.t administration. Similarly, a trend overall survival benefit
was only observed with i.t reovirus administration when analyzed by Kaplan-Meier
analysis (Figure. 14). Furthermore, tumour burden in those mice receiving both sunitinib
and reovirus (both i.t and i.v) therapy was reduced more significantly than either of these
agents used as a monotherapy (P &lt; 0.05 by day 18 by t-test), highlighting the superior
therapeutic efficacy achieved with this combination approach (Figure. 13). Of note, these
results were also significant by one-way ANOVA analysis (P &lt; 0.05). Additionally, a near
significant overall survival benefit was demonstrated for those mice receiving reovirus
administered i.t in combination with sunitinib versus either agent used as a monotherapy
when analyzed by Kaplan-Meier log-rank analysis (P = 0.051) (Figure. 14). This overall
survival benefit was not demonstrated for reovirus i.v in combination with sunitinib,
suggesting durable therapeutic effects in the RENCA model requires i.t administered
reovirus.
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Figure 12. Sunitinib downregulates MDSC and decreases tumor burden in the
RENCA murine model. A) Balb/c mice bearing RENCA RCC s.c tumors (2.5 x 106
cells) were treated with daily sunitinib [20-60 mg/kg i.p] starting on post RENCA
implantation day 5 and lasting for 12 days. PBS (1% DMSO) was used as a vehicle
control for sunitinib. Tumor size was measured with calipers. N = 6 mice per group. B)
On day 16 post RENCA implantation mice were sacrificed and the percentage of Gr1+/CD11b+ splenocytes (MDSC) were quantified by flow cytometry from pooled spleens
of mice from each group in panel A. N = 6 mice per group. Error bars = SEM of tumors
within each group. Suni = Sunitinib. A no tumor group was included as negative control
for MDSC.
75
Figure 13. Reovirus combined with sunitinib results in a synergistic decrease in
tumor burden in the RENCA murine model. Balb/c mice were implanted with RENCA
(2.5 x 106 cells) s.c tumors and treated with PBS (1% DMSO) [i.p], sunitinib (S) [40
mg/kg i.p], DV [5 x 108 pfu i.t or i.v], RV [5 x 108 pfu i.t or i.v], or a combination of these
agents. Tumor size was followed with caliper measurements. Sunitinib was given daily
for 14 consecutive days starting on day 5 post RENCA implantation (indicated by red
arrow). RV was administered three times (indicated by blue arrows). N = 6 mice per
group. Error bars = SEM of tumors within each group.
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Figure 14. Overall survival analysis for mice receiving reovirus and combination
therapy. Balb/c mice were implanted with RENCA (2.5 x 106 cells) s.c tumors and
treated PBS (1% DMSO), sunitinib (S) [40 mg/kg i.p], DV [5 x 108 pfu i.t or i.v], RV [5 x
108 pfu i.t or i.v], or a combination of these agents. Sunitinib was given daily for 14
consecutive days starting on day 5 post RENCA implantation. RV was administered three
times as shown in figure 13. Overall survival was followed. N = 8 mice per group (3
mice/group for RV or DV administered i.v). Analysis represents data pooled from two
independent experiments involving 3 and 5 mice, respectively.
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3.3.2 Sunitinib augments reovirus mediated anti-tumour immune response against RCC
through reversal of tumour induced immunosuppression.
As reovirus infection of transformed cells results in the production of proinflammatory cytokines and priming of innate and adaptive immunity [125], we next
determined the anti-tumour immune response generated by reovirus treatment of RCC in
vivo. Mice receiving sunitinib, reovirus (i.t or i.v) or combination therapy were sacrificed
at day 18 post RENCA implantation and CD8+ splenocytes were harvested and cocultured with reovirus, RENCA cells or reovirus infected RENCA cells for antigenic
stimulation prior to IFN-γ ELISA. The spleen was chosen as a source of CD8+
lymphocytes as combination therapy eradicated RENCA tumours. In mice receiving
reovirus therapy administered i.t a significant IFN-γ response was demonstrated from
harvested CD8+ splenocytes following stimulation with reovirus infected RENCA cells (P
&lt; 0.05 relative to control by t-test) (Figure. 15). This activity was not demonstrated for
CD8+ cells stimulated with reovirus or RENCA cells alone (data not shown), nor was
significant response seen when reovirus was administered i.v. (Figure. 15). Interestingly,
sunitinib therapy significantly augmented i.t administered reovirus generated anti-tumour
immunity, as a robust increase in IFN-γ production (4-fold) in those mice that received
reovirus in combination with sunitinib was observed (P &lt; 0.05 by t-test) (Figure. 15). Of
note, the IFN-γ response seen in CD8+ splenocytes from mice receiving combination
therapy was also only observed upon stimulation with reovirus infected RENCA cells,
consistent with our findings in the reovirus treated mice. In those mice receiving,
sunitinib, DV, reovirus or control minimal or no IFN-γ response was demonstrated
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(Figure. 15). Taken together, these results highlight that reovirus generates an adaptive
anti-tumour immune response against RCC that is augmented by sunitinib.
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Figure 15. Anti-tumor splenic CD8+ cell IFN-γ production in mice receiving reovirus,
sunitinib or their combination. CD8+ cells were separated from pooled spleens of mice
from each group depicted in figure 11 and stimulated with RV infected RENCA cells for
24 hours. IFN-γ production was quantified by IFN-γ ELISA. N = 3 mice. * = P &lt; 0.02
relative to RV [i.t]. Error bars = SEM of IFN-γ response within a group. Technical
assistance was provided by Jason Spurrell.
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As sunitinib is known to reverse tumour induced immunosuppresion by targeting
MDSC [138], we quantified levels of splenic MDSC in mice receiving reovirus, sunitinib
and combination therapy to determine their correlation to the CD8+ splenocyte IFN-γ
production. Again, splenic MDSC where chosen as combination therapy eradicated
RENCA tumours. In those mice receiving reovirus administered either i.v or i.t a
significant increase in splenic MDSC was observed relative to RENCA bearing control
mice (P &lt; 0.05 by t-test), highlighting an accumulation of these cells following reovirus
therapy (Figure. 16). Interestingly, in those mice receiving sunitinib or combination
therapy, this response was not observed and levels of MDSC were substantially reduced
to levels nearing mice bearing no tumour at all (Figure. 16). These results suggest that
treatment of mice with sunitinib during reovirus administration prevents the accumulation
of MDSC, highlighting their potential involvement in the enhanced IFN-γ response
demonstrated with combination therapy.
To determine the therapeutic significance of the enhanced adaptive immune
response seen with combination therapy, adoptive transfer experiments were conducted to
assess for protective immunity as previously described [96]. Mice were treated with
reovirus (i.t), sunitinib, DV, control or a combination of these agents for 19 days post
RENCA implantation after which splenoctyes were isolated and intravenously transferred
into treatment-na&iuml;ve mice (schema depicted in Figure. 17). Mice were not treated with
reovirus administered i.v as our previous experiments did not demonstrate an appreciable
IFN-γ adaptive anti-tumour immune response in this group. Following treatment, mice
were challenged with s.c injection of RENCA cells and followed for tumour burden.
Interestingly, only those mice receiving splenocytes from mice treated with combination
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therapy demonstrated a reduced tumour growth rate relative to control, highlighting an
established protective immune response in this group (P &lt; 0.05 relative to all other groups
by t-test) (Figure. 18). Of note, these results were not significant by one-way ANOVA
analysis. No statistically significant overall survival benefits were observed for the other
treatment groups relative to control groups in this experiment.
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Figure 16. Splenic MDSC in mice treated with reovirus, sunitinib or their
combination. Gr-1+/CD11b+ splenocytes (MDSC) were quantified by flow cytometry
from pooled spleens of mice from each group as depicted in figure 11. N = 3 mice. Mice
bearing no tumors were utilized as negative controls for MDSC. * = P &lt; 0.001 relative to
RV [i.t and i.v]. In both panels error bars = SEM of % MDSC within a group.
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Figure 17. Adoptive transfer experiment schema. Adoptive transfer experimental
schema adapted from Gujar et. al. 2011, Molecular Therapy [96]. Briefly, mice (donor)
were implanted with RENCA tumors and treated as shown in figure 11. On day 19,
splenocytes were harvested and transferred to treatment naive mice (recipient), followed
by RENCA (2.5 x 106 cells s.c.) tumor challenge. Arrows depict treatment given. X
denotes treatment end. 5 x 108 pfu RV i.t administered. 40 mg/kg of sunitinib (Sun)
administered. PBS (1% DMSO) and DV i.t (5 x 108 pfu) administered as controls.
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Figure 18. Combination therapy induces a protective immune response against
tumor re-challenge. Tumor size in recipient mice challenged with RENCA cells s.c. as
per figure 17. * = P &lt; 0.05 by two-tailed t-test between all groups. N = 6 mice/group.
Technical assistance was provided by Zhong Qiao Shi and Wenqian Chen.
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3.4 Discussion.
The therapeutic utility of our in vitro studies was confirmed in vivo utilizing the
RENCA syngeneic immunocompetent murine model of RCC. Here we established that
treatment of mice with either reovirus administered i.v or i.t resulted in significant
decreases in tumour burden relative to both PBS and DV controls (Figure. 13).
Furthermore, in those mice receiving reovirus administered i.t, a robust production of
IFN-γ was observed following stimulation of CD8+ splenocytes with reovirus infected
RENCA cells (Figure. 15), highlighting the ability to generate a systemic adaptive antitumour immune response against RCC with this agent. Of note, when CD8+ splenocytes
from these same mice were stimulated with reovirus or RENCA cells alone as an antigen
no IFN-γ response was seen (data not shown). This suggests that the by-products of
reovirus oncolysis, such as danger associated molecular pattern molecules (DAMP)
and/or sequestered tumour associated antigens (TAA) are required for priming of adaptive
anti-tumour immunity. Importantly, these studies also suggest reovirus mediated adaptive
immunity in the RENCA model is not dependent on viral antigens alone. Indeed, it has
been demonstrated that culture media from reovirus infected melanoma cells filtered to
removal viral antigen is capable of priming both innate and adaptive immune responses,
supporting this hypothesis [125]. The immunotherapeutic activity of reovirus against RCC
described here is of particular translational importance as patients with metastatic RCC
have demonstrated complete durable responses following cytokine immunotherapy (IL-2)
[12]. This cytokine immunotherapy responsiveness coupled with the success of
experimental immunotherapies such as anti-cancer vaccines against RCC [11-12],
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highlights the attractiveness of reovirus mediated immune targeting and direct oncolysis
as a novel therapeutic strategy against this disease.
The contribution of the reovirus primed adaptive anti-tumour immune response in
mediating the observed reductions in tumour burden seen in our experiments was not
investigated. This would require CD8+ and CD4+ depletion experiments utilizing
antibodies to target and remove these immune cell populations prior to the treatment of
tumours. Such experiments would allow the assessment of tumour burden following
reovirus administration in the absence of these immune effectors which would allow
conclusions to be drawn on their involvement in our observed therapeutic results.
Furthermore, as the antigen responsible for the IFN-γ CD8+ splenocyte activity we
observed in our experiment is unknown, the use of a RENCA-ova tumour cell line would
allow for confirmation of an anti-tumour associated antigen response following reovirus
infection. While our results indeed suggest that an anti-tumour associated antigen
response is occurring, such experiments would provide further direct evidence to support
this hypothesis.
Likewise, investigations confirming reovirus replication and apoptosis induction
in tumour specimens were not conducted. As such, the contribution of reovirus mediated
direct oncolysis in mediating our observed anti-tumour effects can only be inferred.
Immunohistochemical experiments for reovirus proteins as well as activated caspases as
has been conducted previously in our laboratory would address these questions. However,
these experiments would need to be conducted at serial time points to ensure adequate
tumour tissue, given that a number of tumours were eradicated following treatment end.
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Interestingly, the adaptive anti-tumour immune response against RCC was only
observed when reovirus was administered i.t, despite the inhibition of tumour growth
observed upon i.v administration (Figure. 15). We hypothesize that higher viral loads in
tumours receiving reovirus directly allows for a more robust intratumoural inflammatory
response, thereby leading to more effective adaptive immune priming. Our results contrast
previous studies in C57BL/6 mice in which adaptive immune responses against melanoma
tumours following a single i.v reovirus injection have been described, highlighting the
immune response to reovirus differs between murine models [140]. Furthermore, as
previous studies have not directly compared differences in the magnitude of reovirus
generated anti-tumour immune responses between the i.v and i.t route, our results provide
evidence that route of reovirus administration significantly impacts the ability to generate
anti-tumour immune responses. As such, methods of optimizing i.v delivery of reovirus
such as the use of cyclophosphamide, white blood cell carriers or nanoparticle carriers
may need to be utilized if sufficient titers cannot be reached in clinical settings where
systemic delivery to solid tumors is vital.
Additionally, experiments employing xenograft murine models utilizing human
RCC cell lines and/or ex vivo human RCC tissue specimens are required to more
accurately determine the applicability of our results to human RCC being treated
clinically. Indeed such murine models have been utilized to test therapeutics against RCC
preclinically highlighting the plausibility of conducting these experiments [141]. While
the RENCA model allows for the study of reovirus-tumour interaction and conclusions
regarding proof-of-principle to be made, this model inaccurately reflects human RCC,
highlighted by the drastic differences in reovirus sensitivity in vitro we observed in
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Chapter 2. As such, while our results demonstrate an in vivo therapeutic effect of reovirus
and generation of an adaptive anti-tumour immune response, it must be considered that
the RENCA cell line is far more sensitive to reovirus than the human RCC cell lines.
Future experiments in our laboratory aim to address this problem with the use of the
aforementioned xenograft models.
Importantly, the RENCA model allowed for testing the hypothesis that sunitinib
could augment reovirus mediated anti-tumour immunity and in vivo therapeutic efficacy.
As mentioned, sunitinib is capable of reversing tumour induced immune suppression in
patients with mRCC [98]. This activity resides in its ability to downregulate the levels of
circulating MDSC, which have been demonstrated to orchestrate mRCC immune
suppression through direct T-cell inhibition as well as stimulating the upregulation of
Tregs [98-133]. Accordingly, in our experiments we chose a dose of sunitinib that was
capable of downregulating MDSC to determine the effect of sunitinib on reovirus
generated anti-tumour immunity (Figure. 12A-B). In our study we initiated sunitinib
therapy prior to reovirus administration to achieve the greatest augmentation of antitumour immunity as has been demonstrated for other immunotherapies [139]. Consistent
with an inflammatory cell death, we found that both i.v and i.t reovirus administration in
vivo induced a marked rise in splenic MDSC (Figure. 16). Indeed this rise in MDSC was
significantly downregulated by combination of reovirus with sunitinib and a concomitant
augmentation in the IFN-γ response from isolated anti-tumour CD8+ splenocytes relative
to reovirus monotherapy was achieved. Similar to reovirus monotherapy however, this
IFN-γ response was only observed for i.t administration. As demonstrated by figure 13,
combination therapy also resulted in a statistically significant reduction in tumour burden
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highlighting an improved therapeutic effect of combination therapy relative to reovirus or
sunitinib as a single agent. Further supporting this is the finding that mice receiving
combination therapy also have significantly improved overall survival (Figure. 14).
Unfortunately, this was not statistically significant by Kaplan-Meier log-rank analysis (P
= 0.051), however, given the obvious trend in the data it can be inferred that this is due to
the experiment being underpowered. As such, taken collectively these findings highlight
the attractiveness of combining sunitinib with reovirus not only for improved therapeutic
efficacy but also for augmentation of reovirus generated anti-tumour adaptive immunity
against RCC, through downregulation of MDSC.
Although our studies highlight enhanced therapeutic and adaptive anti-tumour
immune responses following combination of reovirus with sunitinib, the mechanisms
responsible for this activity were not confirmed. Indeed our results suggest an
involvement of sunitinib mediated MDSC downregulation as a potential mechanism
responsible for the enhanced immune response; however, confirmation of our findings
through Gr-1 depletion experiments or through utilizing sunitinib resistance MDSC would
be required. Interestingly, MDSC resistance to sunitinib has been demonstrated to result
from STAT5 dependent signalling activity as opposed to STAT3 [142]. This activity has
been shown to be driven by GM-CSF production within tumours [142]. As such, ex vivo
treatment of isolated RENCA MDSC with GM-CSF and adoptive transfer into mice
receiving combination therapy would allow direct conclusions to be made regarding our
observations regarding sunitinib’s ability to target native MDSC to reverse tumour
induced immunosuppression and enhance adaptive anti-tumour immunity. Furthermore, to
address the involvement of direct synergistic effects of reovirus and sunitinib on RENCA
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cells in vivo, as was demonstrated in our in vitro experiments, immunohistochemical
studies quantifying cytotoxic/apoptotic cells would be required. Moreover, comparisons
of our RENCA in vivo experimental results compared to combination therapy experiments
in xenograft models would provide insight into the involvement of immune interactions in
mediating our observed enhanced therapeutic efficacy.
The aforementioned studies to address enhanced in vivo reovirus mediated direct
oncolysis are of particular relevance when considering our observed reductions in tumour
burden in mice treated with i.v reovirus and sunitinib who did not have appreciable
immune responses. Moreover, the ability of sunitinib to enhance systemic delivery of
reovirus must be considered as well given that this agent has been demonstrated to
normalize aberrant tumour vasculature resulting in improved intratumoural delivery of
chemotherapeutics in murine models of RCC [143]. Serial immunohistochemical and
viral progeny assays conduced daily on RENCA tumours during combination therapy to
assess tumour vasculature and viral titre, respectively would provide indirect insight into
the involvement of this process in our observed results.
While reovirus mediated adaptive anti-tumour immune responses following
administration of this agent as a monotherapy have been demonstrated to result in
protective immune responses in models of melanoma and prostate cancer, this was not
seen in the RENCA RCC model [95-96]. However, given the relative aggressive nature of
RENCA tumours, this result is not surprising. On the other hand, consistent with the
improved anti-tumour adaptive immune response, protective immunity was demonstrated
with the use of reovirus when combined with sunitinib. While this result was significant
by multiple t-tests, it must be noted that by one-way ANOVA significance was not
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reached. Again, similar to the overall survival experiments, given the obvious trend in the
data it can be inferred that the experiment was underpowered. As such, our adoptive
transfer results do indeed demonstrate that a therapeutic immunosurveillance benefit is
achievable through utilizing reovirus in combination with sunitinib.
Overall, the observations made utilizing the RENCA model of RCC provide
further evidence to support the use of reovirus as both an oncolytic and
immunotherapeutic agent against this disease. Moreover, these results highlight the
potential for combining this agent with sunitinib for augmentation of these effects. Indeed,
both the application of reovirus against an immunocompetent murine model of RCC as
well as the use of sunitinib to enhance the immunotherapeutic potency of an OV have not
been reported, highlighting the novelty of this work. As described above, these studies
provide the foundation for much research to be conducted to further understand the
interaction between OVs and the tumour microenvironment.
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Chapter 4.
Concluding remarks and future directions.
Excerpts from this Chapter were published as a review in July 2012 in the Journal Expert
Opinion on Biological Therapy. K. Lawson and D. Morris (2012). &quot;Oncolytic Virotherapy
for Renal Cell Carcinoma: A Novel Treatment Paradigm?&quot; Expert Opin Biol Ther
2012;12(7):891-903.
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With a survival rate of less than 10% at 5 years, mRCC remains a significant
health burden necessitating the development of novel therapeutic strategies [7, 13]. To
date, nearly all cancer treatment modalities including radiotherapy, cytotoxic
chemotherapy, immunotherapy and targeted therapy have failed to significantly improve
the overall survival of these patients underscoring the therapeutic resistance of this
malignancy. Of the multitude of experimental therapeutics being developed on a
preclinical level, the use of oncolytic viruses is particularly appealing given their ability to
target tumours in a multi-mechanistic manner. Interestingly, a number of OV have
demonstrated efficacy against RCC as reviewed in Chapter 1, making the application of
these novel biologic agents against this disease attractive. This thesis aimed to explore the
therapeutic utility reovirus, of one of the most clinically advanced OV being investigated
to date, against RCC. Moreover, given the current use the multi-tyrosine kinase inhibitor
sunitinib in the management of mRCC, we sought to determine the synergistic antitumour potential of this agent in combination with reovirus. Relevant in vitro and in vivo
models of RCC were utilized to answer our proposed hypotheses.
The findings presented in Chapter 2 demonstrate that reovirus is capable of
inducing a lytic infection in both human and murine cancer cell lines. Given the extensive
array of cancer cell lines and tumour sites already demonstrated to be sensitive to reovirus
oncolysis, these results further validate the significant potential of oncolytic virotherapy
as a cancer modality. Moreover, utilizing the Chou and Talalay method, we demonstrated
a cell line specific ability of sunitinib to act synergistically with reovirus to initiate a
cytotoxic response against RCC. This work therefore supports ongoing efforts of the field
to search for novel combination approaches to enhance in vitro OV sensitivity,
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particularly targeted agents such as sunitinib. As such, the use of this novel approach
against previously reported cancer cell lines resistant to reovirus oncolysis is warranted.
Indeed, the proposed molecular mechanism studies highlighted in Chapter 2 would also
aid in the application of this novel combination approach to other cancer cell lines.
The observed chemokine upregulation in RENCA cells infected with reovirus and
our data highlighting reovirus supernatants promote CD8+ and CD56+ cell migration
support the hypothesis that reovirus oncolysis induces an pro-inflammatory innate
immune response against RCC. The interaction of OVs with the innate immune system is
of growing interest to many researchers in the field given the potential to control anti-viral
verses anti-tumour immunity based on the chemokine repertoire. As such, our
investigations provide preliminary data for future study into improving therapeutic innate
immunity against RCC and further validate findings in prostate cancer and melanoma
which demonstrate active chemokine production is a hallmark of reovirus therapeutic
efficacy.
The interaction of the tumour microenvironment with reovirus utilized as a
monotherapy and in combination with sunitinib was studied in Chapter 3. These
investigations employed a well characterized syngeneic immunocompetent murine model
of RCC (RENCA model). Here, reovirus was demonstrated to decrease tumour burden
which was associated with the production of an anti-tumour adaptive immune response.
Similar to the in vitro innate immune studies preformed, this work supports a growing
paradigm shift to utilize OVs as novel immunotherapies in addition to their direct
cytopathic effects. The ability to target RCC tumours via multiple mechanisms is
attractive given the previously stated resistance of this malignancy to many cancer
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treatment modalities. Moreover, significant reductions in tumour burden and
improvements in overall survival were demonstrated with combination reovirus/sunitinib
therapy further demonstrating the potential in the multi-mechanistic targeting of RCC.
Interestingly, as originally hypothesized, the ability of sunitinib to downregulate MDSC
and augment reovirus mediated anti-tumour immunity was also demonstrated. Given the
known immunogenicity of OV other than reovirus, this novel strategy offers significant
promise to enhance the immunotherapeutic efficacy of these agents and represents an
exciting step forward in the field of oncolytic virotherapy.
Moreover, given the observed success with reovirus in combination with sunitinib,
studies involving additional mRCC therapeutics are also warranted. Indeed, the use of
mTOR inhibitors such as temsirolimus and everolimus may also prove to be an
efficacious treatment strategy for RCC. This is based on recent evidence highlighting the
ability to generate CD8+ T cell memory and tumour immunity following inhibition of the
mTOR kinase [144]. This strategy was not only utilized to enhance the potency of cancer
vaccines in the RCC RENCA model, but also proved efficacious in augmenting the
polyfunctionality and quantity of anti-cancer central CD8+ memory T cells following
adenovirus administration [145-146]. As such, application of mTOR inhibitors during an
intratumoural oncolytic infection may allow for the generation an anti-tumour immune
response with an increased proportion of memory CD8+ T cells, thereby providing
improved tumour immunosurveillance in addition to the individual tumouricidal effects
provided by oncolytic viruses or mTOR inhibitors alone. Hence, future studies
investigating the combination of mTOR inhibitors and OVs for RCC are warranted.
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Unfortunately, preclinical models of cancer are unable to reliably predict the
efficacy experimental therapeutics will have once applied in the clinical setting.
Underscoring this is a recent study which demonstrated purchased cancer cell lines from
different tumour sites display more similar genetic expression profiles than the ex vivo
tumour specimens that they are supposed to be representative of [127]. Hence, clinical
trials investigating novel therapeutics are the only way to accurately predict efficacy
against human cancer patients. Nonetheless, preclinical models, such as the ones utilized
in the work outlined in this thesis, provide proof-of-principle data to highlight promising
therapies to be tested. Given that both reovirus and sunitinib have extensive clinical data
to support their efficacy and safety in human cancer patients, the collective reported
findings strongly support further study of these agents in the setting of a randomized
clinical trial. Accordingly, future work in our laboratory will focus on translating our
findings to the clinic in the form of a randomized phase II trial for patients with mRCC.
This trial would investigate the use of reovirus in combination with sunitinib verses
sunitinib as a monotherapy (Figure. 19). In addition to clinical outcomes such as
progression free survival, overall survival and response rate, this trial would involve
correlative laboratory experiments on the blood and tumour of patients enrolled in the trial
in order to investigate reovirus mediated anti-viral and anti-tumour immunity as well as
induction of apoptosis.
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Figure 19. Proposed randomized phase II control trial investigating reovirus in
combination with sunitinib for mRCC. In the proposed trial patients with mRCC would
be randomized to receive sunitinib monotherapy verses sunitinib in combination with
reovirus. Clinical endpoints would be followed and correlative laboratory experiments on
patient blood and tumour would be conducted.
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In summary, the studies outlined in this thesis demonstrate that reovirus has novel
oncolytic and immunotherapeutic effects against RCC in vitro and in vivo. Furthermore
this data highlights that sunitinib, a multi-tyrosine kinase inhibitor, augments this activity.
Thus, these novel findings provide proof-of-principle for the study of this multimechanistic strategy against a broad range of malignancies, particularly RCC. Beyond
this, as sunitinib is currently a first line mRCC therapeutic and reovirus is in advanced
phase III clinical trials, these findings should be investigated in the setting of a clinical
trial.
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